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The CD36-PPARγ Pathway in Metabolic Disorders
Reprinted from: Int. J. Mol. Sci. 2018, 19, 1529, doi:10.3390/ijms19051529 . . . . . . . . . . . . . . 431

Jiapeng Chen, Alexandra Montagner, Nguan Soon Tan and Walter Wahli

Insights into the Role of PPARβ/δ in NAFLD
Reprinted from: Int. J. Mol. Sci. 2018, 19, 1893, doi:10.3390/ijms19071893 . . . . . . . . . . . . . . 447

Pengfei Xu, Yonggong Zhai and Jing Wang

The Role of PPAR and Its Cross-Talk with CAR and LXR in Obesity and Atherosclerosis
Reprinted from: Int. J. Mol. Sci. 2018, 19, 1260, doi:10.3390/ijms19041260 . . . . . . . . . . . . . . 470

Yi Liu, Jennifer K. Colby, Xiangsheng Zuo, Jonathan Jaoude, Daoyan Wei and Imad Shureiqi

The Role of PPAR-δ in Metabolism, Inflammation, and Cancer: Many Characters of a Critical
Transcription Factor
Reprinted from: Int. J. Mol. Sci. 2018, 19, 3339, doi:10.3390/ijms19113339 . . . . . . . . . . . . . . 487

Daniel Heudobler, Michael Rechenmacher, Florian L ̈uke, Martin Vogelhuber, 
Tobias Pukrop, Wolfgang Herr, Lina Ghibelli, Christopher Gerner and Albrecht Reichle 
Peroxisome Proliferator-Activated Receptors (PPAR)γ Agonists as Master Modulators of 
Tumor Tissue
Reprinted from: Int. J. Mol. Sci. 2018, 19, 3540, doi:10.3390/ijms19113540 . . . . . . . . . . . . . . 501

Andrea Antonosante, Michele d’Angelo, Vanessa Castelli, Mariano Catanesi, Dalila Iannotta,

Antonio Giordano, Rodolfo Ippoliti, Elisabetta Benedetti and Annamaria Cimini

The Involvement of PPARs in the Peculiar Energetic Metabolism of Tumor Cells
Reprinted from: Int. J. Mol. Sci. 2018, 19, 1907, doi:10.3390/ijms19071907 . . . . . . . . . . . . . . 525

vii



Jonathan Chee Woei Lim, Yuet Ping Kwan, Michelle Siying Tan, Melissa Hui Yen Teo,

Shunsuke Chiba, Walter Wahli and Xiaomeng Wang

The Role of PPARβ/δ in Melanoma Metastasis
Reprinted from: Int. J. Mol. Sci. 2018, 19, 2860, doi:10.3390/ijms19102860 . . . . . . . . . . . . . . 555

viii



About the Special Issue Editors

Walter Wahli is Professor of Metabolic Disease at the Lee Kong Chian of Medicine, Nanyang 
Technological University, Singapore. He is also the President of the Council of the Nestle Foundation 
for the Study of Problems of Nutrition in the World. He is internationalized recognized as a leader in 
the field of molecular endocrinology and metabolism and as the discoverer of the nuclear hormone 
receptors Peroxisome Proliferator-Activated Receptors β and γ (PPARβ and PPARγ). He has received 
several awards for the elucidation of key functions of these receptors, which are activated by fatty 
acids and fatty acid derivatives. Synthetic PPAR agonists are drugs used mainly for lowering 
triglycerides and blood sugar. Prior to his present appointments, Walter Wahli was a visiting 
associate at the National Cancer Institute, National Institutes of Health, Bethesda, USA. He then 
became Professor and Director of the Institute of Animal Biology at the University of Lausanne 
in Switzerland. He was Vice-Rector for Research and Continuing Education of the university and 
founded the Center of Integrative Genomics, which he directed for several years. He was also a 
member of the Swiss National Science Foundation Research Council and presided over the Biology 
and Medicine Division.

Rachel Tee is a senior member of Walter Wahli’s team and Manager of the NAFLD Investigation 
Centre (NICE) in Lee Kong Chian School of Medicine, Nanyang Technological University, Singapore. 
She coordinates research projects and is directly involved in works using various mouse models to 
investigate the impact of nutrition on the development of fatty liver diseases. She holds a Bachelor 
of Commerce in Human Resource Management and Management (Double Major), awarded by 
Murdoch University.

ix





Preface to ”PPARs in Cellular and Whole Body

Energy Metabolism”

Peroxisome Proliferator-Activated Receptors (PPARs) are transcription factors that belong to 
the nuclear hormone receptor superfamily. Nuclear receptors are one of the best described classes 
of regulatory factors that directly control gene expression. Humans and mice have 48 and 49 
nuclear receptors, respectively, which modulate many functions such as reproduction, development, 
metabolism, and whole body homeostasis. They function as ligand-activated factors, and thus convert 
signalling by small molecules (hormones, vitamins, fatty acids), which control these processes, into 
appropriate gene responses.

PPARs were first identified in the early 1990s as nuclear receptors for compounds that induce 
peroxisome proliferation in rodents, which explains their name. Soon thereafter it became clear 
that fatty acids and many fatty acid derivatives can also directly regulate gene expression through 
PPARs. The molecular mode of action of PPARs is similar to that of other nuclear hormone receptors. 
They bind to a short specific response element, called the Peroxisome Proliferator Response Element 
(PPRE) in the regulatory region of target genes, as heterodimers with the receptor for 9-cis retinoic 
acid, RXR (retinoid X receptor). As mentioned above, their activity depends on binding ligands, 
agonists, or antagonists. Three PPAR isotypes have been identified: PPARα, PPARβ (also called δ or 
now more commonly β/δ), and PPARγ. Some ligands are shared by the three isotypes, while others 
are more isotype-specific. Drugs bind to and activate PPARα (fibrates) and PPARγ 
(thiazolidinediones), resulting in different but complementary effects, with the fibrates acting mainly 
as hypolipidemic agents and the thiazolididiones as insulin sensitizers. These initial findings have 
instigated an uncommon research activity to unveil the multifaceted roles of PPARs, which has 
resulted in thousands of publications. In fact, PubMed from the US National Library of Medicine, 
National Institutes of Health, features more the 30,000 publications in response to a search with 
the term “peroxisome proliferator-activated receptor”. PPARs appear to be highly interesting and 
sophisticated modulators of a myriad of cellular, organ, and systemic processes, which renders their 
study especially challenging. For example, their key roles in lipid and carbohydrate metabolism are 
central for maintaining body homeostasis, particularly under the complex influences of nutrition and 
physical activity.

Therefore, this book comes at the right time to cover the singular and intricate regulatory 
roles of all three PPAR isotypes in the ensemble of processes at work in the vertebrate organism. 
It highlights recent advances of a very active research field by authors at the forefront of their 
specialties, ranging from pure or fundamental research aiming to improve our understanding of 
basic PPAR actions to clinical research that determines the safety and efficacy of PPAR drugs 
and their use in treatment regimens intended for diseased people. Going through the articles in 
the book reveals, once more, the extraordinary broad scope of the current PPAR research. Tools 
are described for the identification of novel PPAR ligands, and applications and problems of 
ligands in drug discovery and development are described. Interestingly, PPAR activity is modulated 
by post-translational modifications with a wide spectrum of consequences influencing protein 
stability and co-factor interaction. Two articles in this book address the human response to aerobic 
training. There are PPAR and PPAR-coactivator gene polymorphisms that can negatively influence 
glucose metabolism and some genetically-predisposed individuals may gain lesser benefit from 
exercise-based lifestyle interventions. Furthermore, much attention is given to the exploration of

xi



the roles of the three PPAR isotypes in tissue regeneration, metabolic regulation of lipids and fatty

acids, functional fine-tuning of different organs (kidneys, heart, adipose tissue, muscle, liver, brain,

intestines, vasculature), and whole body energy homeostasis. As underlined in the present book,

PPAR functions are often revealed by the study, using different models, of health conditions such as

obesity, metabolic syndrome, atherosclerosis, non-alcoholic fatty liver disease, multiple sclerosis and

other neurodegenerative diseases, and diabetic nephropathy. Last but not least, inflammation and

cancer are linked, and research in recent years has unveiled mechanisms of inflammation-associated

carcinogenesis. The roles of PPARs in this process and the control of tumor growth are presented by

several authors. Much work remains to be done to clarify the roles of PPARs in tumour progression

and metastasis as effects of their promotive and protective nature have been described in this book

and elsewhere.

This book would not have been possible without the many authors who have generously shared

their knowledge and research to further the knowledge of the PPAR field, thereby promoting its

advances for the benefit of all. May they find here the expression of our deepest gratitude for their

efforts in supporting this Special Issue through their high-quality contributions. My thanks go also

to the reviewers for their constructive and valuable suggestions. We also deeply appreciate the

collaboration from the IJMS Editorial Team, with a very special mention going to Ms Reyna Li for

assisting us so efficiently in liaising with authors and keeping us updated about the progression of

this Special Issue on ”PPARs in Cellular and Whole Body Energy Metabolism”.

Walter Wahli, Rachel Tee

Special Issue Editors
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Abstract: Type 2 diabetes is becoming a global pandemic disease. As an important target for the
generation and development of diabetes mellitus, peroxisome proliferator-activated receptor γ

(PPARγ) has been widely studied. PPARγ agonists have been designed as potential anti-diabetic
agents. The advanced development of PPARγ agonists represents a valuable research tool for diabetes
therapy. To explore the structural requirements of PPARγ agonists, three-dimensional quantitative
structure–activity relationship (3D-QSAR) and molecular docking studies were performed on
a series of N-benzylbenzamide derivatives employing comparative molecular field analysis
(CoMFA), comparative molecular similarity indices analysis (CoMSIA), and surflex-dock techniques.
The generated models of CoMFA and CoMSIA exhibited a high cross-validation coefficient (q2) of 0.75
and 0.551, and a non-cross-validation coefficient (r2) of 0.958 and 0.912, respectively. The predictive
ability of the models was validated using external validation with predictive factor (r2

pred) of 0.722
and 0.682, respectively. These results indicate that the model has high statistical reliability and
good predictive power. The probable binding modes of the best active compounds with PPARγ
active site were analyzed, and the residues His323, Tyr473, Ser289 and Ser342 were found to have
hydrogen bond interactions. Based on the analysis of molecular docking results, and the 3D contour
maps generated from CoMFA and CoMSIA models, the key structural features of PPARγ agonists
responsible for biological activity could be determined, and several new molecules, with potentially
higher predicted activity, were designed thereafter. This work may provide valuable information in
further optimization of N-benzylbenzamide derivatives as PPARγ agonists.

Keywords: PPARγ; N-benzylbenzamide derivatives; 3D-QSAR; CoMFA; CoMSIA; molecular docking

1. Introduction

Type 2 diabetes (T2D) is a disease that is generally characterized by relative insulin deficiency
caused by insulin resistance in target organs, and pancreatic β-cell dysfunction [1]. In 2014, there
were 422-million people with diabetes, with more than 90% estimated to have T2D, worldwide.
Unfortunately, this number will increase to approximately 552-million by the year 2030 [2]. Accordingly,
T2D is generating a significant socioeconomic burden, as a pandemic disease with a high and
increasing fatality [3,4].

Int. J. Mol. Sci. 2018, 19, 630; doi:10.3390/ijms19020630 www.mdpi.com/journal/ijms1
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The peroxisome proliferator-activated receptor γ (PPARγ) is generally regarded as a molecular
target for the thiazolidinedione class of anti-diabetic drugs [5,6], as it plays a key role in the generation
and development of diabetes mellitus [7–9]. Recent studies have shown that PPARγ agonists, including
rosiglitazone and pioglitazone [10], may be used as insulin sensitizers in target tissues to lower glucose,
as well as fatty acid levels in T2D patients.

However, both rosiglitazone and pioglitazone have been withdrawn from the market because of
significant hepatotoxicity and cancer development concerns [11]. Hence, there is an urgent need for
the development of safer PPARγ modulating drugs. One severe side-effect of known PPARγ agonists,
involves sodium and water retention, which may be dangerous for patients suffering from congestive
heart conditions [12]. Recently, various new N-benzylbenzamide compounds have been shown to act
as PPARγ agonists that, not only lowered blood pressure and reduced systemic glucose, triglycerides,
and free fatty acid levels, but have also been shown to maintain water and electrolyte homeostasis [13].
Therefore, a variety of N-benzylbenzamide compounds have since been identified as safer PPARγ
modulators for the treatment of T2D.

Based on CoMFA [14], along with CoMSIA [15], methods involving 3D-QSAR determinations
allow for the structure–activity relationship of N-benzylbenzamide compounds to be studied.
Molecular docking was also applied to reveal the most likely binding modes between the compounds
and PPARγ. On the basis of 3D-QSAR and molecular docking results, valuable information can be
retrieved for further structured-based drug design, with higher activity. Finally, a series of new potent
molecules with a higher predicted activity than the template compound, the latter exhibiting the best
activity reported in the literature, have been designed. Our study will potentially provide guidance for
the future design of selective and potent PPARγ agonists.

2. Results and Discussion

2.1. CoMFA and CoMSIA Results

The 3D-QSAR models were obtained using a training set of 27 compounds, and a test set of six
compounds. The statistical parameters associated with CoMFA and CoMSIA can be found in Table 1.
In general, various alignment strategies can lead to different statistical values in the constructed QSAR
models. The best CoMFA and CoMSIA models were generated employing a partial least square (PLS)
analysis, which produced cross-validated coefficients (q2). When a cross-validation coefficient, q2 > 0.5,
was used, the QSAR model demonstrated statistical significance.

As shown in Table 1, two descriptor fields in CoMFA form all three possible combination models,
including steric (S), electrostatic (E) and SE models. The CoMSIA models, with a combination of five
descriptor fields, including S, E, hydrophobic (H), hydrogen bond donor (D) and acceptor (A), were
developed to generate the optimal 3D-QSAR model. However, some models with a low q2 value
did not meet the criterion (q2 > 0.5), indicating an unacceptable 3D-QSAR model. Still, overfitting
seemed to occur for some models (those with a large number of components). From Table 1, we can
see that the best established models (CoMFA and CoMSIA) exhibited high q2 (0.75 and 0.551), r2 (0.958
and 0.912), and F-values (76.113 and 43.388), along with a low standard error of estimate (SEE) value
(0.097 and 0.138), and a suitable number of components (6 and 5), which indicated good statistical
correlation of the models. Moreover, the predictive capabilities of the generated models were assessed
by calculating their predictive correlation coefficient (r2

pred) involving their corresponding test set
molecules. The generated CoMFA and CoMSIA models with maximum external predictive ability
(r2

pred 0.722 and 0.682), were considered the best models. The distribution of actual predicted pEC50

values of the training and test sets for CoMFA and CoMSIA are shown in Figure 1. The CoMFA and
CoMSIA models show a good fit along the diagonal line. Both models also exhibited satisfactory
predictive ability throughout the training and test sets.
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Table 1. Statistical parameters of the CoMFA and CoMSIA models.

PLS
Statistics

ONC q2 r2 SEE F
Cotribution (%)

S E H D A

CoMFA

S 8 0.576 0.930 0.132 29.872 100 – – – –
E 7 0.497 0.937 0.122 40.470 – 100 – – –

SE 6 0.750 0.958 0.097 76.113 51.6 48.4 – – –

CoMSIA

S 5 0.472 0.804 0.205 17.183 100 – – – –
E 7 0.428 0.911 0.145 27.952 – 100 – – –
H 10 0.506 0.958 1.108 36.771 – – 100 – –
D 2 −0.051 0.168 0.395 2.418 – – – 100 –
A 1 −0.083 0.030 0.418 0.777 – – – – 100
SE 10 0.61 0.949 0.120 29.708 34.0 66.0 – – –
SH 3 0.412 0.823 0.186 35.545 36.1 – 63.9 – –
SD 10 0.505 0.935 0.135 23.071 48.3 – – 51.7 –
SA 4 0.493 0.803 0.201 22.415 84.9 – – – 15.1
EH 5 0.479 0.891 0.153 34.255 – 59.1 40.9 – –
ED 9 0.352 0.932 0.134 25.959 – 88.1 – 11.9 –
EA 6 0.433 0.876 0.167 23.640 – 89.1 – – 10.9
HD 10 0.537 0.965 0.100 43.744 – – 75.1 24.9 –
HA 10 0.525 0.958 0.109 36.225 – – 90.6 – 9.4
DA 2 −0.036 0.186 0.391 2.740 – – – 81.0 19.0
SEH 5 0.541 0.916 0.134 45.732 17.9 51.9 30.2 – –
SED 10 0.6 0.954 0.113 33.508 32.0 55.9 – 12.1 –
SEA 9 0.607 0.944 0.121 32.005 34.9 60.4 – – 4.7
SHD 5 0.448 0.913 0.137 43.915 28.9 – 51.0 20.1 –
SHA 5 0.426 0.909 0.140 41.769 33.8 – 59.6 – 6.6
SDA 4 0.501 0.800 0.202 22.018 57.8 – – 32.2 9.9
EHD 5 0.478 0.885 0.157 32.229 53.1 – 35.9 11.0 –
EHA 5 0.492 0.889 0.154 33.757 – 56.8 38.9 – 4.3
EDA 9 0.368 0.941 0.125 30.157 – 79.6 – 11.8 8.6
HDA 10 0.532 0.964 0.100 43.071 – – 70.1 23.5 6.4
SEHD 5 0.545 0.912 0.137 43.732 16.1 47.7 27.1 9.1 –
SEHA 5 0.55 0.915 0.135 45.170 17.3 50.5 28.9 – 3.3
SEDA 10 0.593 0.954 0.113 33.520 30.3 52.9 – 11.7 5.1
SHDA 5 0.449 0.905 0.143 39.940 28.1 – 49.5 17.5 4.9
EHDA 5 0.486 0.884 0.159 32.044 – 51.6 35.0 9.7 3.7

SEHDA 5 0.551 0.912 0.138 43.388 15.7 46.7 26.5 8.2 2.8

Optimum number of components (ONC), leave-one-out cross-validated correlation coefficient (q2),
noncross-validated correlation coefficient (r2), standard error of estimate (SEE), Fischer test values (F),
steric field (S), electrostatic field (E), hydrophobic field (H), Hydrogen bond donor field (D), Hydrogen bond
acceptor field (A).

 
(A) (B) 

Figure 1. Plots of Actual versus predicted pEC50 values, for the training set and test set compounds,
for CoMFA (A) and CoMSIA (B) models.
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2.2. CoMFA Contour Map Analysis

The steric and electrostatic fields of the CoMFA model are presented as contour maps in
Figure 2. Finally, compound 24c was selected as the template molecule. The green contours represent
regions indicating favorable steric fields, while the yellow contours represent the regions indicating
unfavorable steric fields. Moreover, the blue and red contours highlight the positions where
electropositive groups and electronegative groups would be favorable, respectively.

2.2.1. Steric Contour Map

The steric contour map in CoMFA (Figure 2A) has a yellow contour near the ortho position of
the benzene ring, which indicates that the presence of steric substituents in this region is unfavorable.
Furthermore, the yellow contour explains why a –CF3 substituent in ortho position of the benzene ring
in compound 2b is more potent than in compound 10b, which bears a –OCF3 substituent. Likewise,
a small yellow contour map appeared in the para position of the benzene ring, which indicates that
the large size of the substituent was not preferred in this area. Moreover, a –OCH3 group in this
position in compound 18b, could be found within the steric field, which led to decreased biological
activity. Finally, the large yellow region on the R2 substitutes may explain why compound 32b, bearing
a phenyl group, was less active than compound 30b bearing a propyl group.

 
(A) 

 
(B) 

Figure 2. CoMFA contour maps displayed with most potent compound, 24c. (A) CoMFA steric contour
map (green, favored; yellow, disfavored); (B) CoMFA electrostatic contour map (blue, electropositive
favored; red, electronegative favored).

2.2.2. Electrostatic Contour Map

A large blue contour area near the para position of the benzene ring indicates that the presence
of an electropositive group may increase activity (Figure 2B). This assumption becomes even more
significant in the case of compounds 20b and 12b, as these compounds contain a –Cl and –F substituent,
respectively. However, due to the presence of different electron-donating groups, compound 12b

was found to be less biologically active than compound 20b. The red contours present on the ortho
position of the benzene ring suggest that an electron negative group would be favorable in this area,
an assumption that proves to be true for compounds 2b and 6b, which contain a –CF3 group and
a –CH3 group, respectively. However, since a –CF3 group proves to be more electron-withdrawing
than a –CH3 group, compound 2b was determined to be more biologically active than compound 6b.

2.3. CoMSIA Contour Map Analysis

The CoMSIA steric and electrostatic contour maps were both similar to the CoMFA contour maps
discussed above (Figure 3A,B). Thus, only hydrophobic, hydrogen bond donor, as well as hydrogen
bond acceptor fields of CoMSIA, were analyzed in this section. The CoMSIA steric, electrostatic,
hydrophobic, hydrogen bond donor along with hydrogen bond acceptor contour maps are shown in
Figure 3, respectively. Compound 24c was selected as the corresponding reference molecule.
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(A) 

 
(B) 

 
(C) 

 
(D)

 
(E)

Figure 3. CoMSIA contour maps displayed with most potent compound, 24c. (A) CoMSIA
steric contour map (green, favored; yellow, disfavored); (B) CoMSIA electrostatic contour map
(blue, electropositive favored; red, electronegative favored); (C) CoMSIA hydrophobic contour map
(yellow, favored; white, disfavored); (D) CoMSIA hydrogen donor contour map (cyan, favored; purple,
disfavored); (E) CoMSIA hydrogen acceptor contour map (magenta, favored; red, disfavored).

2.3.1. Hydrophobic Contour Map

In the hydrophobic contour map (Figure 3C), the yellow contours show favorable hydrophobic
regions, while white contours represent unfavorable hydrophobic regions. For the hydrophobic map,
one white unfavorable region could be found around the R2 substitutes, indicating that the addition
of hydrophobic substituents in this region would lead to decrease in activity. Further evidence for
this notion can be obtained from compound 30b bearing a propyl group, which is considerably
less hydrophobic than a phenyl group. Therefore, compound 30b proves to be more active than
the biologically less active compound 32b, bearing a phenyl group. The other white contour area
observed in the para position of the benzene ring, indicates that hydrophobic substituents were not
preferred in this region. This finding can be further explained by the fact that compound 21c contains
a –Cl substituent that generally leads to a higher potency compared to a methoxy group present
in compound 19c.
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2.3.2. Hydrogen Bond Donor Map

The contour map for the hydrogen bond donor field is shown in Figure 3D. Cyan and purple
contours represent a hydrogen bond donor field favorable region and hydrogen bond donor
unfavorable region, respectively. For the hydrogen bond donor map, a cyan contour appeared around
the hydroxyl group. This suggests that a hydrogen bond interaction, with the hydrogen atom of the
hydroxyl group acting as a hydrogen bond donor, is favorable for increased activity.

2.3.3. Hydrogen Bond Acceptor Map

In the hydrogen bond acceptor contour map (Figure 3E), the magenta contours represent
a favorable hydrogen bond acceptor field, while the red contours represent an unfavorable hydrogen
bond acceptor field. For the hydrogen bond acceptor map, one favorable polyhedral surface (magenta)
is found around the carboxyl group, which suggests that hydrogen bond interactions between the
oxygen atom of the carbonyl group, acting as a hydrogen bond acceptor, and a hydrogen atom of the
group, lead to an increase in activity.

2.4. Design of More Potent Compounds

Based on CoMFA and CoMSIA models obtained in the present study, the structure–activity
relationships of PPARγ agonists could be determined, and several new potent molecules could
be designed. The chemical structures of the newly designed compounds, as well as their activity
characteristics on PPARγ, were predicted by the CoMFA and CoMSIA models, as seen in Table 2.
The predicted activities of the newly designed compounds on PPARγ were all significant. A set of
the molecules demonstrated an even better activity than the most active agonist previously reported,
further validating the superiority of the models, and indicates that the structure–activity relationships
in the work reported herein, may potentially be used in structural modification and optimization.

Table 2. Newly designed compounds and predictive activity.

 

NO. R1 R2 R3
CoMFA

Predicted
CoMSIA
Predicted

N1 CN C(Me)3 Me 6.942 7.170
N2 CN C(Me)3 OMe 6.765 7.155
N3 CN C(Me)3 ET 6.900 7.155
N4 CN CH(Me)2 OMe 6.982 7.105
N5 CN C(Me)3 – 6.822 7.083
N6 CN CH(Me)2 Me 7.064 7.080
N7 CN CH(Me)2 ET 7.103 7.070
N8 COOH C(Me)3 Me 6.820 7.063
N9 CN CH(Me)2 – 7.036 6.999
N10 Cl C(Me)3 Me 6.742 6.986
N11 CHO C(Me)3 Me 6.878 6.916
N12 COOH CH(Me)2 Me 7.073 6.902
N13 CHO C(Me)3 c-Pr 6.815 6.886
N14 Cl CH(Me)2 Me 6.781 6.843
N15 – C(Me)3 – 6.648 6.798
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2.5. Docking Analysis

In order to obtain the probable binding conformations between the molecules and the protein,
Surflex-dock was carried out to dock the compounds to the binding site of PPARγ. In this study,
compound 24c (template) and a newly designed compound, N1, N9, and N12, were placed in the
corresponding binding sites, respectively. The docking score of compound 24c was 8.913. Meanwhile,
the docking scores of compounds N1, N19, and N12 were 11.0573, 11.010, and 11.690, respectively.
The docking scores of compounds N1, N9, and N12 are higher than compound 24c, which has the
highest activity in the training set. This result is in good agreement with corresponding predicted
activities of CoMFA and CoMSIA models.

Figure 4 shows the surface of the binding site of PPARγ, the binding modes between compounds
24c, N1, N9, and N12, and the binding site of the protein. Figure 4A–D, illustrate the surface of the
binding site and the conformations of compounds 24c, N1, N9, and N12 (yellow), and the original
ligand (purple), as well as the key residues (white) at the binding site. High resemblance between these
molecules is observed and they occupied nearly the same binding pocket as PPARγ. It is representative
of the active conformation to dock selected compounds. Here, compounds were positioned in the
pocket, surrounded by His323, Tyr473, Ser289, Leu453, Ile341, Cys285, etc. As seen in Figure 4E–H, the
carbonyl group of the ligand that acts as a hydrogen bond acceptor, formed a hydrogen bond with the
backbone O–H of Ser289. The backbone N–H of His323, and O–H of Tyr473, which act as hydrogen
bond acceptors and formed hydrogen bonds with the hydroxyl group of the ligand, respectively. Thus,
these three hydrogen bond interactions played a major role in the combination of these drugs and
the receptor.

 
(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 4. Cont.
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(E) 

 
(F) 

 
(G) 

 
(H) 

Figure 4. Docking results. (A) The surface of the binding site, and the conformation comparison of
compound 24c (yellow), the original ligand (purple), and the key residues (white) at the binding site;
(B) The surface of the binding site and the comparison of the conformation of, compound N1 (yellow),
the original ligand (purple), and the key residues (white), at the binding site; (C) The surface of the
binding site, and the comparison of the conformation of compound N9 (yellow), the original ligand
(purple), and the key residues (white), at the binding site; (D) The surface of the binding site, and
the comparison of the conformation of compound N12 (yellow), the original ligand (purple), and the
key residues (white), at the binding site; (E) Interaction between compound 24c (yellow) and residues
(white); (F) Interaction between compound N1 (yellow) and residues (white); (G) Interaction between
compound N9 (yellow) and residues (white); (H) Interaction between compound N12 (yellow) and
residues (white).

3. Materials and Methods

3.1. Data Set

A set of 33 N-benzylbenzamide derivatives and the corresponding activity data were collected
from the work of René Blöcher et al. [13] (Table 3). The data set was randomly divided into the training
set of 27 compounds (82%) to generate the 3D-QSAR model, and the test set of 6 compounds (18%) to
verify the predictive ability of the model. The bioactivities of the compounds were expressed as pEC50

(-logEC50), which was used as a dependent variable in further investigations. To avoid possible issues
during the external validation, the selection of the training and the test set was carried out such that
both sets included structurally diverse compounds and all types of activity [16–18].

8



Int. J. Mol. Sci. 2018, 19, 630

Table 3. Actual and predicted pEC50 values of PPARγ agonists.

(a) X-Y: CH=C; R3:CH2CH3 
(b) X-Y: CH2-CH; R3:CH2CH3 

(c) X-Y: CH2-CH; R3:H 

NO. R1 R2 Substitution
Actual
pEC50

Pred-pEC50

CoMFA CoMSIA

01a * Et para 5.000 4.996 4.992

02b Et para 5.745 5.650 5.655

03c * Et para 5.319 5.483 5.420

04b Et para 4.796 4.915 4.867

05c Et para 4.870 4.869 4.911

06b Et para 5.000 4.941 4.845

07b Et para 5.000 5.015 5.029

08c Et para 5.000 5.039 5.093

09c Et para 5.000 5.019 5.053
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Table 3. Cont.

NO. R1 R2 Substitution
Actual
pEC50

Pred-pEC50

CoMFA CoMSIA

10b *

 

Et para 5.456 5.174 5.317

11c

 

Et para 5.097 5.090 5.097

12b Et para 4.959 4.874 5.028

13c Et para 5.000 4.924 5.125

14b

 

Et para 5.377 5.261 5.178

15c Et para 5.201 5.315 5.297

16b

 

Et para 5.523 5.588 5.607

17c Et para 5.699 5.645 5.712

18b Et para 5.000 5.060 4.984

19c Et para 5.155 5.121 5.089

20b Et para 5.000 5.182 5.047

21c Et para 5.398 5.239 5.156

22b *

 

Et para 5.854 5.846 5.551

10



Int. J. Mol. Sci. 2018, 19, 630

Table 3. Cont.

NO. R1 R2 Substitution
Actual
pEC50

Pred-pEC50

CoMFA CoMSIA

23b Et para 5.553 5.615 5.841

24c Et para 6.523 6.542 6.349

25b * Et meta 5.000 5.052 4.991

26c * Et meta 5.194 5.008 4.983

27b H para 5.000 4.966 4.934

28c H para 5.000 5.002 4.974

29b Me para 5.097 5.151 5.245

30b Pr para 6.046 5.875 5.886

31c Pr para 5.824 5.933 5.993

32b Phenyl para 5.699 5.699 5.648

33c Phenyl para 5.523 5.556 5.439

* Test set molecules.
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3.2. Molecular Modeling and Alignment

To obtain the best conformers for each molecule, the Sybyl X-2.1.1 software package was used for
all compound modeling and optimization parameters. All structures of the compound series were
subjected to preliminary geometry optimization using the Tripos force field with 1000 iterations [19].
Partial atomic charges were calculated by the Gasteiger-Hückel scheme, with an energy gradient
convergence criterion of 0.05 kcal/mol Å [20]. Based on the analysis method described above, the
lowest energy conformation of each molecule was determined for the definitive QSAR studies.
Molecular alignment is one of the most essential steps for the generation of the best CoMFA and
CoMSIA models [21]. Thus, molecular alignment was performed using the Distill alignment technique,
a user-defined common core of the Sybyl tools [22]. Compound 24c, exhibiting the highest activity
in the complete data set, was selected as the template molecule. The remaining compounds in the
Mol2 database were aligned by their corresponding maximum common substructures, as shown in
Figure 5A. The rigid body alignment of the molecules is shown in Figure 5B.

 
(A)  

(B) 

Figure 5. Molecular alignment. (A) Common structure retrieved from compound 24; (B) Alignment of
the compounds in the training set.

3.3. CoMFA Method

The CoMFA method is often used to describe steric and electrostatic fields. Lennard-Jones and
Coulomb potentials were employed to calculate two fields. A 3D cubic lattice, with grid spacing of
2.0 Å, was generated to surround the aligned molecules in all directions. These grid points were
generated using the Tripos force field, a sp3 carbon atom probe with a Van der Waals radius of
1.52 Å, and a charge of +1.00 (default probe atom in Sybyl). Based on the CoMFA method, steric and
electrostatic fields were scaled with a default energy cut off of 30 kcal/mol, the latter being the optimal
parameter for this model [23].

3.4. CoMSIA Method

The CoMSIA analysis is similar to CoMFA, in regard to the descriptors around the aligned
molecules. Three other fields, (i.e., hydrophobic, hydrogen bond donor, and hydrogen bond acceptor
fields), were calculated together with the same standard settings used in the CoMFA calculations.
More importantly, the distance dependence between the probe atom and each molecule atom was
measured by a Gaussian function [24].

3.5. Internal Validation and Partial Least Squares (PLS) Analysis

Partial least square (PLS) regression analysis was performed on the training set to construct the
correlation between the QSAR model and activity values [25]. To evaluate the reliability of the models
generated from PLS analysis, cross-validation analysis was performed through the leave-one-out (LOO)
method, which determines the square of the cross-validation coefficient (q2) and the optimal number
of components (ONC). To obtain the non-cross-validation coefficient (r2), a final non-cross-validation
analysis was performed using the ONC derived from cross validation analysis and the corresponding
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standard error of estimate (SEE). The value for q2, a measure of the internal quality of the models, was
evaluated as follows:

q2 =
∑
(
yobs − ypre

)2

∑(yobs − ymean)
2

where yobs, ypre, and ymean are observed, predicted, and mean activity in the training set, respectively.

3.6. External Validation of the QSAR Model

To evaluate the predictive ability of CoMFA and CoMSIA models on the test set, the predictive
power of the models generated by the CoMFA or CoMSIA analyses with the training set was assessed
by calculating the predictive factor r2 (r2

pred) [26], and measuring the predictive performance of the
PLS model. The factor r2 was calculated as follows:

r2
pread =

SD − PRESS
SD

the sum of squared deviation, (SD) between the biological activity of molecules in the test set and the
mean biological activity of the training set molecules; the sum of squared deviations between actual
and predicted activity values (PRESS), for every molecule in the test set. Coefficients and QSAR results
in the contour maps were produced with the field type “STDEV*COEFF”.

3.7. Molecular Docking

In an effort to explore the interaction mechanism and investigate suitable binding modes,
a molecular docking study was performed using the Sybyl package [27]. The crystal structure of
PPARγ was retrieved from the RCSB (Research Collaboratory for Structural Bioinformatics) Protein
Data Bank (PDB ID: 5TWO) [28]. In the protein preparation phase, the A-chain was used for the
docking study. Crystallized ligands and water molecules of the B-chain were deleted and the hydrogen
atoms along with the united atom Gasteiger charges were assigned for the receptor [29]. Based on
a protomol generation with a threshold parameter of 0.5 and a bloat parameter of 1 Å, the intended
active sites where putative ligands could align to and generate potential interactions, were created
using the Sybyl package. Binding affinities were presented by Surflex-Dock total scores. In general,
conformations of each ligand were ranked by total scores of docking, with the best conformation of the
ligand taken into consideration for the corresponding binding interactions. In this study, compound
24c (template) and the newly designed compound N1, were selected and docked to the binding pocket,
using the parameters optimized previously.

4. Conclusions

In this paper, 3D-QSAR and molecular docking studies were utilized to investigate the structural
requirements for improving the potency of N-benzylbenzamide derivatives as PPARγ agonists.
The established CoMFA and CoMSIA models were both statistically significant, with high external
prediction characteristics, indicating that the models could be used to successfully predict compound
activity. Surflex-Dock analysis also demonstrated the binding interactions of the template compound
with amino acids. Using the model parameter analysis and contour maps, the corresponding
structure-activity relationships were determined (Figure 6). Based on the information derived from
the different contour maps, several new compounds with improved activities, were designed, further
validating the ability of the generated model. We surmise that this will be helpful for the future
development of new PPARγ agonists, in the design and screening of new high-activity compounds.
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Figure 6. Diagram of structure-activity relationship based on core structure of template compound 24c.
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Abstract: Peroxisome proliferator-activated receptors (PPARs) are important targets in metabolic
diseases including obesity, metabolic syndrome, diabetes, and non-alcoholic fatty liver disease.
Recently, they have been highlighted as attractive targets for the treatment of cardiovascular diseases
and chronic myeloid leukemia. The PPAR agonist structure is consists of a polar head, a hydrophobic
tail, and a linker. Each part interacts with PPARs through hydrogen bonds or hydrophobic interactions
to stabilize target protein conformation, thus increasing its activity. Acidic head is essential for PPAR
agonist activity. The aromatic linker plays an important role in making hydrophobic interactions
with PPAR as well as adjusting the head-to-tail distance and conformation of the whole molecule.
By tuning the scaffold of compound, the whole molecule could fit into the ligand-binding domain to
achieve proper binding mode. We modified indol-3-ylacetic acid scaffold to (indol-1-ylmethyl)benzoic
acid, whereas 2,4-dichloroanilide was fixed as the hydrophobic tail. We designed, synthesized,
and assayed the in vitro activity of novel indole compounds with (indol-1-ylmethyl)benzoic acid
scaffold. Compound 12 was a more potent PPAR-γ agonist than pioglitazone and our previous hit
compound. Molecular docking studies may suggest the binding between compound 12 and PPAR-γ,
rationalizing its high activity.

Keywords: PPAR; agonist; indole; scaffold; tuning

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) are transcription factors that belong to the
nuclear receptor superfamily. There are three subtypes of PPARs, designated as PPAR-α, -γ, and -δ(β),
which exhibit different tissue expression profiles and modulate specific physiological functions. PPARs
play a critical role in the regulation of multiple genes that regulate glucose and lipid metabolism
and energy homeostasis [1–5]. Because they are involved in multiple metabolic pathways, PPARs
are important molecular targets for the development of new drugs for metabolic diseases, such as
obesity, metabolic syndrome (MetS), diabetes, and non-alcoholic fatty liver disease (NAFLD) [6–11].
Recent studies have shown that activation of PPARs not only regulates metabolic pathways but also
mediates various biological effects related to inflammation, apoptosis, oxidative stress, and vascular
function [12–16]. These effects seem to be beneficial in other disease conditions. It has been reported
that the anti–diabetic PPAR agonists are also effective in cardiovascular disease (CVD) [17–19],
thyroid [20,21], colorectal [21], and lung cancer [22] and chronic myeloid leukemia (CML) [23–25].

Currently, the PPAR-α agonists, fibrates (e.g., gemfibrozil, Figure 1) are used to treat dyslipidemia,
whereas the PPAR-γ agonists, thiazolidinediones (TZDs; e.g., rosiglitazone, Figure 1) are used to treat
type 2 diabetes mellitus (T2DM). However, the use of TZDs is associated with various adverse effects,
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particularly weight gain, bone fractures, cardiovascular complications, and edema [26–28]. No drugs
in the market have been identified to target PPAR-δ(β). Continuous efforts are being made by many
research groups and pharmaceutical companies worldwide to develop potent and safe therapeutic
agents for the treatment of PPAR-associated diseases. In particular, they aim to develop pan, dual,
or selective agonists of the three PPAR subtypes [29–33]. Representative PPAR agonists are depicted
in Figure 1.

Figure 1. Structures of the representative PPAR agonists and newly designed compounds.

All subtypes of PPAR share structural and functional feature similar to those of other nuclear
receptors. Crystal structures of human PPAR-α, PPAR-γ, and PPAR-δ(β) have revealed a common
three-dimensional structure of the ligand binding domains (LBDs). An antiparallel sandwich of
12 α-helices (helix 1 to helix 12) and a three-stranded antiparallel β-sheet are forming a large ligand
binding cavity in the core of the LBD. The central cavity spans between the AF-2 domain within
C-terminal α-helix 12 and the three-stranded antiparallel β-sheet [34]. Interestingly, despite a common
general structure of the LBD, ligand binding to PPARs shows both species and isotype specificities.
The ligands for PPAR-α or PPAR-γ should be able to adopt a U-shaped conformation and an L-shaped
conformation for PPAR-δ(β) [35].

A typical PPAR agonist consists of three parts: a hydrophobic tail moiety, a polar head group
(usually bearing a carboxylic acid functionality) and a linker which consists of flexible methylene units
and an aromatic ring (Figure 2A). The acidic head group is crucial for PPAR activation. It forms an
H-bonding network with a part of the PPAR that mainly contains the critical polar residues, such as
Gln286, Ser289, His323, Tyr327, Lys367, His449, and Tyr473 in PPAR-γ (see Figure 2B). The TZD moiety
(acidic head group of rosiglitazone) makes several specific interactions with amino acids. The carbonyl
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groups of the TZD make hydrogen bonds with His323 and His449. His323 forms a secondary hydrogen
bond with Tyr473 in the AF-2 domain. The nitrogen of the TZD head group is within hydrogen-bonding
distance of the hydroxyl group of Tyr473. Lys367 forms another secondary hydrogen bond with the
ligand, at residue His449. The conformation of the TZD head group and the participating amino
acids are fixed by these primary and secondary hydrogen bonds [34]. This H-bonding network
stabilizes the conformation of the AF-2 domain allowing it to bind with the coactivator proteins.
Therefore, the presence of the acidic head in the right position is important in the development of
PPAR agonists. Another part of the PPAR agonists is the hydrophobic moiety that mainly interacts
with the hydrophobic residues in the LBD. The hydrophobic tail occupies the large cavity of the
LBD by interacting with the hydrophobic residues, such as Ile281, Gly284, Ile341, and Leu353 in
PPAR-γ (see Figure 2B). The linker wraps the central helix 3 (H3) and interacts with the surrounding
hydrophobic residues. In addition, it acts as a linker between the acidic head and hydrophobic tail
groups to allow the fitting of the whole compound into the LBD, where proper interactions could
be achieved. Therefore, fine tuning of the linker to adjust the atomic distance or three-dimensional
arrangement is a powerful approach for structural optimization to increase the biological activity
of compounds.

Figure 2. (A) Schematic features of PPAR agonists and the concept of the novel target compounds;
(B) Crystal structure of PPAR-γ LDB and rosiglitazone (PDB code: 2PRG). Only the critical amino
acids are displayed and labeled. Polar residues for the key interaction (capped stick) and hydrophobic
residues (gray line) are depicted. Rosiglitazone is displayed in green and oxygen, nitrogen and sulfur
atom is marked in red, blue and yellow respectively.

Previously, we identified a series of (alkoxyindol-3-yl)acetic acids as PPAR agonists [36–38].
Through stepwise structural modification and optimization, benzyloxy-containing indol-3-ylacetic
acid analogs (1 and 2) were identified as PPAR-γ/δ dual agonists. Compound 2 lowered blood glucose,
insulin, and glycated hemoglobin (HbA1c) levels without causing weight gain; additionally, it reduced
the accumulation of lipids and the size of the adipocytes in db/db mice. These findings indicated the
potential of the indol-3-ylacetic acid as a core scaffold for anti-diabetic and anti-dyslipidemic drugs.
In our previous series of PPAR agonists, the indole group held the critical polar functional group.
In addition, the N-benzyl group of the indole ring significantly affected the PPAR activity. Hence,
we performed further modifications of the indole-based PPAR agonists.

Based on the indol-3-ylacetic acid scaffold, we introduced the dichloroanilide group into
the hydrophobic tail to increase the potency and selectivity. Some reported compounds with the
2,4-dichloroanilide moiety showed a significant PPAR agonist potency, and even small changes to
the 2,4-dichlorophenyl substitution resulted in a marked change in potency. For example, Bayer
compound 33 (Figure 1) showed a potent and selective activity as PPAR-δ agonist with EC50 value
of 3 nM and >1000-fold selectivity. The 2,4-disubstituted anilines were superior to other substitution
patterns [39]. Luckhurst et al. drew inspiration from Bayer compound 33 and combined the anilide
portion with isoindoline, tetrahydroisoquinoline, and benzazepine scaffolds. The structure-activity
relationship study confirmed that the 2,4-dichloroanilide compounds were the most potent of any
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other derivatives [40,41]. Although interactions between 2,4-dichloroanilide and LBD of PPAR is
not specified in those studies, 2,4-dichloroanilide moiety is multifunctional which can make many
kinds of interactions including aromatic pi-interaction, halogen-hydrogen bonding, and hydrogen
bonding through aromatic phenyl, dichloro and amide group, respectively. Furthermore, newly
designed 2,4-dichloroanilide substituted analogues show proper U-shaped binding mode similar to
rosiglitazone in our preliminary molecular modeling study.

For further structural optimization, including re-positioning of the critical acidic head group,
we set the change in the hydrophobic tail group as a starting point for our journey (Figure 2).

2. Result and Discussion

The synthesis of dichloroanilide-linked indole compounds is illustrated in Schemes 1–3.
For the introduction of the dichloroanilide moiety as a hydrophobic tail,

2,4-dichloroaniline and 2-chloroacetyl chloride underwent a direct substitution reaction to
yield 2-chloro-N-(2,4-dichlorophenyl)acetamide (3; Scheme 1).

Scheme 1. Reaction conditions: (a) triethylamine, CH2Cl2, 0 ◦C.

Hydroxyindol-3-ylacetic acid methyl ester compounds (4a,4b) were prepared as previously
described [32]. The amino and hydroxyl groups of the indole were benzylated under basic
conditions. The O-benzyl group was selectively deprotected in the following hydrogenation step.
Then, the developed free hydroxyl group was conjugated with compound 3. The methyl esters were
hydrolyzed using LiOH to yield the corresponding carboxylic acid compounds (5–8; Scheme 2).

Scheme 2. Reaction conditions: (a) benzyl bromide, Cs2CO3, DMF, 80 ◦C; (b) H2, Pd/C, EtOAc/EtOH,
RT; (c) compound 3, Cs2CO3, MeCN, RT; (d) LiOH·H2O, THF/MeOH/H2O, RT.

The starting O-benzyl and tert-butyldiphenylsilyl (TBDPS)-protected hydroxyindoles were
synthesized under typical conditions. Compounds with the 3-benzyl group were prepared by
reaction of compound 9a,b with benzyl alcohol, whereas the prenyl group was introduced at the
3-position of the O-TBDPS-protected compounds (9e–f) using prenyl bromide. Compounds with
methyl carboxylate groups at various positions of the N-linked benzyl group were directly
synthesized by substitution reaction between the amino group of the indole and the 2-, 3-,
or 4-(methoxycarbonyl)methyl-substituted benzyl chloride. The O-benzyl and TBDPS protecting
groups were removed by conventional hydrogenation and tetrabutylammonium fluoride (TBAF),
respectively. O-Alkylation and hydrolysis of the esters yielded the target compounds (12–21;Scheme 3).
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Scheme 3. Reaction conditions: (a) benzyl alcohol, KOH, xylene, reflux; (b) prenyl bromide, Na2CO3,
MeCN/H2O (9:1), RT; (c) methyl 2-, 3- or 4-(chloromethyl)benzoate, NaH, THF, reflux; (d) H2,
Pd/C, EtOAc/EtOH, RT; (e) TBAF, THF, RT; (f) compound 3, Cs2CO3, MeCN, RT; (g) LiOH·H2O,
THF/MeOH/H2O, RT.

The structures of all the target compounds (5–8, 12–21) were confirmed by their proton nuclear
magnetic resonance (1H NMR) spectra and high-resolution mass spectrometry (HRMS), and they
were cross-checked against the structures of their methyl ester precursors (P5–8, P12–21) which were
characterized by the 1H and 13C NMR spectra. Analytical data are provided in the Materials and
Methods section.

The PPAR activities of the synthesized dichloroanilide-linked indole analogs were
assessed using a standard cell-based transactivation assay in CV-1 cells. GW7647 [42],
pioglitazone, and GW0742 [43] were used as positive controls for PPAR-α, -γ, and -δ, respectively.
These three positive controls presented the maximum activation for each PPAR subtype. The activity
of the compounds was presented as the activation percentage (%) relative to the maximum values of
the positive controls at the indicated concentrations. PPAR-α, -γ, and -δ transactivation activities of
the tested compounds are summarized in Tables 1 and 2.
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Table 1. In vitro cell-based PPAR transactivation activity a.

Cpd. No. Alkoxy position R1
% max b

PPAR-α PPAR-γ PPAR-δ

5 5 H −38.13 ± 0.06 5.60 ± 0.14 11.84 ± 0.35
6 6 H 1.12 ± 0.24 8.66 ± 0.23 8.27 ± 0.33
7 5 benzyl 21.41 ± 0.21 31.20 ± 0.38 44.35 ± 0.77
8 6 benzyl 31.68 ± 0.22 71.87 ± 0.91 65.41 ± 0.70

a The agonistic activity of the compounds (10 μM) was assayed on PPAR-Luc in CV-1 cells; b Relative activation
with respect to the maximum activation obtained with GW7647 (10 μM), pioglitazone (10 μM), and GW0742 (10 μM)
for PPAR-α, -γ, and -δ, respectively.

Table 2. In vitro cell-based PPAR transactivation activity a.

Cpd. No. Alkoxy position R2 R3
% max b

PPAR-α PPAR-γ PPAR-δ

12 5 H 2-CO2H 105.08 ± 0.41 189.21 ± 1.67 94.86 ± 0.20
13 6 H 2-CO2H 51.84 ± 0.25 74.54 ± 0.94 86.70 ± 0.53
14 5 H 3-CO2H 10.33 ± 0.07 42.01 ± 0.52 23.85 ± 0.51
15 6 H 3-CO2H 78.15 ± 0.04 126.55 ± 0.92 86.09 ± 0.31
16 5 H 4-CO2H -19.98 ± 0.08 0.29 ± 0.06 -1.07 ± 0.14
17 6 H 4-CO2H -14.44 ± 0.16 -0.84 ± 0.16 4.87 ± 0.24
18 5 benzyl 2-CO2H 23.79 ± 0.11 93.20 ± 0.59 75.88 ± 0.35
19 6 benzyl 2-CO2H 7.25 ± 0.12 19.03 ± 0.13 19.40 ± 0.54
20 5 prenyl 2-CO2H -5.93 ± 0.14 5.10 ± 0.20 8.92 ± 0.48
21 6 prenyl 2-CO2H -2.30 ± 0.19 9.55 ± 0.32 22.16 ± 0.59
a The agonistic activity of the compounds (10 μM) was assayed on PPAR-Luc in CV-1 cells; b Relative activation
with respect to the maximum activation obtained with GW7647 (10 μM), pioglitazone (10 μM), and GW0742 (10 μM)
for PPAR-α, -γ, and -δ, respectively.

Compounds 5 and 6 were the simplest indoly-3-ylacetic acids containing the dichloroanilide
tail at the 5- and 6- positions, respectively. However, these compounds showed minimum agonistic
activities to PPARs. Their N-benzylated analogs (7,8) showed an increase in the activity, which is in
line with the trends observed in a previous study. However, their activities were much lower than
those of the previous hit compounds 1 and 2 (134.4 and 100.5% activity on PPAR-γ, respectively) [33].
This decline in the activity could be explained by the length and rigidity of the linker between the
hydrophobic tail and indole ring. As shown in Figure 1, the linker in compounds 1 and 2 consists
of four rotatable bonds between the two planar aromatic ring systems. Rosiglitazone also has three
bonds, which are freely rotatable. In contrast, compounds 5–8 have three rotatable bonds; however,
two of them (same as three atoms) are linked to a planar carbonyl system. This non-flexibility could
result in a difference in the docking poses of the compounds.

To better understand the structural features of the synthesized compounds in the active site of the
PPAR LBD, a docking study of compounds 1 and 5 was carried out using Surflex Dock interfaced with
Sybyl-X (Figure 3). The crystal structure of PPAR-γ LBD complexed with the PPAR-γ selective agonist,
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rosiglitazone (PDB code: 2PRG) was selected to perform the docking of compounds [34]. The polar
head groups of rosiglitazone (green) and compound 1 (magenta) revealed the H-bonding interaction
with the polar residues in the hydrophilic pocket. The indole ring acted as an aromatic linker, similar
to the benzene ring of rosiglitazone. Thus, the aromatic linker of each compound was well-overlapped
in the docking position and made the compound U-shaped. The pyridine ring of rosiglitazone was
located in the hydrophobic pocket of PPAR-γ and interacted with the hydrophobic amino acid residues.
The benzene ring of compound 1 was well-aligned with the pyridine ring of rosiglitazone. The docking
pose of compound 5 (red) might explain its low activity. The acidic head group could form hydrogen
bonds, similar to those of compound 1. The newly introduced 2,4-dichloroanilide moiety was located
near the hydrophobic pocket; however, it was misaligned with the pyridine ring of rosiglitazone.
Moreover, the benzene ring, a part of the indole moiety, did not superimpose with that of other
compounds. This might due to the non-flexibility of the linker. The rigid carbonyl plane was located at
the corner; thus, the linker could not turn smoothly. Structural modification was needed to compensate
this rigidity. The N-benzyl group of compounds 7 and 8 might make additional interaction with the
side pocket. Nevertheless, we tried to use this benzyl group as an aromatic linker to hold the polar
acidic head.

Figure 3. Binding modes of hit compound 1 (magenta) and compound 5 (red) in the active site of
PPAR-γ LBD (PDB code: 2PRG; co-crystallized with rosiglitazone (green)). Only the critical amino
acids that interacted with the docked ligands are displayed and labeled. Several residues for the key
interaction (capped stick), hydrophobic residues (gray line), and hydrogen bonds (red-dotted lines) are
depicted. The numbers indicate the atomic distance (Å).

N-Benzylated indole derivatives, which had a carboxylic acid moiety at the ortho-,
meta-, or para-position of the benzyl group, were synthesized. Among the 5-alkoxy
compounds, the ortho-carboxybenzyl-substituted compound 12 was the most active, whereas the
meta-carboxybenzyl-substituted compound 15 showed the highest activity among the 6-alkoxy series.
We supposed that the activity was also affected by the distance between the alkoxy and carboxyl
groups. 5-Alkoxy was a little far from the benzyl-substituted amine in the indole structure (pseudo-para),
and the ortho-positioned carboxyl group was the best to fit into the hydrophilic pocket. However,
6-alkoxy was at the pseudo-meta position of the indole structure, thus the carboxyl group at the meta
position showed better activity. Molecular modeling guided us to introduce additional substituents at
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the 3-position of the indole moiety, which could be placed in the extra back pocket near the indole
structure. Thus, 3-benzyl- or prenyl-substituted N-(2-carboxybenzyl)indole compounds were also
prepared. Unexpectedly, all analogs (18–21) with a substitution at the 3-position of the indole moiety
exhibited weak PPAR agonistic activity.

A docking study of compound 12 was also carried out using the same system as described
above. Compound 12 showed a U-shape binding mode wrapping around H3, similar to that of
rosiglitazone (Figure 4). The carboxyl group of compound 12 was located in the hydrophilic pocket
and interacted with the key polar residues, Ser289, His323, and Tyr473 by H-bonding. Next to the
acidic head group, the benzene ring was positioned in the hydrophobic region formed by Phe282,
Phe363, and Leu453. The indole ring acted as an aromatic linker, similar to the benzene ring of
rosiglitazone. In addition, the dichloroanilide group was well-fitted in the hydrophobic pocket along
with rosiglitazone. The indole group was located close to H3, and dichloroanilide was positioned
between H3 and β2. Overall, the dichloroanilide moiety of compound 12 was well-aligned with
the hydrophobic tail of rosiglitazone (Figure 4), in contrast to that of compounds 5 (Figure 3).
The dichlorophenyl group of compound 12 could interact with the Ile281, Gly284, Ile341, and Leu353
residues, which form the hydrophobic pocket. In particular, the ortho-chloro atom was located 3.43 Å
away from the carbonyl oxygen of Gly284 to make a halogen bonding interaction. Therefore, the high
activity of compound 12 might be attributed to the proper binding and suitable interactions between
compound 12 and PPAR-γ.

Figure 4. Binding modes of compound 12 (blue) in the active site of PPAR-γ LBD (PDB code: 2PRG;
co-crystallized with rosiglitazone (green)). Only the critical amino acids that interacted with the docked
ligands are displayed and labeled. Several residues for the key interaction (capped stick), hydrophobic
residues (gray line), and hydrogen bonds (red-dotted lines) are depicted. The numbers indicate the
atomic distance (Å).

Another potent compound, 15 belonged to the 6-alkoxyindole series. The carboxylic acid at
the meta position of the N-benzyl group made 4 pairs of hydrogen bonds with the Ser289 and
Tyr473 residues in the hydrophilic pocket (Figure 5). The carboxylic acid group of compound 15
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was aligned similarly to that of compound 12; however, the other part of compound 15 (from
the benzyl group to the 2,4-dichloroanilide tail) was slightly moved back to locate the acid in
the center of the hydrophilic region. Because of this movement, compound 15 was possibly less
coordinated with the surrounding hydrophobic residues than compound 12. The 6-alkoxyindole
analog with ortho-carboxybenzyl group (13) and 5-alkoxyindole analog with meta-carboxybenzyl group
(14) made less H-bonds with the polar residues because their position in 3D was influenced by the
conformation of the whole molecule (data not shown). The findings of the docking study could explain
the results of the in vitro transactivation assay. The substitution position of carboxylic acid on the
benzyl group highly affected the PPAR activity, implying that the optimal positioning and matched
combinations of the acidic head and lipophilic tail groups were essential. Taken together, we identified
the N-(carboxylbenzyl)-substituted indole as a novel and promising scaffold for development of
therapeutic agents targeting PPARs.

Figure 5. Binding modes of compound 12 (blue) and compound 15 (yellow) in the active site of
PPAR-γ LBD (PDB code: 2PRG; co-crystallized with rosiglitazone). Only the critical amino acids that
interacted with the docked ligands are displayed and labeled. Several residues for the key interaction
(capped stick), hydrophobic residues (gray line), and hydrogen bonds (red-dotted lines) are depicted.
The numbers indicate the atomic distance (Å).

PPAR coactivator recruit assay was performed to determine the potency of the 4 most active
compounds. Binding of agonist to the PPAR LBD causes a conformational change around helix 12
in the LBD, resulting in higher affinity for the coactivator peptide. When the terbium label on the
anti-GST antibody complexed with PPAR is excited at 340 nm, energy is transferred to the fluorescein
label on the coactivator peptide and detected as emission at 520 nm. The time-resolved fluorescence
resonance energy transfer (TR-FRET) ratio of 520:495 is calculated and used to determine the EC50

from a dose response curve of the compound. Based on the biology of the PPAR-coactivator peptide
interaction, this ligand EC50 is a composite value representing the amount of ligand required to bind to
receptor, effect a conformational change, and recruit coactivator peptide. Potency of compounds show
similar order to their activity (Table 3). Notably, compound 12 showed EC50 of 1.96 nM to PPAR-γ

24



Int. J. Mol. Sci. 2018, 19, 3032

which was 1,970 fold selective to PPAR-α and 16,600 fold to PPAR-δ. The second potent compound
15 revealed EC50 of 32.3 nM to PPAR-γ whereas >100 μM to other PPAR subtypes. These results
were huge improvement from our previous hit compounds (1 and 2), which exhibited PPAR-γ/δ dual
agonistic activity at micromolar concentration. The PPAR-δ ligand binding pocket is significantly
smaller than those of PPAR-α and PPAR-γ because of the narrowing of the pocket adjacent to the AF2
domain. Ligands such as TZDs show little or no binding to PPAR-δ. Compound 11 and 15 have ortho or
meta substituted benzoic acid as an acidic head group. Their acidic head groups might seem to be too
large to fit within the narrow PPAR-δ pocket. In contrast, the compound 1 and 2 contains an acetic acid
head group that complements the narrow PPAR-δ ligand binding. And docking study of compound
11 with crystal structure of PPAR-α (PDB code: 3G8I; co-crystallized with aleglitazar) and PPAR-δ
(PDB code: 3TKM; co-crystallized with GW0742) revealed misaligned conformation compared to their
co-crystallized ligands, aleglitazar (PPAR-α/γ agonist) and GW0742 (PPAR-δ agonist) respectively
(data not shown). The potency and selectivity of compound 11 could be explained by harmonization of
steric effect of acidic head group, length and rigidity of hydrophobic tail, and properly tuned aromatic
linker system.

Table 3. In vitro PPAR coactivator recruit assay a.

Cpd. No. Alkoxy position R2 R3
EC50 (μM)

PPAR-α PPAR-γ PPAR-δ

12 5 H 2-CO2H 3.87 0.00196 32.6
13 6 H 2-CO2H 16.9 0.571 >100
15 6 H 3-CO2H >100 0.0326 >100
18 5 benzyl 2-CO2H >100 >11.1 28.1

a The agonistic activity of the compounds was determined using TR-FRET coactivator recruit assay.

3. Materials and Methods

3.1. General Information

Most reagents and solvents were purchased from commercial sources and used without
purification, with the following exceptions. Tetrahydrofuran (THF) was distilled from sodium
benzophenone ketyl. Acetonitrile (MeCN), methylene chloride (CH2Cl2), dimethylformamide
(DMF), and triethylamine were distilled from calcium hydride under nitrogen atmosphere. Column
chromatography was performed using silica gel 60 (230–400 mesh, Merck) with the indicated solvents.
Thin-layer chromatography (TLC) was performed using Kieselgel 60 F254 plates (Merck). 1H and 13C
NMR spectra were recorded using a Varian Inova 400 or Bruker Avance III HD500 spectrometer using
CDCl3, CD3OD, or (CD3)2SO as solvents. Chemical shifts (δ) were expressed in parts per million (ppm)
downfield from an internal standard, tetramethylsilane. HRMS data were recorded using an Agilent
6530 QTOF mass spectrometer with an electrospray (ESI) interface with Agilent jet stream technology
in the negative ion mode.
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3.2. Experimental Procedures and Analytical Data of Compounds

3.2.1. 2-Chloro-N-(2,4-Dichlorophenyl)Acetamide (3)

Triethylamine (1.1 equiv.) was added to a solution of 2,4-chloroaniline in CH2Cl2 (0.5 M) and
stirred at room temperature for 30 min. Then, the reaction mixture was cooled to 0 ◦C. Chloroacetyl
chloride (1.2 equiv.) was added dropwise while the temperature was maintained. After the completion
of the reaction, water was added to the reaction mixture to quench the reaction. The organic layer
was separated and washed with water thrice. Then, it was dried with brine and MgSO4, filtered,
and concentrated under vacuum. The residue was purified by silica gel column chromatography using
n-hexane and EtOAc (5:1) to yield a quantitative amount of the title compound 3: 1H NMR (400 MHz,
CDCl3) δ 8.89 (s, 1H), 8.34 (d, J = 8.8 Hz, 1H), 7.42 (d, J = 2.4 Hz, 1H), 7.27 (dd, J = 8.8, 2.4 Hz, 1H),
4.23 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 164.0, 132.5, 130.2, 129.1, 128.1, 124.1, 122.0, 43.2.

3.2.2. Synthetic Procedure for O-Alkylation of 5- or 6-Hydroxyindole Compounds

The prepared 5- or 6-hydoxyindole compounds were dissolved in anhydrous MeCN (0.5 M), and
Cs2CO3 (1.5 equiv.) was added and stirred at room temperature for 30 min. Compound 3 (1.2 equiv.)
was added to the reaction mixture then stirred until the reaction was complete. Then, the reaction
mixture was diluted with water and extracted with EtOAc. The combined organic extracts were
washed with water and brine, dried over anhydrous MgSO4, filtered, and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography using an appropriate mixture
of n-hexane and EtOAc as an eluent to yield the corresponding alkoxyindole compounds (the methyl
ester form of the final target compounds; yield = 65–86%).

Methyl 2-(5-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-3-yl)acetate (P5): 1H NMR
(400 MHz, CDCl3) δ 9.12 (s, 1H), 8.46 (d, J = 8.9 Hz, 1H), 8.10 (s, 1H), 7.41 (d, J = 2.4 Hz, 1H),
7.31 (d, J = 8.8 Hz, 1H), 7.28 (dd, J = 8.8, 2.3 Hz, 1H), 7.20 (d, J = 2.2 Hz, 1H), 7.14 (d, J = 2.4 Hz, 1H),
6.96 (dd, J = 8.8, 2.4 Hz, 1H), 4.70 (s, 2H), 3.75 (d, J = 0.5 Hz, 2H), 3.70 (s, 3H); 13C NMR (100 MHz,
CDCl3) δ 172.4, 167.2, 151.7, 132.9, 132.3, 129.6, 129.0, 128.1, 127.9, 124.6, 123.9, 122.1, 112.7, 112.5, 108.7,
103.1, 68.9, 52.2, 31.3.

Methyl 2-(6-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-3-yl)acetate (P6): 1H NMR
(400 MHz, CDCl3) δ 9.06 (s, 1H), 8.42 (d, J = 8.9 Hz, 1H), 8.24 (s, 1H), 7.52 (d, J = 8.6 Hz, 1H),
7.38 (d, J = 2.3 Hz, 1H), 7.25 (dd, J = 8.7, 2.5 Hz, 1H), 7.07 (d, J = 2.2 Hz, 1H), 6.88 (dd, J = 8.6, 2.3 Hz,
1H), 6.84 (d, J = 2.0 Hz, 1H), 4.63 (s, 2H), 3.76 (s, 2H), 3.71 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 172.7,
167.0, 153.8, 136.6, 132.7, 129.6, 129.0, 128.0, 123.8, 123.02, 122.97, 122.0, 120.1, 110.0, 108.5, 96.3, 68.4,
52.2, 31.2.

Methyl 2-(1-benzyl-5-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-3-yl)acetate (P7):
1H NMR (400 MHz, CDCl3) δ 9.11 (s, 1H), 8.46 (d, J = 8.9 Hz, 1H), 7.40 (d, J = 2.4 Hz, 1H), 7.32–7.24
(m, 4H), 7.18 (d, J = 8.9 Hz, 1H), 7.15 (d, J = 2.4 Hz, 1H), 7.14 (s, 1H), 7.12–7.09 (m, 2H), 6.92 (dd, J = 8.9,
2.5 Hz, 1H), 5.26 (s, 2H), 4.69 (s, 2H), 3.74 (d, J = 0.6 Hz, 2H), 3.70 (s, 3H); 13C NMR (100 MHz, CDCl3)
δ 172.4, 167.2, 151.6, 137.3, 132.9, 132.8, 129.5, 128.98, 128.95, 128.6, 128.5, 128.1, 127.9, 126.9, 123.8,
122.1, 112.4, 111.2, 107.4, 103.4, 68.9, 52.2, 50.5, 31.2.

Methyl 2-(1-benzyl-6-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-3-yl)acetate (P8):
1H NMR (400 MHz, CDCl3) δ 9.00 (s, 1H), 8.41 (d, J = 8.9 Hz, 1H), 7.55 (d, J = 8.6 Hz, 1H),
7.38 (d, J = 2.4 Hz, 1H), 7.31–7.22 (m, 4H), 7.13–7.08 (m, 2H), 7.06 (s, 1H), 6.87 (dd, J = 8.6, 2.3 Hz, 1H),
6.76 (d, J = 2.2 Hz, 1H), 5.22 (s, 2H), 4.61 (s, 2H), 3.75 (s, 2H), 3.70 (s, 3H); 13C NMR (100 MHz, CDCl3)
δ 172.5, 166.9, 153.8, 137.0, 132.8, 129.6, 129.0, 128.0, 127.9, 127.2, 126.9, 123.9, 123.8, 122.1, 120.5, 109.6,
107.8, 95.3, 68.5, 52.2, 50.3, 31.2.

Methyl 2-((5-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl)benzoate (P12):
1H NMR (400 MHz, CDCl3) δ 9.11 (s, 1H), 8.46 (d, J = 8.9 Hz, 1H), 8.12–7.98 (m, 1H), 7.39 (d, J = 2.3 Hz,
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1H), 7.33–7.29 (m, 2H), 7.28–7.25 (m, 1H), 7.21 (d, J = 2.3 Hz, 1H), 7.17–7.12 (m, 2H), 6.90 (dd, J = 8.9,
2.4 Hz, 1H), 6.54 (d, J = 3.0 Hz, 1H), 6.48–6.44 (m, 1H), 5.76 (s, 2H), 4.68 (s, 2H), 3.94 (s, 3H); 13C NMR
(100 MHz, CDCl3) δ 167.2, 151.6, 140.1, 133.1, 132.9, 132.7, 131.2, 130.1, 129.1, 129.0, 128.1, 127.8, 127.4,
127.1, 123.8, 122.1, 121.0, 112.2, 111.0, 104.9, 101.8, 95.9, 68.9, 52.4, 49.0.

Methyl 2-((6-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl) benzoate (P13):
1H NMR (400 MHz, CDCl3) δ 8.99 (s, 1H), 8.39 (d, J = 8.9 Hz, 1H), 8.07–8.02 (m, 1H), 7.59 (d, J = 8.6 Hz,
1H), 7.36 (d, J = 2.4 Hz, 1H), 7.30–7.26 (m, 2H), 7.25–7.22 (m, 1H), 7.08 (d, J = 3.2 Hz, 1H), 6.88 (dd, J = 8.6,
2.3 Hz, 1H), 6.73 (d, J = 2.2 Hz, 1H), 6.55 (dd, J = 3.2, 0.7 Hz, 1H), 6.49–6.44 (m, 1H), 5.73 (s, 2H),
4.59 (s, 2H), 3.95 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 166.9, 153.6, 139.8, 136.9, 133.0, 132.8, 131.2,
129.5, 128.9, 128.7, 128.0, 127.8, 127.4, 127.0, 124.4, 123.8, 122.2, 122.0, 109.9, 102.0, 95.2, 68.5, 52.4, 48.8.

Methyl 3-((5-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl) benzoate (P14):
1H NMR (400 MHz, CDCl3) δ 9.10 (s, 1H), 8.45 (d, J = 8.9 Hz, 1H), 7.93 (d, J = 7.8 Hz, 1H), 7.89 (s, 1H),
7.38 (d, J = 2.3 Hz, 1H), 7.34 (t, J = 7.7 Hz, 1H), 7.25 (dd, J = 8.9, 2.3 Hz, 1H), 7.21–7.13 (m, 4H),
6.91 (dd, J = 8.8, 2.4 Hz, 1H), 6.51 (d, J = 2.6 Hz, 1H), 5.32 (s, 2H), 4.66 (s, 2H), 3.89 (s, 3H); 13C NMR
(100 MHz, CDCl3) δ 167.0, 151.5, 137.8, 132.7, 132.3, 131.1, 130.7, 129.4, 129.3, 129.2, 128.99 128.95, 128.8,
127.92, 127.88, 123.6, 121.9, 112.0, 110.7, 104.9, 101.8, 68.7, 52.2, 50.1.

Methyl 3-((6-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl) benzoate (P15):
1H NMR (400 MHz, CDCl3) δ 8.98 (s, 1H), 8.39 (d, J = 8.9 Hz, 1H), 7.91 (d, J = 7.7 Hz, 1H), 7.88 (s, 1H),
7.57 (d, J = 8.6 Hz, 1H), 7.36 (d, J = 2.4 Hz, 1H), 7.32 (t, J = 7.7 Hz, 1H), 7.24 (dd, J = 8.9, 2.4 Hz, 1H),
7.18 (d, J = 7.7 Hz, 1H), 7.08 (d, J = 3.2 Hz, 1H), 6.86 (dd, J = 8.6, 2.3 Hz, 1H), 6.75 (d, J = 2.1 Hz, 1H),
6.52 (dd, J = 3.2, 0.8 Hz, 1H), 5.29 (s, 2H), 4.60 (s, 2H), 3.89 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 166.8,
153.6, 137.6, 136.6, 132.7, 131.2, 130.9, 129.5, 129.10, 129.09, 128.9, 128.2, 128.03, 127.99, 124.5, 123.7,
122.3, 122.0, 109.8, 102.2, 95.1, 68.5, 52.3, 50.0.

Methyl 4-((5-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl) benzoate (P16):
1H NMR (400 MHz, CDCl3) δ 9.10 (s, 1H), 8.46 (d, J = 8.9 Hz, 1H), 7.96 (d, J = 8.2 Hz, 2H),
7.39 (d, J = 2.4 Hz, 1H), 7.27 (dd, J = 8.7, 2.1 Hz, 1H), 7.19 (d, J = 2.4 Hz, 1H), 7.16 (d, J = 3.1 Hz,
1H), 7.15–7.10 (m, 3H), 6.91 (dd, J = 8.9, 2.4 Hz, 1H), 6.53 (d, J = 3.1 Hz, 1H), 5.36 (s, 2H), 4.68 (s, 2H),
3.89 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 167.2, 151.7, 142.6, 132.9, 132.5, 130.3, 129.8, 129.7, 129.5,
129.3, 129.0, 128.1, 126.6, 123.8, 122.1, 120.0, 112.3, 110.9, 105.1, 102.0, 68.8, 52.3, 50.3.

Methyl 4-((6-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl) benzoate (P17):
1H NMR (400 MHz, CDCl3) δ 8.97 (s, 1H), 8.38 (d, J = 8.9 Hz, 1H), 7.94 (d, J = 8.2 Hz, 2H),
7.58 (d, J = 8.6 Hz, 1H), 7.36 (d, J = 2.3 Hz, 1H), 7.24 (dd, J = 9.1, 2.1 Hz, 1H), 7.11 (d, J = 8.2 Hz,
2H), 7.09 (d, J = 3.2 Hz, 1H), 6.87 (dd, J = 8.6, 2.2 Hz, 1H), 6.72 (d, J = 1.9 Hz, 1H), 6.54 (d, J = 3.1 Hz,
1H), 5.32 (s, 2H), 4.60 (s, 2H), 3.89 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 166.8, 153.7, 142.3, 136.7, 132.7,
130.3, 129.8, 129.6, 128.9, 128.3, 128.0, 126.6, 124.5, 123.7, 122.3, 122.0, 109.9, 102.3, 95.0, 68.5, 52.3, 50.1.

Methyl 2-((3-benzyl-5-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl)

benzoate (P18): 1H NMR (400 MHz, CDCl3) δ 9.06 (s, 1H), 8.43 (d, J = 8.9 Hz, 1H), 8.07–7.99
(m, 1H), 7.38 (d, J = 2.4 Hz, 1H), 7.36–7.22 (m, 7H), 7.20–7.14 (m, 1H), 7.09 (d, J = 8.8 Hz, 1H),
7.02 (d, J = 2.3 Hz, 1H), 6.91–6.84 (m, 2H), 6.52–6.46 (m, 1H), 5.70 (s, 2H), 4.62 (s, 2H), 4.10 (s, 2H),
3.92 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 167.5, 167.2, 151.3, 141.0, 140.3, 133.3, 133.0, 132.9, 131.1,
129.5, 129.0, 128.7, 128.52, 128.48, 128.42, 128.0, 127.8, 127.3, 127.0, 126.1, 123.8, 122.1, 114.9, 112.1, 111.0,
103.6, 68.9, 52.3, 48.8, 31.7.

Methyl 2-((3-benzyl-6-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl)

benzoate (P19): 1H NMR (400 MHz, CDCl3) δ 8.98 (s, 1H), 8.38 (d, J = 8.9 Hz, 1H), 8.06–8.01
(m, 1H), 7.44 (d, J = 8.6 Hz, 1H), 7.37 (d, J = 2.3 Hz, 1H), 7.32–7.22 (m, 7H), 7.22–7.16 (m, 1H), 6.84–6.79
(m, 2H), 6.70 (d, J = 2.0 Hz, 1H), 6.54–6.49 (m, 1H), 5.67 (s, 2H), 4.58 (s, 2H), 4.11 (s, 2H), 3.94 (s, 3H);
13C NMR (100 MHz, CDCl3) δ 167.5, 166.9, 153.8, 141.2, 140.0, 137.5, 133.0, 132.8, 131.2, 129.6, 129.0,
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128.8, 128.5, 128.0, 127.9, 127.4, 127.04, 126.95, 126.1, 124.0, 123.8, 122.1, 120.7, 115.4, 109.3, 95.3, 68.6,
52.4, 48.7, 31.7.

Methyl 2-((5-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-3-(3-methylbut-2-en-1-yl)-1H-indol-

1-yl)methyl) benzoate (P20): 1H NMR (500 MHz, CDCl3) δ 9.01 (s, 1H), 8.40 (d, J = 8.9 Hz, 1H),
8.06–8.02 (m, 1H), 7.54 (d, J = 8.6 Hz, 1H), 7.38 (d, J = 2.3 Hz, 1H), 7.31–7.28 (m, 2H), 7.24 (d, J = 2.3 Hz,
1H), 6.86 (dd, J = 8.6, 2.2 Hz, 1H), 6.83 (s, 1H), 6.69 (d, J = 2.2 Hz, 1H), 6.52–6.48 (m, 1H), 5.67 (s, 2H),
5.45–5.40 (m, 1H), 4.60 (s, 2H), 3.96 (s, 3H), 3.45 (d, J = 6.8 Hz, 2H), 1.77 (s, 3H), 1.75 (s, 3H); 13C NMR
(125 MHz, CDCl3) δ 167.4, 166.9, 153.7, 140.1, 137.4, 132.9, 132.7, 132.1, 131.1, 129.4, 128.9, 127.9, 127.7,
127.2, 126.9, 125.7, 123.9, 123.7, 122.9, 122.0, 120.4, 115.7, 108.9, 95.2, 68.5, 52.2, 48.5, 25.7, 24.1, 17.8.

Methyl 2-((6-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-3-(3-methylbut-2-en-1-yl)-1H-indol-

1-yl)methyl) benzoate (P21): 1H NMR (500 MHz, CDCl3) δ 9.13 (s, 1H), 8.47 (d, J = 8.9 Hz, 1H),
8.07–8.01 (m, 1H), 7.41 (d, J = 2.3 Hz, 1H), 7.31 (dt, J = 6.1, 4.1 Hz, 2H), 7.28 (dd, J = 8.9, 2.3 Hz, 1H),
7.14 (d, J = 2.4 Hz, 1H), 7.09 (d, J = 8.8 Hz, 1H), 6.91 (s, 1H), 6.89 (dd, J = 8.8, 2.4 Hz, 1H), 6.50–6.46
(m, 1H), 5.70 (s, 2H), 5.43–5.38 (m, 1H), 4.70 (s, 2H), 3.95 (s, 3H), 3.44 (d, J = 7.0 Hz, 2H), 1.78 (s, 3H),
1.75 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 167.5, 167.2, 151.1, 140.4, 133.2, 132.9, 132.8, 132.2, 131.0,
129.4, 128.9, 128.4, 127.9, 127.7, 127.3, 127.2, 127.0, 123.7, 122.8, 122.0, 115.2, 111.9, 110.8, 103.4, 68.9, 52.2,
48.6, 25.7, 24.1, 17.9.

3.2.3. Synthetic Procedure for Hydrolysis of the Methyl Esters to Yield the Target Acid Compounds

LiOH·H2O (1.5 equiv.) was added to a solution of the alkoxyindole compounds in
THF/MeOH/H2O (1 M, 2:1:1 v/v/v) and stirred at room temperature. After completing the reaction,
the reaction mixture was concentrated under reduced pressure, acidified with 1N HCl solution,
and extracted with EtOAc. The combined organic extracts were washed with water and brine, dried
over anhydrous MgSO4, filtered, and concentrated under vacuum. The residue was purified by silica
gel column chromatography using an appropriate mixture of CHCl3 and MeOH as an eluent to obtain
the target compounds 6–9 and 13–22 with 59–92% yield.

2-(5-(2-((2,4-Dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-3-yl)acetic acid (5): 1H NMR (400 MHz,
CDCl3/CD3OD) δ 8.14 (d, J = 8.8 Hz, 1H), 7.54 (d, J = 2.2 Hz, 1H), 7.35 (dd, J = 8.8, 2.3 Hz, 1H),
7.31 (d, J = 8.8 Hz, 1H), 7.19 (s, 2H), 6.94 (dd, J = 8.6, 2.3 Hz, 1H), 4.73 (s, 2H), 3.71 (s, 2H); HRMS(ESI):
m/z 391.0263 [M-H]− (calcd for C18H13Cl2N2O4 = 391.0258).

2-(6-(2-((2,4-Dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-3-yl)acetic acid (6):1H NMR (400 MHz,
CDCl3/CD3OD) δ 8.20 (d, J = 8.8 Hz, 1H), 7.75 (s, 1H), 7.50 (d, J = 8.7 Hz, 1H), 7.47 (d, J = 2.3 Hz,
1H), 7.31 (dd, J = 8.8, 2.4 Hz, 1H), 7.08 (s, 1H), 6.99 (d, J = 2.1 Hz, 1H), 6.83 (dd, J = 8.7, 2.3 Hz, 1H),
4.70 (s, 2H), 3.65 (s, 2H); HRMS(ESI): m/z 391.0256 [M-H]− (calcd for C18H13Cl2N2O4 = 391.0258).

2-(1-Benzyl-5-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-3-yl)acetic acid (7): 1H NMR
(400 MHz, CDCl3/CD3OD) δ 8.34 (d, J = 8.9 Hz, 1H), 7.50 (s, 1H), 7.45 (d, J = 2.3 Hz, 1H),
7.32 (d, J = 2.3 Hz, 1H), 7.31–7.26 (m, 2H), 7.24–7.18 (m, 3H), 7.13 (d, J = 6.6 Hz, 2H), 6.94 (dd, J = 9.2,
2.2 Hz, 1H), 5.30 (s, 2H), 4.72 (s, 2H), 3.74 (s, 2H); HRMS(ESI): m/z 481.0724 [M-H]− (calcd for
C25H19Cl2N2O4 = 481.0727).

2-(1-Benzyl-6-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-3-yl)acetic acid (8): 1H NMR
(400 MHz, CDCl3/CD3OD) δ 8.25 (d, J = 8.8 Hz, 1H), 7.57 (d, J = 8.6 Hz, 1H), 7.44 (d, J = 2.2 Hz, 1H),
7.30 (dd, J = 8.8, 2.4 Hz, 1H), 7.28–7.21 (m, 3H), 7.16–7.11 (m, 3H), 6.89 (dd, J = 8.7, 2.0 Hz, 1H),
6.84 (d, J = 2.0 Hz, 1H), 5.29 (s, 2H), 4.66 (s, 2H), 3.74 (s, 2H); HRMS(ESI): m/z 481.0726 [M-H]− (calcd
for C25H19Cl2N2O4 = 481.0727).

2-((5-(2-((2,4-Dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl)benzoic acid (12):
1H NMR (400 MHz, CDCl3/CD3OD) δ 8.38 (d, J = 8.9 Hz, 1H), 8.03–7.99 (m, 1H), 7.42–7.39
(m, 1H), 7.28 (dd, J = 8.9, 2.4 Hz, 1H), 7.24–7.20 (m, 2H), 7.19 (d, J = 2.4 Hz, 1H), 7.12 (d, J = 3.1 Hz,
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1H), 7.10 (d, J = 8.9 Hz, 1H), 6.82 (dd, J = 8.8, 2.4 Hz, 1H), 6.49 (d, J = 2.6 Hz, 1H), 6.42–6.38 (m, 1H),
5.75 (s, 2H), 4.66 (s, 2H); HRMS(ESI): m/z 467.0549 [M-H]− (calcd for C24H17Cl2N2O4 = 467.0571).

2-((6-(2-((2,4-Dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl)benzoic acid (13):
1H NMR (400 MHz, CDCl3/CD3OD) δ 8.32 (d, J = 8.9 Hz, 1H), 8.09–8.05 (m, 1H), 7.60 (d, J = 8.6 Hz,
1H), 7.41 (d, J = 2.4 Hz, 1H), 7.39 (d, J = 0.7 Hz, 1H), 7.30–7.25 (m, 3H), 7.13 (d, J = 3.1 Hz, 1H), 6.89 (dd,
J = 8.6, 2.2 Hz, 1H), 6.81 (d, J = 1.9 Hz, 1H), 6.55 (d, J = 3.2 Hz, 1H), 6.52–6.48 (m, 1H), 5.77 (s, 2H), 4.63
(s, 2H); HRMS(ESI): m/z 467.0550 [M-H]− (calcd for C24H17Cl2N2O4 = 467.0571).

3-((5-(2-((2,4-Dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl)benzoic acid (14):
1H NMR (400 MHz, CDCl3/CD3OD) δ 8.37 (d, J = 8.8 Hz, 1H), 7.99–7.90 (m, 3H), 7.44 (d, J = 2.3 Hz,
1H), 7.36 (t, J = 7.6 Hz, 1H), 7.30 (dd, J = 8.8, 2.4 Hz, 1H), 7.24–7.20 (m, 4H), 6.93 (dd, J = 8.9, 2.6 Hz,
1H), 6.51 (d, J = 3.2 Hz, 1H), 5.38 (s, 2H), 4.70 (s, 2H); HRMS(ESI): m/z 467.0558 [M-H]− (calcd for
C24H17Cl2N2O4 = 467.0571).

3-((6-(2-((2,4-Dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl)benzoic acid (15):
1H NMR (400 MHz, CDCl3/CD3OD) δ 8.25 (d, J = 8.8 Hz, 1H), 7.94–7.87 (m, 2H), 7.55 (d, J = 8.6 Hz,
1H), 7.42–7.38 (m, 1H), 7.28 (s, 1H), 7.26 (dd, J = 8.8, 2.4 Hz, 1H), 7.20–7.15 (m, 1H), 7.10 (d, J = 2.7 Hz,
1H), 6.86 (dd, J = 8.6, 2.2 Hz, 1H), 6.82 (s, 1H), 6.48 (d, J = 3.1 Hz, 1H), 5.28 (s, 2H), 4.63 (s, 2H);
HRMS(ESI): m/z 467.0557 [M-H]− (calcd for C24H17Cl2N2O4 = 467.0571).

4-((5-(2-((2,4-Dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl)benzoic acid (16):
1H NMR (400 MHz, CDCl3/CD3OD) δ 8.17 (d, J = 8.9 Hz, 1H), 7.89 (d, J = 8.4 Hz, 2H),
7.44 (d, J = 2.4 Hz, 1H), 7.28 (dd, J = 8.9, 2.3 Hz, 1H), 7.23 (d, J = 3.0 Hz, 1H), 7.20–7.16 (m, 2H),
7.11 (d, J = 8.1 Hz, 2H), 6.89 (dd, J = 8.9, 2.2 Hz, 1H), 6.45 (d, J = 3.2 Hz, 1H), 5.39 (s, 2H), 4.68 (s, 2H);
HRMS(ESI): m/z 467.0545 [M-H]− (calcd for C24H17Cl2N2O4 = 467.0571).

4-((6-(2-((2,4-Dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl)benzoic acid (17):
1H NMR (400 MHz, CDCl3/CD3OD) δ 9.06 (s, 1H), 8.33 (dd, J = 8.9, 3.1 Hz, 1H), 7.96 (d, J = 8 Hz,
2H), 7.59 (d, J = 8.6 Hz, 1H), 7.41 (d, J = 2.3 Hz, 1H), 7.28 (dd, J = 8.8, 2.3 Hz, 1H), 7.16–7.11 (m, 3H),
6.89 (dd, J = 8.6, 2.2 Hz, 1H), 6.79 (d, J = 2.0 Hz, 1H), 6.54 (d, J = 3.2 Hz, 1H), 5.36 (s, 2H), 4.64 (s, 2H);
HRMS(ESI): m/z 467.0549 [M-H]− (calcd for C24H17Cl2N2O4 = 467.0571).

2-((3-Benzyl-5-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl)benzoic acid

(18): 1H NMR (400 MHz, (CD3)2SO) δ 9.59 (s, 1H), 7.92 (d, J = 7.1 Hz, 1H), 7.88 (d, J = 9.1 Hz, 1H),
7.70 (s, 1H), 7.45 (d, J = 9.0 Hz, 1H), 7.35 (t, J = 7.6 Hz, 2H), 7.31–7.19 (m, 6H), 7.14 (d, J = 6.7 Hz, 1H),
7.10 (s, 1H), 6.85 (d, J = 9.2 Hz, 1H), 6.44 (d, J = 7.2 Hz, 1H), 5.72 (s, 2H), 4.71 (s, 2H), 4.03 (s, 2H);
HRMS(ESI): m/z 557.1010 [M-H]− (calcd for C31H23Cl2N2O4 = 557.1040).

2-((3-Benzyl-6-(2-((2,4-dichlorophenyl)amino)-2-oxoethoxy)-1H-indol-1-yl)methyl)benzoic acid

(19): 1H NMR (400 MHz, (CD3)2SO) δ 10.43 (s, 1H), 7.80 (d, J = 8.7 Hz, 1H), 7.63 (d, J = 2.1 Hz, 1H),
7.56 (d, J = 6.7 Hz, 1H), 7.38 (dd, J = 8.7, 2.2 Hz, 1H), 7.30–7.20 (m, 6H), 7.17–7.10 (m, 2H), 7.09–7.00
(m, 2H), 6.70 (d, J = 6.5 Hz, 1H), 6.66 (dd, J = 8.5, 1.8 Hz, 1H), 5.66 (s, 2H), 4.74 (s, 2H), 3.99 (s, 2H);
HRMS(ESI): m/z 557.1010 [M-H]− (calcd for C31H23Cl2N2O4 = 557.1040).

2-((5-(2-((2,4-Dichlorophenyl)amino)-2-oxoethoxy)-3-(3-methylbut-2-en-1-yl)-1H-indol-1-

yl)methyl)benzoic acid (20): 1H NMR (400 MHz, CDCl3/CD3OD) δ 8.33 (1H, d, J = 8.8 Hz),
8.09 (1H, dd, J =5.6, 3.6 Hz), 7.54 (1H, d, J = 8.8 Hz), 7.41 (1H, d, J = 2.0 Hz), 7.31–7.25 (3H, m),
6.88–6.85 (2H, m), 6.75 (1H, d, J = 2.0 Hz), 6.50 (1H, dd, J = 5.6, 3.2 Hz), 5.70 (2H, s), 5.43 (1H, t, J = 7.2
Hz), 4.62 (2H, s), 3.46 (2H, d, J = 6.8 Hz), 1.77 (3H, s), 1.76 (3H, s); HRMS(ESI): m/z 535.1178 [M-H]−

(calcd for C29H25Cl2N2O4 = 535.1197).

2-((6-(2-((2,4-Dichlorophenyl)amino)-2-oxoethoxy)-3-(3-methylbut-2-en-1-yl)-1H-indol-1-

yl)methyl)benzoic acid (21): 1H NMR (400 MHz, CDCl3/CD3OD) δ 8.31 (1H, d, J = 8.8 Hz),
8.08–8.05 (1H, m), 7.55 (1H, d, J = 8.4 Hz), 7.42 (1H, d, J = 2.4 Hz), 7.31–7.26 (3H, m), 6.89–6.86
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(2H, m), 6.78 (1H, d, J = 2.0 Hz), 6.52-6.49 (1H, m), 5.71 (2H, s), 5.44 (1H, t, J = 7.2 Hz), 4.64 (2H,
s), 3.47 (2H, d, J = 7.2 Hz), 1.78 (3H, s), 1.77 (3H, s); HRMS(ESI): m/z 535.1177 [M-H]− (calcd for
C29H25Cl2N2O4 = 535.1197).

3.3. In Vitro PPAR Transactivation Assay

Transient transfection and luciferase assay was carried out. CV-1 cells were seeded in 48-well
plates at a density of 1.5 × 105 cells/well in Dulbecco’s modified Eagle’s medium (DMEM) with
containing 10% fetal bovine serum (FBS). The cells were transiently transfected with plasmid
mixtures containing PPAR-α/γ expression vector and tk-PPRE-luciferase (Luc) vector for 6 h and
then treated with the samples for 24 h. HEK293t cells were seeded in a 60-mm dish at a density
of 1.5 × 106 cells/dish. After transfection with the plasmid mixtures containing PPAR-δ expression
vector and Luc vector for 6 h, the cells were transferred to a 96-well plate and treated with the
samples. To normalize the transfection efficiency, a β-galactosidase plasmid was cotransfected.
The luciferase activity in the cell lysates was measured using a luciferase assay system (Promega Corp.,
Madison, WI, USA), and the β-galactosidase activity was determined by measuring the absorbance at
410 nm using an ELISA plate reader. The data were expressed as the relative luciferase activity divided
by the β-galactosidase activity. All constructs were kindly gifted by Dr. Ronald M. Evans at The Salk
Institute (La Jolla, CA, USA).

3.4. Molecular Modeling

All molecular modeling calculations were carried out using Surflex Dock interfaced with SYBYL-X
software, version 2.1.1 running on a system with Window 7 Home Premium K 64-bit OS. In this
automated docking program, the flexibility of the ligands, proteins, and biomolecules was considered.
The ligand was built in an incremental fashion, where each new fragment was added in all possible
positions and conformations to a pre-placed base fragment inside the active site. All the molecules
used for docking were sketched in SYBYL, and the energy minimizations were performed using Tripos
Force Field and Gasteiger–Huckel charge with 100,000 iterations of the conjugate gradient method with
a convergence criterion of 0.05 kcal/mol. To prepare the proteins, all hydrogens and MMFF94 charges
were added, and the side-chain amides were fixed. A staged minimization was performed using
Tripos Force Field and MMFF94 charge with 10,000 iterations of the Powell method with a convergence
criterion of 0.5 kcal/mol without the initial optimization. The 3D coordinates of the active sites were
determined from the X-ray crystal structures of PPAR-γ (PDB code: 2PRG), reported as a complex
with rosiglitazone.

3.5. In vitro PPAR Coactivator Recruit Assay

EC50 of compounds were determined by recruitment of transcriptional coactivators using the
TR-FRET based Lanthascreen coactivator assays (Invitrogen, Carlsbad, CA, USA). Which was serviced
by Thermo Fisher Scientific (Medicon, WI, USA) according to the LanthaScreen TR-FRET coregulator
protocol and assay conditions. Coregulator peptide PGC1a, TRAP220/DRIP2 and C33 was used for
the coactivator recruit assay of PPAR-α, -γ, and -δ, respectively.

4. Conclusions

In conclusion, we designed and synthesized several dichloroanilide-linked indole derivatives
and examined their potent and selective PPAR activity. The PPAR transcriptional activities of these
compounds were tested using a cell-based reporter assay. Compound 12 exhibited significant activity
as a PPAR-γ agonist, with approximately 2-fold higher PPAR-γ activity than that of pioglitazone.
PPAR coactivator recruit assay revealed EC50 of compound 12 with 1.96 nM. And it showed 1970-fold
selectivity to PPAR-α and 16,600-fold to PPAR-δ. The docking study provided structural insights
of compound 12 in association with PPAR-γ and rationalized its good PPAR-γ agonistic activity.
Therefore, the N-(carboxybenzyl)indole was suggested as an original framework for the next generation
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of PPAR ligands. In addition, our scaffold tuning approach could be an expeditious way to optimize
the activity of compounds. This novel PPAR-γ agonist and scaffold tuning approach is expected to
broaden the bottleneck of new drug discovery for CVD, CML and various types of solid tumors as
well as metabolic diseases.
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Abstract: Peroxisome proliferator-activated receptors (PPARs) are a well-known pharmacological
target for the treatment of multiple diseases, including diabetes mellitus, dyslipidemia, cardiovascular
diseases and even primary biliary cholangitis, gout, cancer, Alzheimer’s disease and ulcerative
colitis. The three PPAR isoforms (α, β/δ and γ) have emerged as integrators of glucose and lipid
metabolic signaling networks. Typically, PPARα is activated by fibrates, which are commonly used
therapeutic agents in the treatment of dyslipidemia. The pharmacological activators of PPARγ
include thiazolidinediones (TZDs), which are insulin sensitizers used in the treatment of type 2
diabetes mellitus (T2DM), despite some drawbacks. In this review, we summarize 84 types of PPAR
synthetic ligands introduced to date for the treatment of metabolic and other diseases and provide
a comprehensive analysis of the current applications and problems of these ligands in clinical drug
discovery and development.

Keywords: PPAR; ligand; T2DM; dyslipidemia; TZDs

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) are a group of nuclear receptors (NRs) that
play essential roles in the regulation of several physiological processes, including cellular differentiation
and development, whole-body energy homeostasis (carbohydrate, lipid, protein) and tumorigenesis [1].
PPARs are ligand-activated transcription factors and consist of a DNA binding domain in the
N-terminus and a ligand binding domain (LBD) in the C-terminus [2,3]. The family of PPARs comprises
three isoforms: PPARα (NR1C1), PPARβ/δ (NR1C2) and PPARγ (NR1C3) [2] and their 3D structures
are shown in Figure 1. PPARα is highly expressed in metabolically active tissues and PPARγ which
has three forms: PPARγ1, PPARγ2 and PPARγ3 is mainly expressed in white and brown adipose
tissue [4]. The least known isoform is PPARβ/δ, which is expressed ubiquitously in virtually all tissues.
After interaction with agonists, PPARs are translocated to the nucleus, where they heterodimerize
with the retinoid X receptor (RXR) [5]. Then, PPAR-PXR binds to peroxisome proliferator hormone
response elements (PPREs) [2] and regulates target genes. All three PPARs have natural agonists,
namely, a variety of polyunsaturated long-chain fatty acids and arachidonic acid derivatives.

PPARs regulate genes that are important in cell differentiation and various metabolic processes,
especially lipid and glucose metabolism. In both rodents and humans, PPARs are genetic sensors
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for lipids and modulate genes through the promotion of reverse cholesterol transport, reduction of
total triglycerides (TGs) and regulation of apolipoproteins, thermogenesis and glucose metabolism.
PPARα regulates the catabolism of fatty acids in the liver by inducing the expression of fatty acid
transport protein (FATP) [6], FAT [7], long-chain fatty acid acetyl-CoA synthase (ACS) [8], enoyl-CoA
hydratase/dehydrogenase multifunctional enzyme [9] and keto-acyl-CoA thiolase [10] enzymes.
PPARγ influences the storage of fatty acids in adipose tissue by regulating the expression of numerous
genes, including AP2 [11], PEPCK [12], acyl-CoA synthase [13] and LPL [14]. Furthermore, PPARβ/δ
activation also improves lipid homeostasis, prevents weight gain and increases insulin sensitivity [15].
Accordingly, PPARs are considered important targets for the treatment of metabolic syndrome and
choreographers of metabolic gene transcription.

Figure 1. 3D structure and schematic structure of human Peroxisome proliferator-activated receptors
(PPARs). 3D structure and schematic structure of PPARα (1I7G [16]) (a) PPARβ/δ (1GWX [17]) (b) and
PPARγ (1FM6 [18]) (c,d) 3D structure superposition of PPARα (yellow), PPARβ/δ (magenta) and
PPARγ (cyan) and RMSD value of three PPARs within pairwise comparison.

PPARs are also called lipid and insulin sensors [2]. Hence, many synthetic agonists of PPARs
have different properties and specificities, having been developed for the treatment of different
clinical outcomes over the past several decades [19–21]. For example, PPARα activators such as
fibrates (fenofibrate, clofibrate) are useful drugs for the treatment of dyslipidemia. They increase HDL,
decrease TG and have no effects on low-density lipoprotein (LDL). PPARγ is a target of synthetic
insulin sensitizers thiazolidinediones (TZDs), including pioglitazone and rosiglitazone, which were
used in the treatment of type 2 diabetes mellitus (T2DM). Dual agonists of PPARα/γ, such as glitazar,
have been developed and have recently become available for the combined treatment of T2DM and
dyslipidemia. Of course, there are many drugs targeting PPARs for the clinical treatment of various
diseases. However, many drugs have been limited or terminated in the clinical stage by their side effect
profiles. TZDs are well known to have prompted an alert by the US Food and Drug Administration
(FDA) due to adverse effects, such as fluid retention, congestive heart failure (CHF) and adipogenic
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weight gain [22]. In this review, we summarize the use of some PPAR agonists in therapeutic treatment,
with a focus on both the pros and the cons of PPARs as key regulators of glucose and lipid metabolism.
Thus far, current clinical data exists for the use of 84 PPAR ligands for the treatment of diabetes mellitus,
lipid metabolism disorder and other diseases (Table 1).

Table 1. Medications of PPAR synthetic ligands in currently clinical applications or studies.

Indication
Development Status

Total
In Market Withdrawn Clinical Research Discontinued in Clinical Research

Type 2 diabetes 3 1 5 23 32

Diabetic diseases 1 0 5 10 16

Dyslipidemia 7 0 6 8 21

CVDs 0 0 1 1 2

Other diseases 0 0 12 1 13

2. PPAR Ligand Therapeutics in Diabetes Mellitus

Diabetes mellitus is a chronic, “whole-life“ condition that increases the body’s blood glucose levels.
There are three main types of diabetes: type 1 diabetes (insulin dependent), T2DM (insulin resistance
or insulin insensitivity) and gestational diabetes [23]. Diabetes mellitus and diabetic complications
constitute the most important economic cost of the disease and represent a significant economic burden
for the healthcare systems of developed countries [24]. As important modulators of lipid and glucose
metabolism, PPAR ligands were used to treat T2DM and diabetes-associated complications.

2.1. Type 2 Diabetes

The majority of patients with diabetes are diagnosed with T2DM, which affects at least 250 million
people worldwide [25]. Insulin resistance is a major determinant of T2DM, which involves some defects
of response to pancreatic insulin in muscle and liver cell [26]. The main treatment for diabetes mellitus
is to lower the blood glucose levels to reach as close to normal as possible. Many pharmacological
agents are utilized in patients with type 2 diabetes, such as TZDs, biguanide, GLP-1 agonists, DPP-4
inhibitors and SGLT2s. Here, we summarize the market value of the ligands of PPAR-treated type 2
diabetes (Table 2).

TZDs, as PPARγ agonists, are increasingly being used to counteract the effects of diabetes by
regulating the transcription of insulin-responsive genes, thereby enhancing insulin sensitivity in
adipose tissue, skeletal muscle and liver to help reduce plasma glucose and insulin [26]. TZDs were
developed in the late 1990s and have been used to treat up to 26% of people with diabetes mellitus [27].
In the market, the main approved TZD drugs for the treatment of type 2 diabetes are rosiglitazone,
pioglitazone, lobeglitazone sulfate and these drugs often used combination with metformin or
other antidiabetic drugs. Rosiglitazone (Rosiglitazone Maleate) is a pure ligand of PPARγ without
PPARα-binding action [28]. The pharmaceutical company GlaxoSmithKline (Brentford, UK) marketed
it as Avandia®, a standalone preparation and combined it with metformin as a compound (Avandamet).
Another combination drug approved by the FDA is Avandaryl® (with glimepiride) [29]. Studies on
animal models of insulin resistance and diabetes have shown that rosiglitazone prevents the onset
of hyperglycemia, proteinuria and pancreatic islet cell degeneration [23]. In patients with T2DM,
rosiglitazone reduces fasting plasma glucose (FPG), HbA1c, insulin, C-peptide and postprandial
serum glucose [30]. However, in rosiglitazone monotherapy, clinically significant side effects such as
edema, anemia and weight gain are frequently reported with a conventional dosage of drug [31].
Moreover, patients with unstable heart failure (HF) and patients with a history of myocardial
infarction (MI) should avoid the use of rosiglitazone due to the increased risk of cardiovascular disease
(CVD) [32]. Pioglitazone hydrochloride is the hydrochloride salt of thiazolidinedione with antidiabetic
properties and potential antineoplastic activity [33]. Pioglitazone monotherapy significantly improves
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HbA1c and FPG while producing beneficial effects on serum lipids in patients with type 2 diabetes
with no evidence of drug-induced hepatotoxicity [34]. However, raising the dose and time of
pioglitazone use increased the risk of bladder cancer and reached statistical significance after 24 months
of exposure. Thus, the FDA issued an alert about a potential relation between the incidence of
bladder cancer and the prescription of pioglitazone [35]. However, a recent meta-analysis based
on 193,099 persons in the bladder cancer cohort conservatively suggested that pioglitazone use was not
associated with a statistically significant increased risk of bladder cancer [36]. Given the many adverse
effects of troglitazone, combination therapy can better treat type 2 diabetes. Alogliptin benzoate,
a dipeptidyl peptidase-4 inhibitor, has a blood glucose-dependent insulinotropic effect via elevated
concentrations of glucagon-like peptide-1 [37,38]. Pioglitazone/alogliptin combination therapy was
effective and generally well tolerated in Japanese subjects with T2DM and is considered to be useful in
clinical settings [39].

Table 2. Approved drugs of PPAR ligands for type 2 diabetes treatment.

Generic Name Type of PPAR Agonist Molecular Weight Company

Rosiglitazone Maleate PPARγ agonist 473.5 GlaxoSmithKline

Pioglitazone Hydrochloride PPARγ agonist 392.898 Takeda(Originator) Lilly

Lobeglitazone Sulfate Dual PPARα/γ agonist 578.61 Chong Kun Dang

Lobeglitazone sulfate, a novel PPARγ agonist, was conceptually designed by modification of the
rosiglitazone structure with a substituted pyrimidine [40]. Lobeglitazone has a p-methoxyphenoxy
group at the 4-position of the pyrimidine moiety [41] and is structurally similar to two well-known
TZD drugs, rosiglitazone and pioglitazone. These substituted pyrimidines were selected based on their
empirical effects on triglyceride accumulation in adipocytes in vitro and their glucose-lowering and
lipid-modulating activities in diabetic mice in vivo [42,43]. In contrast to other TZDs, lobeglitazone is
mainly excreted in the feces, reducing the concerns about the risk of bladder cancer in the mice [44]
and rats [45]. In the study of lobeglitazone in patients with T2DM, lobeglitazone showed a favorable
balance of efficacy and safety during the extension study [46]. In pharmacokinetic studies in healthy
adults, lobeglitazone was well tolerated and did not significantly affect the pharmacokinetics of
metformin or vice versa [47]. In addition, the glucose-lowering effect of lobeglitazone is more promising
in obese patients with inadequate glycemic control, long-term diabetes and severe insulin resistance.

The full activation of PPARγ is related to the phosphorylation of PPARγ Ser273, which results
in a series of side effects [48]. Therefore, many new insulin sensitizers based on the pharmacology
of the TZDs for clinical use have focused on the selective activation of PPARs in the clinical stage.
Here, we summarize the PPAR ligands used to treat type 2 diabetes in the clinical stage (Table 3).

Table 3. Drugs of PPAR ligands for type 2 diabetes treatment in clinical stage.

Generic Name Type of PPAR Agonist Molecular Weight Company Development Status

Chiglitazar PPARs agonist 594.61 ChipScreen Phase III active

KDT-501 PPARα agonists 404.588 KinDex
Pharmaceuticals Phase II active

Naveglitazar PPAR modulator 422.477 Lilly(Originator)Ligand
(Originator) Phase II Pending

AVE-0897 Dual PPARα/γ agonist 469 Genfit(Originator)Sanofi Phase I active

ZY-H2 Dual PPARα/γ agonist unknown Zydus cadila Phase I Pending

Chiglitazar is a configuration-restricted non-TZD PPAR pan agonist with AC50 values of 1.2, 0.08
and 1.7 μM in CV-1 cells for PPARα, PPARγ and PPARδ, respectively and is currently in phase III
clinical development in China [49]. In animal studies, chiglitazar demonstrated comparable antidiabetic
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effects to those of rosiglitazone but had fewer adverse effects involving body weight and fat pad weight
increases in KKAy and db/db diabetic mouse models. Clinical studies (phase IIa and IIb) also show that
the complete dose range of chiglitazar has a well-tolerated safety profile in patients with T2DM [49].
Its overall encouraging profile in terms of efficacy versus toxicity might be related to the balanced
activity of chiglitazar towards different PPAR subtypes [49]. KDT-501 is a compound chemically
derived from hops that has antidiabetic effects in rodents [50]. Multiplex analysis of gene expression
revealed that KDT-501 enhanced the expression of PGC1α and PPARα but showed no evidence of
activating PPARγ [51]. The oral administration of KDT-501 in DIO mouse and ZDF rat models of
diabetes reduced plasma HbA1c and improved glucose metabolism. A recent study showed that
KDT-501 treatment reduced plasma triglyceride levels in an open-label, phase II clinical trial including
nine obese, insulin-resistant subjects [52]. Plasma total and high-molecular-weight (HMW) adiponectin
were higher and plasma tumor necrosis factor alpha (TNFα) also reduced after KDT-501 treatment [52].

Many other drugs are currently in clinical studies, including naveglitazar (phase II, Lilly
(Indianapolis, IN, USA)), AVE-0897 (phase I, Genfit (Originator) Sanofi) and ZY-H2 (phase I, Zydus
Cadila (Ahmedabad, Gujarat, India)).

Due to safety and tolerability issues such as weight gain, edema, CHF and bone fracture,
many drugs have been terminated during the clinical research stage. For example, a class of
pharmaceutical molecules exhibiting PPARα/γ dual effects is known as the “glitazars,” including
aleglitazar, ragaglitazar, tesaglitazar, sipoglitazar, muraglitazar, cevoglitazar and naveglitazar [53].
They have been investigated for potential use in treating T2DM and dyslipidemia simultaneously.
Here, we summarize the “glitazar” drugs for the treatment of T2DM that were terminated in the
clinical research stage (Table 4).

Table 4. Dual PPARα/γ agonist “glitazar” for type 2 diabetes treatment.

Generic Name Type of PPAR Agonist Molecular Weight Company Development Status

Aleglitazar Dual PPARα/γ agonist 437.51 Roche Phase III discontinued

Ragaglitazar Dual PPARα/γ agonist 419.477 Novo Nordisk
Pharmaceutical Phase III discontinued

Imiglitazar Dual PPARα/γ agonist 470.525 Takeda Phase III discontinued

Tesaglitazar Dual PPARα/γ agonist 408.465 AstraZeneca Phase III discontinued

Peliglitazar Dual PPARα/γ agonist 530.577 Bristol-Myers Squibb Phase II discontinued

Farglitazar Dual PPARα/γ agonist 546.623 GlaxoSmithKline Phase II discontinued

Sipoglitazar Dual PPARα/γ agonist;
Insulin sensitizer 463.552 Takeda Phase II discontinued

Reglitazar Dual PPARα/γ agonist 392.411
Japan

Tbacco(Originator)
Pfizer

Phase II discontinued

Indeglitazar Dual PPARα/γ agonist 389.422 Pfizer Phase II discontinued

Muraglitazar Dual PPARα/γ agonist 516.55 Bristol-Myers Squibb NDA Filing US

The dual PPARα/γ agonist alegitazar exerts antihyperglycemic and lipid profile-modifying
effects [54], leading to insulin-sensitizing and glucose-lowering activities and favorable effects on
lipid profiles and biomarkers of cardiovascular risk [55]. However, the development of aleglitazar
was halted because of a lack of cardiovascular efficacy and PPAR-related side effects in patients with
T2DM post-acute coronary syndrome [56]. Ragaglitazar was mentioned as carcinogenic to the urinary
bladder in Sprague-Dawley male rats exposed to 50 mg/kg/day (approximately 10 times the human
exposure) in a 2-year carcinogenicity study [57]. Ragaglitazar was in phase III trials by Novo Nordisk
(Copenhagen, Denmark) but was terminated in July 2002 because it caused urinary bladder tumors in
mice [58]. Similarly, the development of tesaglitazar was discontinued because it severely increased
serum creatinine in diabetic patients. Sipoglitazar, an azolealkanoic acid derivative, exhibits selective
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PPAR agonist activities towards PPARs. For example, sipoglitazar was used to treat patients with
metabolic syndrome and T2DM through improving peripheral insulin sensitivity, lowering the lipid
content of bodies and reducing body weight [59]. Sipoglitazar reached phase II clinical trials by Takeda
for the treatment of diabetes; however, this research has been discontinued. The development of
reglitazar, a PPARγ agonist that is structurally similar to TZDs and exhibits some degree of PPARα
activity, was discontinued due to its lower than expected efficacy after phase II clinical trials [60].

In brief, no “glitazar” drugs, which also include muraglitazar (NDA Filing US, Bristol-Myers
Squibb (Ney York, NY, USA), imiglitazar (phase III, Takeda (Tokyo, Japan)), indeglitazar (phase II,
Pfizer (Ney York, NY, USA)), farglitazar (phase II, GlaxoSmithKline) and peliglitazar (phase II,
Bristol-Myers Squibb (Ney York, NY, USA)), has ever been approved for clinical use due primarily to
the concern of cancer risk in animals, despite their promising effects on related metabolism.

In addition to “glitazar,” other PPAR agonists for the treatment of T2DM have also halted
development in the clinical research stage are lost development, as shown in Table 5.

Balaglitazone is a novel partial agonist of PPARγ that was developed by Dr. Reddy’s laboratories
in India. As a selective partial PPARγ agonist, balaglitazone presents a better safety profile than
full agonists and cuts down HbA1c levels significantly. Balaglitazone provides robust glycemic
control as an add-on to insulin therapy and a trend towards less severe side effects was observed in
phase III trials [61]. However, the investment was halted in 2011. FK-614, a novel non-TZD PPARγ
agonist, was as an antidiabetic agent and displays beneficial effect on improving insulin resistance [62].
FK-614 induces adipocyte differentiation by stimulating PPARγ in Zucker obese rats and altering WAT
characteristics and improving systemic insulin sensitivity [63,64]. However, Astellas (Tokyo, Japan)
(pharmaceutical company developing FK-614) has discontinued the development of FK-614 for the
treatment of type 2 diabetes because its efficacy and safety parameters showed insufficient advantages
over competitors [65]. Ciglitazone improves glycemic control by increasing insulin sensitivity [66].
Long-term use of ciglitazone treatment can significantly reduce blood glucose in diabetic db/db
mice, accompanied by recovery of glomerular immunopathology and renal tubular disorders [67].
Ciglitazone had been in phase II clinical trials by Takeda for the treatment of diabetes mellitus.
However, this research has been discontinued [58]. In addition, many drugs are lost from development
in the clinical stage, including rivoglitazone hydrochloride (phase III, Daiichi Sankyo (Tokyo, Japan)),
ONO 5129 (phase II, Ono), EML-4156 (phase II, Merck Serono), netoglitazone; isoglitazone (phase II,
Mitsubishi Tanabe Pharma (Originator) Perlegen Sciences), PN-2034 (phase II, Wellstat (Originator)
Sanofi), Edaglitazone (phase II, Roche (Basel, Switzerland)), darglitazone sodium (phase I, Pfizer),
AVE-5376 (phase I, Sanofi), DS-6930 (phase I, Daiichi Sankyo) and E-3030 (phase I, Eisai).

As mentioned above, in many clinical studies of TZDs targeting PPARγ have encountered
problems with the adverse effects of TZDs and the use of these drugs has been limited, or they
have been withdrawn from the markets in the United States, Europe and other countries [68].
However, the debate on the safety of TZDs continues and some scientists are also attempting to
develop new classes of insulin sensitizers. Thus, there is still a need for novel TZDs. The selective
modulation of PPARγ provides the opportunity to improve the safety profile while retaining the
desirable therapeutic effects.
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Table 5. Drugs of PPAR ligands for treatment of type 2 diabetes discontinued in clinical stage.

Generic Name Type of PPAR Agonist
Molecular

Weight
Company

Development
Status

Troglitazone PPARγ agonists 441.542 Daiichi Sankyo (Originator)
Pfizer Withdrawn

Rivoglitazone
Hydrochloride PPARγ agonists 433.907 Daiichi Sankyo (Originator)

Santen
Phase III

discontinued

Balaglitazone Partial agonist of
PPARγ 395.433 Dr Reddy’s Laboratories

(Originator) Rheoscience
Phase II

discontinued

FK-614 PPARγ agonists;
Insulin sensitizer 468.393 Astellas (Originator)

Aestus Therapeutics
Phase II

discontinued

Ciglitazone PPAR agonists 333.446 Takeda Phase II
discontinued

ONO 5129 Dual PPARα/γ agonist unknown Ono Phase II
discontinued

EML-4156 Dual PPARα/γ agonist 314.381 Merck Serono Phase II
discontinued

Netoglitazone;
Isaglitazone Dual PPARα/γ agonist 381.421 Mitsubishi Tanabe Pharma

(Originator) Perlegen Sciences
Phase II

discontinued

PN-2034 PPARγ agonist unknown Wellstat (Originator) Sanofi Phase II
discontinued

Edaglitazone PPARγ agonists 464.554 Roche Phase II
discontinued

Darglitazone
Sodium Dual PPARα/γ agonist 442.465 Pfizer Phase I

discontinued

AVE-5376 Dual PPARα/γ agonist unknown Sanofi (Originator) Phase I
discontinued

DS-6930 PPARγ agonists 136.129 Daiichi Sankyo Phase I
discontinued

E-3030 Dual PPARα/γ agonist 481.93 Eisai Phase I
discontinued

2.2. Diabetes-Associated Complications

Diabetes increases the risk of cardiovascular disease [25], retinopathy [69], renal failure [70]
and peripheral vascular disease. Moreover, diabetes-associated complications and comorbidities
also add to the lethality of T2DM [71]. Similarly, PPAR agonists have a good therapeutic effect on
diabetes-associated complications, such as diabetic dyslipidemia, hypertension and Alzheimer’s
disease. Here, we summarize the PPAR ligands used to treat diabetes-associated, as shown in Table 6.

A very common metabolic abnormality associated with diabetes is dyslipidemia, which occurs in
over 50% of T2DM patients and is often unresponsive to statin treatment [72,73]. Saroglitazar, a novel
glitazar compound, is indicated mainly for T2DM patients for the treatment of diabetic dyslipidemia
and hypertriglyceridemia not controlled by statin therapy [74]. Saroglitazar has shown dual PPARα/γ
agonism with a predominant PPARα and moderate PPARγ activity has shown encouraging results at
all stages of clinical trials. So far, Saroglitazar has been unrelated to any serious adverse events and
it has not any adverse effects of weight gain and edema associated with TZDs [74]. Another drug
used to improve dyslipidemia is HPP593, an effective selective PPAR δ agonist with no off-target
activity. HPP593 exhibits an anti-diabetic effect in animal models of T2DM and also has demonstrated
a reduction in LDL cholesterol and TGs and improved HDL cholesterol content. HPP593 is now
in phase I clinical trials by High Point Pharmaceuticals (a subsidiary of vTv Therapeutics) for the
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treatment of diabetes and dyslipidemia [58]. K-111 is a new insulin-sensitizer with PPARα activity but
without PPARγ activity [75]. K-111 is structurally unrelated to thiazolidinediones; however, it has been
shown to exert antihyperinsulinemic and lipid-lowering activity in rodents [75]. Furthermore,
K-111 exhibits various pharmacological therapies for insulin sensitivity [76], dyslipidemia [77]
and hypertension [78] in a nonhuman primate model. CLX-0921 is a weak activator of PPAR but
retains effective glucose uptake activity in vitro and has equivalent glucose lowering activity in vivo
to rosiglitazone. In addition, compared to rosiglitazone, CLX-0921 showed a 10-fold reduction in vitro
adipogenic potential and increased glycogen synthesis, which is usually independent of rosiglitazone
or pioglitazone [79]. In addition to treatment with diabetes, CLX-0921 has shown an inhibitory effect
on lipopolysaccharides-induced TNFα production in human monocytes. Mechanistic studies showed
that some of the effects of CLX-0921 are attributable to the inhibition of IκB phosphorylation and
subsequent inhibition of NFκB activation, an effect not seen for other thiazolidinediones [80].

Table 6. Drugs of PPAR ligands for treatment of diabetic associated complications in market or
clinical stage.

Generic Name
Type of PPAR

Agonist
Indication

Molecular
Weight

Company
Development

Status

Saroglitazar Dual PPARα/γ
agonist Diabetic dyslipidemia 439.57 Zydus cadila Approved

AMG-131 PPARγ agonist Type 2 diabetes; Multiple
sclerosis (MS) 672.38 Amgen (Originator)

InteKrin Therapeutics
Phase II
active

K-111 PPARα
agonists

Type 2 diabetes;
Hyperlipidemia 379.75 Roche Phase II

Pending

CLX-0921 PPARγ agonist Type 2 diabetes;
Rheumatoid arthritis (RA) 519.568 Theracos Phase II

Pending

HPP 593 PPARδ Diabetes Dyslipidemia unknown vTv Therapeutics LLC Phase II
active

SAR-351034 PPAR agonists Type 2 diabetes;
Dyslipidemia unknown Sanofi Phase I active

Among the patients with T2DM, approximately 10% developed diabetic nephropathy (DN) [81].
DN remains the leading cause of end-stage renal disease (ESRD) in the United States [82]. In the process
of diabetic glomerular damage, podocytopathy is extremely important [83]. PPARγ is located in all
three types of glomerular cells with prominent expression in podocytes [84]. The endogenous lipid
electrophile 10-nitrooctadec-9-enoic acid (nitro-oleic acid, NO2-OA) can target and activate PPARγ.
In animal models, NO2-OA has demonstrated benefits in a variety of metabolic and circulatory
diseases, including hypertension [85] vascular neointimal proliferation [86], obesity with metabolic
syndrome [87] and hyperglycemia in diabetes [88]. NO2-OA improved renal ischemia-reperfusion
injury by inhibiting Bax translocation and activation and the subsequent mitochondria-dependent
apoptotic cascade by regulating PPAR [89]. AMG-131, a novel, non-TZD, selective PPARγ modulator,
is under development by InteKrin Therapeutics, Inc. for the treatment of T2DM and multiple sclerosis
(MS). AMG-131 displays robust glucose-lowering activity in rodent models of diabetes while exhibiting
a reduced side effect profile compared to marketed TZDs [90]. In phase I and II clinical trials, AMG-131
was well tolerated, without any serious adverse events or reports of fluid retention [91]. In addition,
SAR-351034 is also a PPAR agonist intended for the treatment of diabetes and dyslipidemia.

Numerous dual PPAR agonists have been developed; however, because of collateral side effects,
none of these agents apart from saroglitazar has been marketed. Here, we summarized the PPAR drugs
for the treatment of diabetes-associated complications that were terminated in the clinical research
stage (Table 7).
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Table 7. Drugs of PPAR ligands for treatment of diabetic associated complications terminated in
clinical stage.

Generic Name
Type of PPAR

Agonist
Indication

Molecular
Weight

Company
Development

Status

MK-0767 Dual PPARα/γ
agonist

Type 2 diabetes;
Dyslipidemia 422.36 Kyorin (Originator)

Merck Sharp & Dohme
Phase III

discontinued

Cevoglitazar Dual PPARα/γ
agonist

Type 2 diabetes;
Lipodystrophy 558.528 Novartis Phase II

discontinued

Sodelglitazar Pan–PPAR agonists;
Insulin sensitizer

Type 2 diabetes;
Hyperlipidemia 499.539 GlaxoSmithKline Phase II

discontinued

AVE-0847 Dual PPARα/γ
agonist

Type 2 diabetes;
Lipodystrophy unknown Sanofi Phase II

discontinued

KRP-101 PPARα agonists Diabetes;
Dyslipidemia 451.49 Kyorin Phase II

discontinued

DSP-8658 Dual PPARα/γ
agonist

Type 2 diabetes;
Alzheimer’s disease unknown Dainippon Sumitomo Phase I

discontinued

ARH-049020 PPAR agonists Type 2 diabetes;
Insulin resistance 429.51 AstraZeneca Phase I

discontinued

LY-510929 Dual PPARα/γ
agonist

Type 2 diabetes;
Hyperlipidemia 463.55 Lilly Phase I

discontinued

GSK-376501 PPARγ agonist Type 2 diabetes;
Hypercholesterolemia 531.649 GlaxoSmithKline Phase I

discontinued

Tetradecylthioacetic
acid

Pan–PPAR agonists;
Lipid Peroxidation

inhibitors

Type 2 diabetes;
Dyslipidemia 288.49 Badische

Anilin-und-Soda-Fabrik
Phase I

discontinued

The sulfur-substituted fatty acid analog tetradecylthioacetic acid (TTA) is a pan–PPAR activator
that reduces plasma lipids and enhances hepatic fatty acid oxidation in rodents [92]. In rats, TTA causes
a significant reduction in plasma triacylglycerol accompanied by increased mitochondrial and
peroxisomal β-oxidation in the liver [93,94]. TTA might exert beneficial effects by increasing complete
fatty acid oxidation and TAG formation, thereby improving overall energy metabolism and fatty acid
handling in T2DM skeletal muscle [95]. However, the development of TTA has been discontinued
due to deleterious effects on the heart, including reduced cardiac efficiency, impaired mitochondrial
respiratory capacity and reduced functional recovery following ischemia-reperfusion [96]. Cevoglitazar,
a dual agonist of PPARα/γ, is currently being developed for the treatment of dyslipidemia and obesity
associated with T2DM [97]. Cevoglitazar has demonstrated both antiobesity and antidiabetic properties
in mice and monkey models of obesity, providing a potential novel approach for the treatment of
human obesity, diabetes and related metabolic disorders by using a single small molecule [98]. In phase
I trials, the compound was reportedly more efficacious than fenofibrate in lowering lipids and at
last report, it was also in phase IIa trials for the treatment of dyslipidemia [99]. However, Novartis
(Basel, Swiss) announced that they had terminated the development of cevoglitazar without providing
a reason [99]. The dual PPARα/γ ligand MK-0767, also known as KRP-297, was found to have potent
insulin-sensitizing and antihyperglycemic activities in a preclinical model of obese T2DM, ob/ob
mice [100,101]. The effects of the compound on triglyceride and cholesterol levels were assessed in
hamster and dog, two species that have previously provided predictive data on the beneficial actions of
other drugs, such as fibric acid derivatives and statins, currently used to treat human dyslipidemia [102].
However, MK-0767 has been noted to produce urothelial cancer and hemangiosarcoma in rodents
and thus, its development has been discontinued [103]. Sodelglitazar is a panagonist active towards
all three PPARs. Sodelglitazar reached phase II clinical development for the treatment of T2DM
and metabolic syndrome [104]. However, this research has been discontinued because of serious
safety concerns [105]. DSP-8658 is a nonthiazolidinedione compound that markedly improves glucose
metabolism and increases β-cell volume, reduces adipocyte size and ameliorates plasma TG levels in
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diabetic mice [106]. DSP-8658 reached phase I clinical trials by Dainippon Sumitomo for the treatment
of Alzheimer’s disease and type 2 diabetes. However, this research has been discontinued [58].

In addition, many drugs intended for the treatment of diabetes—associated complications have
been terminated at the clinical research stage, including AVE-0847 (phase II, Sanofi), KRP-101 (phase II,
Kyorin), ARH-049020 (phase I, AstraZeneca), LY-510929 (phase I, Lilly) and GSK-376501 (phase I,
GlaxoSmithKline).

3. PPAR Ligand Therapeutics in Lipid Metabolism Disorder

The PPAR family of NRs is implicated in the regulation of lipid homeostasis and represents
a valuable therapeutic target for obesity. Obesity, defined as a body mass index (BMI) ≥ 30 kg/m2,
is an international public health issue that affects the quality of life, increases the risk of illness and raises
healthcare costs in countries in all parts of the world [107–109]. Obesity is strongly associated with
insulin resistance [110], nonalcoholic fatty liver disease (NAFLD)/nonalcoholic steatohepatitis [111],
dyslipidemia [112] and atherosclerosis [113]. In this metabolic derangement, PPARα agonists, mainly
fibrates and omega-3 fatty acids, act as powerful TG-lowering agents. They are used mainly to treat
metabolic dyslipidemia [21], which is an abnormal amount of lipids including triglycerides, cholesterol
and fat phospholipids in the blood.

3.1. Dyslipidemia

Hyperlipidemia, the most common type of dyslipidemia, is a condition of elevated lipid levels
and is known to accelerate the process of atherosclerosis, which may prove fatal in the development
of various cardiovascular diseases. Increases in lipids, such as LDL, cholesterol and triglycerides,
are mainly responsible for hyperlipidemia. The current pharmacotherapy for hyperlipidemia includes
statins, niacin, fibric acid derivatives and cholesterol absorption inhibitors [114]. Fibrates, such as
PPARα activators, have been used for decades in the management of combined dyslipidemia [115].
Fibrates can lower triglyceride levels by an average of 36% and raise levels of small HDL particles [116].
Fibrates increase the production of apolipoprotein AI (apoAI) and AII in the liver, which in turn
stimulates HDL production. Triglyceride synthesis is also decreased and lipoprotein lipase activated
in response to treatment with fibrates, reducing VLDL synthesis and enhancing its clearance [117].
In addition to fibrates, these approved drugs improve lipid metabolism, as shown in patients with
dyslipidemia treated with bezafibrate [118], fenofibrate [119] and ciprofibrate [120] and to a lesser
extent in patients treated with gemfibrozil [121]. The approved PPAR ligand drugs for the treatment of
dyslipidemia are shown in Table 8.

Clofibrate, the fibric acid derivative, was first approved for use in the United States in 1967 and
was the most universally used lipid-lowering drug for many years [122]. However, after the World
Health Organization trial found no reduction in overall cardiovascular events and an increase in overall
mortality, the use of clofibrate was declined sharply, in part because of cholecystectomy secondary
to death [123]. Many fibric acid analogs have been developed since then. Currently, gemfibrozil
and fenofibrate are approved for use in the United States; besides bezafibrate and ciprofibrate
are available in Europe [124]. Fenofibrate is an oral prodrug that is converted by esterases into
its active metabolite, fenofibric acid [125], which is one of the most widely lipid-lowering agent
and usually combines with a statin [126]. Fenofibrate has been used commercially under the brand
name Tricor® [127,128] but its use is considerably limited because it has very low bioavailability,
chiefly under fasting conditions, due to its poor water solubility and lipophilic nature [129]. Trilipix®

(choline fenofibrate, ABT-335) is the newest formulation of a fibric acid derivative approved by the
FDA. Trilipix® does not require enzymatic cleavage to become active. Instead, it rapidly dissociates
to the active form of free fenofibric acid within the gastrointestinal tract and does not undergo
first-pass hepatic metabolism [130]. Fenofibric acid has proven to be safe both as a monotherapy and
in combination with statins. In addition, long-term trials have shown that treatment with fenofibric
acid combined with statins for up to 2 years in patients with mixed dyslipidemia is safe, in that that no
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deaths, rhabdomyolysis, or other serious adverse events were reported [126]. The old and well-known
lipid-lowering fibric acid derivative bezafibrate is the first clinically tested pan–PPAR activator with
a good safety profile [131]. A clinical study, the Bezafibrate Atherosclerosis Coronary Intervention Trial
(BECAIT), has shown that the long-term administration of bezafibrate can slow the rate of progression
of atherosclerotic lesions in young male post infarction patients and thus reduce the incidence of
coronary events [132]. However, from a biochemical point of view, bezafibrate is a PPAR ligand
with a relatively low potency. Gemfibrozil, similar to other fibric acid derivatives, has a wide range
of potentially favorable effects on lipoprotein metabolism [133]. The VA High-Density Lipoprotein
Intervention Trial (VA-HIT), which was conducted with gemfibrozil, is the first lipid intervention
trial to show that raising HDL-C concentrations in persons with established coronary heart disease
(CHD) and both a low HDL-C and a low LDL-C level will significantly reduce the incidence of major
coronary events [116]. Gemfibrozil increases plasma HDL-C by decreasing cholesteryl ester transfer
protein-mediated cholesterol exchange from HDL and by directly stimulating hepatic HDL synthesis
and secretion [134]. Ciprofibrate is known to decrease TG and TC levels and increase HDL cholesterol
levels in hyperlipidemic patients [135]. However, ciprofibrate raises serum creatinine and lowers the
activity of hepatic enzymes in the serum [136]. Pemafibrate (K-877) is a novel member of the selective
PPARα modulator (SPPARMα) family [137] that was designed to have a higher PPARα agonistic
activity and selectivity than existing PPARα agonists (such as fibrates) [138]. Pemafibrate exhibits
protective antiatherogenic properties in mice by its TG and remnant lipoprotein-lowering effects,
its beneficial effects on HDL metabolism and RCT and its anti-inflammatory activity in macrophages
and the arterial wall, resulting in reduced atherosclerosis burden [139]. In phase III clinical trials,
compared to fenofibrate, pemafibrate has greater PPARα activation in vitro and lower effects on TGs
than fenofibrate. It may become a better choice for patients with metabolic syndrome and T2DM who
with residual CV risk [137]. Statins, the favorable agents for lower lipid parameters, combining with
fibrates is a better treatment strategy because the two drugs work differently and can complement
each other [140,141].The combination of fenofibrate with 20 mg or 40 mg simvastatin was more
potent in reducing TG and increasing HDL-C levels than monotherapy with simvastatin or fenofibrate
separately [142]. In addition, another drug, pravastatin sodium/fenofibrate, is also on the market for
dyslipidemia treatment. However, statin–fibrate combination should be attention due to increasing
risk of myopathy and rhabdomyolysis [143].

Table 8. Drugs of PPAR ligands for treatment of dyslipidemia in market.

Generic
Name

Type of PPAR Agonist Indication Molecular Weight Company

Clofibrate PPAR agonists
Hyperlipidemia

Hypertriglyceridemia
Hypercholesterolemia

242.699 Pfizer

Fenofibrate;
Fenomax PPARα agonists Hypercholesterolemia

Hypertriglyceridemia 360.834 Abbvie

Choline
Fenofibrate PPARα agonists Hyperlipidemia 421.918 Abbvie

Bezafibrate Pan–PPAR agonists
Hypertriglyceridemia
Hypercholesterolemia
Mixed hyperlipidemia

361.822 Unknown

Gemfibrozil PPAR agonists Hyperlipidemia;
Ischemic heart disorder 250.338 Pfizer

Ciprofibrate PPAR agonists Hyperlipidemia 289.152 Unknown

Pemafibrate PPARα agonists Dyslipidemia 490.556 Kowa
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Forty years after the introduction of the first fibrate in clinical practice, the exact role of these
pharmacologic compounds remains ill-defined [144]. Hence, there are still novel PPAR agonists
intended for dyslipidemia treatment in the clinical research stage, as shown in Table 9.

Table 9. Drugs of PPAR ligands for treatment of dyslipidemia in clinical stage.

Generic Name Type of PPAR Agonist Indication
Molecular

Weight
Company

Development
Status

Elafibranor Dual PPARα/δ agonist

Non-alcoholic fatty
liver disease (NAFLD);

Dyslipidemia;
Type 2 diabetes

384.49 Genfit Phase III active

Icosabutate
PPAR agonists;

Cholesterol ester transfer
protein inhibitors

Hypertriglyceridemia 374.565 BASF Phase II active

ZYH-7 PPARα agonists Dyslipidemia unknown Zydus cadila Phase II active

CER-002 PPARδ agonists Dyslipidemia unknown Nippon
Chemiphar Phase I active

GSK-625019 PPAR agonists Metabolic Syndrome X;
Type 2 diabetes unknown GlaxoSmithKline Phase I Pending

KD-3010 PPARα agonists Obesity; Diabetes;
Dyslipidemia 670.72 Kalypsys Phase I Pending

Nonalcoholic steatohepatitis (NASH) defines a subgroup of nonalcoholic fatty liver disease
where liver steatosis coexists with hepatic cell injury (apoptosis and hepatocyte ballooning) and
inflammation [145]. It occurs in close association with obesity, T2DM and cardiometabolic conditions
that define the metabolic syndrome [146]. Elafibranor is a selective dual agonist against PPARα/δ that
has demonstrated efficacy in disease models of NAFLD/NASH and liver fibrosis [147]. Elafibranor
exerts its major effects through the transcriptional regulation of key genes involved in hepatic lipid and
glucose metabolism but also modulates hepatic inflammation and collagen turnover [147]. In phase
III trials, elafibranor consistently improved plasma lipids and glucose homeostasis, peripheral and
hepatic insulin resistance and liver inflammatory markers in dyslipidemic, prediabetic and T2DM
patients [148,149]. Three prescription OM3-FAs (eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA)) have been approved for the management of severe hyperlipidemia [150]. Icosabutate,
a first-in-class synthetic, structurally enhanced omega-3 fatty acid derivative, has PPARα activity but
with potentially important differences from the fibrates and OM3-FAs. Preclinical observations proved
to be consistent with results from an exploratory phase Ib study in hypercholesterolemic subjects,
in which icosabutate significantly reduced TGs, ApoC3 and low-density lipoprotein cholesterol
(LDL-C) [151]. KD-3010, a dual PPARβ/δ agonist, is under development by Kalypsys. Kalypsys
has demonstrated activity in animal models of nonalcoholic steatohepatitis, high fat diet-induced
obesity and the ob/ob mouse. Phase Ia safety/tolerability studies have been completed and a phase
Ib dose-range study was begun in 2007 [152]. In addition, there are many drugs at the clinical
research stage, including ZYH-7 (phase II, Zydus Cadila), CER-002 (phase I, Nippon Chemiphar) and
GSK-625019 (phase I, GlaxoSmithKline).

There are also PPAR ligand drugs intended for the treatment of dyslipidemia whose development
was terminated in the clinical research stage. We summarize these drugs as follows (Table 10).

The treatment of mixed dyslipidemia is fraught with difficulty because of the need to reduce
LDL-C and TG levels while trying to elevate HDL-C levels. For this purpose, combination drug therapy
is often the only effective option. Unfortunately, the drug combinations utilized for mixed dyslipidemia
potentially increase the risk for adverse events. Rosuvastatin, the newest in its class, is the most potent
statin currently available and provides significant reductions in LDL-C and TG and elevations in
HDL-C. When used in combination to treat mixed dyslipidemia, rosuvastatin and fenofibrate or
rosuvastatin and fenofibric acid demonstrate beneficial effects in this patient population and are well
tolerated with no increased risk of adverse events [153]. In addition, many drugs have been terminated
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at the clinical research stage, including GW-501516 (phase II, GlaxoSmithKline), GFT 14 (phase II,
Genfit), GW-544 (phase I, GlaxoSmithKline), DFR-11605 (phase I, Dr Reddys Laboratories), MP-136
(phase I, Mitsubishi Tanabe Pharma), DRF-10945 (phase I, Dr Reddys Laboratories), NS-220 (phase I,
Nippon Shinyaku Pharma) and F-16482 (phase I, Pierre Fabre).

Table 10. Drugs of PPAR ligands for treatment of dyslipidemia discontinued in clinical stage.

Generic Name
Type of PPAR

Agonist
Indication

Molecular
Weight

Company
Development

Status

GW-501516 PPARδ agonists Hyperlipidemia 453.494 GlaxoSmithKline Phase II
discontinued

GFT 14 PPARα agonists Dyslipidemia unknown Genfit Phase II
discontinued

GW-544 Dual PPARα/γ
agonist Hyperlipidemia 510.58 GlaxoSmithKline

(Originator)Ligand
Phase I

discontinued

DFR-11605 PPAR agonists Obesity unknown Dr Reddys Laboratories
(Originator)Perlecan

Phase I
discontinued

MP-136 PPARα agonists Dyslipidemia unknown Mitsubishi Tanabe Pharma Phase I
discontinued

DRF-10945 PPARα agonists Lipid metabolism
disorders unknown Dr Reddys Laboratories

(Originator)Perlecan
Phase I

discontinued

NS-220 PPARα agonists Lipid metabolism
disorders 373.449 Nippon Shinyaku Pharma Phase I

discontinued

F-16482 PPAR modulator Metabolic
Syndrome X unknown PIERRE FABRE Phase I

discontinued

3.2. Cardiovascular Diseases (CVDs)

Dyslipidemia is one of the major risk factors for CVD and plasma TG levels are a strong
predictor of CVD [154]. CVDs are the leading cause of mortality and morbidity, accounting for
31% of all deaths worldwide. Of all deaths due to CVD, approximately 80% are due to CHD or
stroke. Numerous studies have shown that blood cholesterol-lowering therapy reduces the occurrence
of atherosclerotic cardiovascular disease (ASCVD) [155]. 3-Hydroxy-3-methyl-glutaryl-coenzyme A
reductase (HMG-CoA) inhibitors or statins have demonstrated a significant reduction in CVD risk in
a large number of landmark trials [156]. However, 70% of risk remains even after the treatment of high
LDL-C by statins [157]. To further reduce this risk, fibrates are recommended to manage elevated TG
and low HDL-C levels.

Hence, dual therapy of statins with fibrates can improve triglyceride and HDL-C levels more than
monotherapy with equivalent dose statins, as shown in Table 11.

Table 11. Drugs of PPAR ligands for treatment of cardiovascular disease (CVD).

Generic Name
Type of PPAR

Agonist
Indication

Molecular
Weight

Company
Development

Status

Gemcabene
Calcium PPAR agonists Hypercholesterolemia 340.473 Gemphire

Therapeutics Phase II active

KRP-105 PPARα agonists Hypercholesterolemia unknown Kyorin Phase I
discontinued

Pitavastatin is a competitive inhibitor of HMG-CoA reductase, the enzyme that stimulates
the production of mevalonate, which is the rate-determining step in cholesterol biosynthesis [158].
The use of drugs that inhibit this enzyme has been associated with reductions in TC and LDL-C in
a dose-dependent manner [159]. The co-administration of fenofibrate with pitavastatin for 7 days was
found to be safe, well tolerated and without clinically significant PK interactions [160]. Furthermore,
low doses of pitavastatin and fenofibrate were both effective in decreasing sd-LDL-C concentration
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and reduction [161]. In addition to the co-administration of fibrate with stain, there are other drugs in
the clinical research stage. Gemcabene calcium is a small molecule, the monocalcium salt of a dialkyl
ether dicarboxylic acid with the chemical name 6,6′-oxybis(2,2-dimethylhexanoic acid) monocalcium
salt and is currently in late-stage clinical development. In rodents, gemcabene showed varying targets,
including apoC-III, apoA-I and peroxisomal enzymes, which are considered to be regulated via PPAR
gene activation, suggesting a PPAR-mediated mechanism of action for the observed hypolipidemic
effects observed in rodents and humans [162]. By inhibiting interleukin-1 beta (IL-1β) -induced
inflammation and CRP production and resulting in improvements in CVD events through inhibiting
IL-1β, canakinumab, in the Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS)
study [163] and gemcabene have shown hypolipidemic and anti-inflammatory properties, in addition
to LDL lowering activity, which offers an added benefit to CVD patients [164]. KRP-105, developed by
Kyorin, is a highly selective PPARα agonist. In addition to improving the lipid metabolism, KRP-105
increased adiponectin, reduced leptin and suppressed weight gain in animal models, suggesting its
potential as a unique antidyslipidemia agent. However, KRP-105 was discontinued from development
as part of the company’s R & D strategy [165].

4. PPAR Ligand Therapeutics in Other Diseases

PPARs are not only drug targets of glucose and lipid metabolism but also can be used to
treat other diseases, such as primary biliary cholangitis, gout, cancer, AD and ulcerative colitis.
Here, we summarize the PPAR ligand drugs for the treatment of other diseases in the clinical research
stage (Table 12).

Functional studies of PPARδ are still in its infancy and there are increasing evidences that
ubiquitously expressed PPARδ has multiple effects and can control a variety of physiological processes,
mainly including lipid and lipoprotein metabolism regulation [166,167], insulin sensitivity [168],
cardiac function [169], epidermal biology [170], neuroprotection [171] and gastrointestinal tract
function and disease [172] Primary biliary cholangitis is a progressive cholangitic liver disease
that, if untreated, progresses to cirrhosis and death or liver transplantation [173]. Two types
of drugs are currently approved for the medical treatment of primary biliary cholangitis (PBC),
ursodeoxycholic acid and obeticholic acid [174] but both have certain adverse effects [174,175].
Seladelpar, a selective PPARδ agonist, is a new therapy for PBC through regulating the cholesterol
transporter ABCG5/ABCG8 [176]. Seladelpar appeared safe and well tolerated with no specific adverse
reaction definitively associated with the drug [176]. Seladelpar reduces the number of macrophages,
fibrosis and other markers of stellate cell activity in a mouse model [177]. In patients with mixed
dyslipidemia [176] or homozygous familial hypercholesterolemia, seladelpar reduced LDL-C and
induced sustained decreases in biochemical markers of cholestasis such as alkaline phosphatase,
γ-glutamyl transpeptidase (GGT) and total bilirubin [178]. In phase III trials, seladelpar treatment
normalized alkaline phosphatase levels but this treatment was associated with grade 3 increases in
aminotransferases and the study was stopped early. Accordingly, the effects of seladelpar at lower
doses should be explored.

Gout is the most common cause of inflammatory arthritis and has a major impact on quality
of life [179,180]. Chronic hyperuricemia, the biochemical signature of the disease, leads to the
deposition of urate crystals in articular structures and the disruption of these crystals is believed
to trigger flares [181]. Arhalofenate, a selective partial PPARγ modulator, is a single enantiomer of
halofenate and developed as a lipid-lowering agent [182,183]. Recently, arhalofenate was proven
to be a uricosuric drug that lowers serum UA by blocking its reabsorption by the inhibition of
URAT1 [184] in the proximal tubules of the kidney. Additionally, arhalofenate has been suggested to
exert a potent anti-inflammatory effect [184]. In the phase IIb study, arhalofenate at a dosage of 800 mg
decreased gout flares significantly compared to allopurinol at a dosage of 300 mg [184]. Another dual
PPARα/γ agonist, oxeglitazar, whose development was halted in phase I clinical trials, is also used for
gout treatment.
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Over the course of several decades of research, evidence has emerged that Alzheimer’s disease
(AD) is quite complex and is associated with a multitude of cellular, biochemical and molecular
abnormalities [185]. In fact, AD could be regarded as a brain form of diabetes, since insulin resistance
and deficiency develop early and progress with the severity of neurodegeneration [186]. T3D-959 is
a small-molecule dual agonist of PPARδ/γ [185] and has clear effects that preserve spatial learning
and memory in an established experimental model of sporadic AD [186]. In a phase IIa trial, T3D-959
significantly improved motor performance and preserved both cortical and normalized white matter
structure via the agonism of PPARδ and PPARγ in AD model rats [186].

Lung cancer is one of the highest cancer deaths worldwide and more than 60% of lung cancer
patients are already in an incurable stage of diagnosis [187,188]. For many years, platinum-based
doublet chemotherapy has become the most common treatment for patients with advanced non-small
cell lung cancer (NSCLC) [189]. However, excessively toxic chemotherapy is also a concern for the
public. PPARγ has been shown to possess antitumor properties in preclinical models of human
cancers, including NSCLC [190,191]. Efatutazone is a novel third-generation thiazolidinedione that
selectively activates PPARγ-mediated transcription with little effect on other PPAR subtypes [192].
Efatutazone is at least 50 times more potent than rosiglitazone and 500 times more potent than
troglitazone for PPAR response element activation and the inhibition of cancer cell growth [193].
In a phase I study, efatutazone demonstrated acceptable tolerability with evidence of disease control in
patients with advanced malignancies [192]. In addition, efatutazone inhibits the proliferation of human
pancreatic and anaplastic thyroid tumor-cell cultures [194]. Daiichi Sankyo (originator of efatutazone
hydrochloride) reinitiated enrolment in a phase II trial of efatutazone for the treatment of thyroid
cancer. Another agonist of PPARγ, etalocib sodium (LY293111), which is a biphenyl-substituted diaryl
ether carboxylic acid, is also a potential agent for the medical treatment of NSCLC [195]. In a phase
I study, oral LY293111 was generally well tolerated, with a recommended phase II dose of 600 mg
orally twice daily [196]. LY has also been found to inhibit pancreatic cancer cell lines as well as human
pancreatic xenografts [197]. The development of LY-293111 for NSCLC treatment has subsequently
been discontinued; however, clinical research on its effect on pancreatic and other cancers are ongoing.

Recent epidemiological data show that the incidence and prevalence of ulcerative colitis
(UC) are increasing in many parts of the world [198]. PPARγ has been shown to be expressed in
macrophages [199], dendritic cells (DCs) [200] and T and B lymphocytes [200]. More importantly,
rosiglitazone was shown to be effective in the treatment of mild to moderately active UC [201].
(R)-(−)-GED-0507-34 has demonstrated 100- to 150-fold higher PPARγ activation than 5-ASA in vitro
using Caco-2 cells transfected with PPRE-Luc reporter system [202]. None of these deleterious
events has been observed with the new PPARγ modulator GED-0507-34, even when used at high
concentrations during toxicological studies performed in rats, dogs and rabbits and no side effects
were observed in the phase I study performed in 24 healthy subjects [202]. This new molecule is
currently in phase II of clinical trials [203]. IVA337, the pan-PPAR agonist, is a therapeutic agent for
systemic sclerosis through improving inflammatory and fibrosis [204]. There are many drugs used
in the treatment of other diseases, including OMS-403 (phase II, Opioid abuse, Smoking cessation),
fonadelpar (phase II, Corneal disorders), IVA-337 (phase II, Systemic sclerosis), macuneos (phase I,
Age-related macular degeneration), MA-0211 (phase I, Duchenne’s muscular dystrophy).

5. Discussion

Metabolic abnormalities, including T2DM, dyslipidemia, NAFLD and CVD, are a worldwide
epidemic that seriously endangers global health. Considering the wide range of roles involved in
energy homeostasis and cell proliferation/apoptosis, PPAR agonists are suggested for the treatment
of metabolic disorders. In this study, we comprehensively summarized the roles of PPAR synthetic
ligands in current clinical applications or studies for the treatment of T2DM, DN, obesity, CVDs, MS,
AD, gout, cancer, PBC, UC et al., as shown in Figure 2.
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Figure 2. Concept map of the PPAR ligands in various kinds of diseases. T-bar: inhibition.

Diabetes treatment drugs represented by TZDs, which mainly activate PPARγ, have received
widespread attention and are focuses for drug development. Over the past decades, in addition to the
eight existing TZD drugs that have been approved and used in clinical treatment, many drugs are still in
clinical studies or have even been discontinued. The use of TZDs for diabetes treatment in humans has
been limited by side effects, including edema, weight gain and worsening of CHF. Thus, an increasing
number of partial PPARγ agonists or SSPARMs, such as INT131 and MK0533, have been developed
to reduce the side effects while improving insulin sensitivity. In a recent study, we reported that
DBZ (danshensu bingpian zhi), a putative PPARγ agonist, simultaneously prevented HFD-induced
obesity-related metabolic syndrome and gut dysbiosis. It also has antiatherosclerotic effects that
involve inflammation suppression and the promotion of reverse cholesterol transport through
concurrent partial activation of both PPARγ and LXRs [4,205,206]. Drugs for treating dyslipidemia
via activating PPARα, especially represented by fibrates, are also widely used. Fibrate decreases the
level of triglyceride-rich lipoproteins in serum by increasing the gene expression involved in fatty
acid-β-oxidation and a decrease in apolipoprotein C-III gene expression [207]. Furthermore, PPARα
agonists can increase the stability of atherosclerotic plaques and reduce the accumulation of hepatic fat
accumulation, leading the party to NASH/NAFLD and reducing the risk of CVD. PPARα agonists
have few adverse effects but do generally increase the plasma levels of homocysteine and creatinine,
which must also be emphasized [208]. PPARδ is ubiquitously expressed and a target for management
by the different components of metabolic syndrome. Clinical trials on selected PPARδ agonists have
assessed both metabolic and vascular outcomes and no severe side effects have been reported to
date, except for GW1516, which induced cancer in several organs in rodents [209]. Any differential
mechanism of PPARδ action in different tissues should be explored in order to develop new PPARδ
agonists with improved efficacy and safety. In addition to modulating lipid and glucose metabolism,
PPAR agonists play significant roles in several diseases, including primary biliary cholangitis, gout,
AD, non-small cell lung cancer and UC.

Currently used agonists are still at a relatively preliminary stage, the potency is weak (as is the case
for PPARα), or there are many side effects (such as in PPARγ). In the past decade, increasing numbers of
compounds have been developed, including dual PPAR agonists (PPARα/γ, PPARα/δ and PPARδ/γ)
and pan-PPAR agonists or selective modulators. For example, clofibric acid and fenofibric acid are dual
activators of PPARα and PPARγ, with a selectivity to PPARγ of about 10-fold. In addition, bezafibrate,
another fibric acid that activates all three PPAR subtypes (α, γ and δ), has a broader role [131].
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Unfortunately, the development of diverse dual PPAR agonists has not met with the anticipated
success. Their development has thus far been halted in late-phase clinical trials because of reported
side effects, such as increased cardiovascular risk (muraglitazar), carcinogenicity (ragaglitazar and
MK-767), liver toxicity (imiglitazar) and renal injury (tesaglitazar) [210]. In this article, we summarize
the current PPAR ligands in clinical drug discovery and development. We hope that more powerful
dual PPAR agonists or pan-PPAR agonists will be highly effective in a clinical setting of patients with
coexisting relevant lipid and glucose metabolism disorders.
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Abstract: Peroxisome proliferator-activated receptors (PPARs) belong to the nuclear receptor superfamily
and they are essential regulators of cell differentiation, tissue development, and energy metabolism.
Given their central roles in sensing the cellular metabolic state and controlling metabolic homeostasis,
PPARs became important targets of drug development for the management of metabolic disorders.
The function of PPARs is mainly regulated through ligand binding, which induces structural changes,
further affecting the interactions with co-activators or co-repressors to stimulate or inhibit their functions.
In addition, PPAR functions are also regulated by various Post-translational modifications (PTMs).
These PTMs include phosphorylation, SUMOylation, ubiquitination, acetylation, and O-GlcNAcylation,
which are found at numerous modification sites. The addition of these PTMs has a wide spectrum of
consequences on protein stability, transactivation function, and co-factor interaction. Moreover, certain
PTMs in PPAR proteins have been associated with the status of metabolic diseases. In this review,
we summarize the PTMs found on the three PPAR isoforms PPARα, PPARβ/δ, and PPARγ, and their
corresponding modifying enzymes. We also discuss the functional roles of these PTMs in regulating
metabolic homeostasis and provide a perspective for future research in this intriguing field.

Keywords: nuclear receptors; PPARα; PPARγ; PPARβ/δ; post-translational modifications

1. Introduction

Nuclear receptors (NRs) are Transcription factors (TFs) capable of ligand binding, which modulates
their activities to regulate gene expression. In this way, NRs directly process external signals to
adapt relevant gene expression programs. Peroxisome proliferator-activated receptors (PPARs) are
representative members of this large superfamily of NRs, which consist of three closely related isotypes:
PPARα (NR1C1, encoded by the Ppara gene), PPARβ/δ (NR1C2, encoded by the Ppard gene), and
PPARγ (NR1C3, encoded by the Pparg gene). The overall structure of PPAR proteins (and other NRs)
is highly conserved and consists of six functional domains, A to F. The N-terminal portion of PPARs
(domains A/B) is termed as the Activation-function 1 (AF-1) domain responsible for transcriptional
activation. It provides constitutive activation function independent of ligand binding. The AF-1
domain is followed by a DNA-binding domain (DBD, domain C), containing two zinc-finger motifs
involved in DNA recognition and protein-protein interaction. Finally, a more flexible hinge domain
(domain D) is succeeded by the C-terminal Ligand-binding domain (LBD, domains E/F), which
contains not only the ligand-binding pocket, but also regions important for dimerization, and the
AF-2 domain. Ligand binding is thought to induce structural changes of the AF-2 domain, allowing
the recruitment of co-activator proteins important for transcriptional activation, thereby serving as
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a switch to activate PPARs. To exert their biological functions, PPAR proteins form heterodimeric
complexes with Retinoic acid receptor α (RXRα), another member of the NR family, through their
dimerization domain. Binding to RXRα is a prerequisite for PPARs to bind to DNA, which usually
occurs at regions known as PPAR response elements (PPREs) containing the conserved DNA sequence
motif AGGTCANAGGTCA. PPAR:RXR heterodimers not bound to a ligand are thought to act as
repressors through association with co-repressor complexes such as Nuclear receptor corepressor
(NCoR) and the Silencing mediator of retinoid and thyroid hormone receptor (SMART). In contrast,
ligand binding mediates the recruitment of co-activator complexes containing p300, CREB-binding
protein (CBP), or Steroid receptor coactivator 1 (SRC1) to the heterodimers, leading to subsequent
transcriptional activation of their target genes (Figure 1).

Figure 1. Transcriptional regulation by peroxisome proliferator-activated receptor (PPAR) proteins.
PPARs form dimers with Retinoic acid receptor α (RXRα) proteins and subsequently bind to a DNA
sequence known as peroxisome proliferator response elements (PPRE). Binding of agonists (green
circle) or antagonists (red hexagon) lead to structural changes, enhancing co-activator (such as p300,
CREB-binding protein (CBP), and Steroid receptor coactivator 1 (SRC1)) or co-repressor (such as
Nuclear receptor corepressor (NCoR) and the Silencing mediator of retinoid and thyroid hormone
receptor (SMART)) binding. AF1: activation function 1 domain; DBD: DNA-binding domain; LBD-AF2:
ligand binding and activation function 2 domain.

A broad variety of natural compounds has been found to bind and activate PPAR proteins. Those
natural ligands include fatty acids and their derivatives, coming either from external sources (diet)
or arising as products of internal metabolic processes (de novo lipogenesis, lipolysis, etc.). Thus,
via their sensitivity to intracellular levels of metabolites, PPARs act as sensors of the cellular metabolic
states. Moreover, they have the ability to adjust gene regulatory networks according to fluctuating
metabolic demands. Therefore, it is not surprising that PPARs have a central role in various cellular
pathways linked to the energy homeostasis including glucose metabolism, lipid uptake and storage,
insulin sensitivity, mitochondrial biogenesis, and thermogenesis. With the rise of metabolic disorders,
commonly subsumed under the term “metabolic syndrome”, over the last decades, PPAR proteins
have emerged as interesting therapeutic targets to counter pathological conditions such as obesity,
Type 2 diabetes (T2D), insulin resistance, Nonalcoholic fatty liver disease (NAFLD), Nonalcoholic
steatosis (NASH), dyslipidema, and hypertension [1,2]. Numerous synthetic ligands targeting one,
two, or all three PPARs have been developed and have entered various stages of (pre-)clinical trials,
with several gaining admission. Currently, fibrates (synthetic PPARα agonists) are used to treat
dyslipidemia, whereas the class of antidiabetic Thiazolidinediones (TZDs) targeting PPARγ had been
widely prescribed for the management of T2D but are now partially withdrawn from clinical use due
to their side effects [3–5].
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The three different isoforms of PPAR have overlapping, but distinct roles, owing to their
expression profiles in different tissues, sensitivities to agonists, and regulation of target genes
(Reviewed in: [6]). PPARα is highly expressed in kidney, liver, Brown adipose tissue (BAT), heart,
and skeletal muscle, the tissues with high capacities for Fatty acid oxidation (FAO). Accordingly,
its main role seems to be the control of energy dissipation through the regulation of lipid metabolism
in response to nutritional changes (such as fasting and feeding). PPARβ/δ shows a relatively broader
expression pattern, with enriched levels in tissues associated with fatty acid metabolism, such as the
gastrointestinal tract, heart, kidney, skeletal muscle, fat, and skin. Its physiological role in energy
homeostasis is complex, as it not only controls plasma lipid levels through FAO in several tissues,
but also modulates glucose handling in muscle and liver. The third member of the PPAR family,
PPARγ, exists in two distinct protein forms: the shorter PPARγ1—lacking its first 30 amino acids due
to alternative promoter usage—is expressed in a broad variety of cells including immune and brain
cells, whereas the full length isoform PPARγ2 is highly abundant in BAT and White adipose tissue
(WAT). PPARγ2 is considered the master regulator of adipocyte differentiation and stimulates energy
storage by controlling fatty acid uptake and lipogenesis [7].

Many proteins undergo Post-translational modifications (PTMs), i.e., the covalent attachment
of chemical groups to certain amino acid residues, at some points of their life-cycle. Those PTMs
range from small entities such as methyl-, acetyl-, or phospho-groups to sizeable polypeptides such as
ubiquitin chains with a size of several kDa. Their addition can have a wide spectrum of consequences
on the chemical properties of targeted proteins, which further modulate protein functions. As expected,
PTMs are important regulators of virtually every aspect of protein biology, including protein stability,
cellular localization, enzyme function, and co-factor interaction. Several excellent recent reviews
have covered various aspects of PPAR biology, including their roles in metabolic diseases [8], energy
homeostasis [6], and as drug targets [9]. This review aims to give an overview of the current status of
research on PTMs found in PPARα, PPARβ/δ, and PPARγ, and their functional roles.

2. Post-Translational Modifications of PPARα

2.1. Phosphorylation

It was reported as early as 1996 [10] that PPARα is a phosphoprotein. Its phosphorylation was
shown to increase upon treatment with different stimuli such as insulin [10] and ciprofibrate, a PPARα
agonist [11]. Specific serine residues in PPARα have emerged as important phosphorylation sites:
serine 12 and 21, which are both targeted by either Mitogen-activated protein kinases (MAPKs) [12,13]
or Cyclin-dependent kinase (CDK) 7 [14]. Functionally, phosphorylation of S12/S21 (S12ph/S21ph)
correlates with increased transactivation of PPARα in hepatocytes and cardiac myocytes, potentially
via decreased co-reperessor interaction (NCoR) or increased interaction with certain co-activators
(Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α)). Lower S12ph/S21ph
(together with decreased PPARγ phosphorylation, see below) is observed in Xeroderma pigmentosum
group D (XPD) patients, which carry a mutation in the CDK7-containing Transcription factor II H
(TFIIH) complex, and might partially explain their complex metabolic phenotypes, including reduced
adipose mass and increased energy expenditure [14]. Another important phosphorylation event
regulating PPARα function, S73ph, is mediated by Glycogen synthase kinase β (GSKβ), and leads to
the degradation of PPARα [15]. Interestingly, in a mouse model of Gilbert’s Syndrome, it was shown
that the protective effect against hepatic steatosis might be mediated by increased PPARα protein
levels and reduced S73ph [16]. A recent publication also reported increased S12ph in peripheral blood
mononucleated cells of Gilbert’s Syndrome patients [17]. The regulatory mechanism of S12ph/S21ph
in PPARα is illustrated in Figure 2A.
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Figure 2. Regulatory mechanisms of S12ph/S21ph and K358sumo in PPARα. (A) Phosphorylation
of serine 12 and 21 enhances PPARα activity, most likely via reduced co-repressor and/or increased
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) recruitment. Both
residues are targeted by Mitogen-activated protein kinase (MAPK) downstream kinases p38 and
Extracellular signal–regulated kinase 1/2 (ERK1/2), as well as Cyclin-dependent kinase (CDK) 7.
(B) Upon ligand binding, PPARα gets SUMOylated at K358 in female liver cells, leading to increased
binding of NCoR and GA-binding protein α (GABPα), and silencing of androgen steroid genes.
AF1: activation function 1 domain; DBD: DNA-binding domain; LBD-AF2: ligand binding and
activation function 2 domain; enzymes depositing post-translational modifications (PTMs) are colored
in green; green arrows indicate deposition of PTMs; green circle: PPARα-ligand; yellow circle:
phosphorylated serine; purple oval: SUMOylated lysine; black arrow: activation; dotted arrow:
increased interaction/stimulation; dotted T symbol: decreased interaction.

2.2. SUMOylation

SUMO (Small Ubiquitin-like MOdifier) polypeptides are roughly 12 kDa in size, which can
be covalently attached to lysine residues via an enzymatic machinery analogous to that for protein
ubiquitination. Its addition can have a wide range of effects on protein function [18]. Two lysine
residues of PPARα have been reported to be subjected to this modification: K185 and K358 [19,20].
While SUMOylation of both residues increases the repressive ability of PPARα through enhanced
co-repressor recruitment (NCoR, or GA-binding protein (GABP)), their regulation by PPARα agonists
is marked different: K185sumo is blocked by the PPARα ligand GW7647, whereas agonist mediated
conformational change of the LBD seems a prerequisite for efficient K358 SUMOylation. Functionally,
K358 SUMOylation plays an interesting role in the establishment of sexual dimorphism of liver
cells. The modification only occurs in female livers, where it helps to repress genes involved in the
production of androgen steroids. The regulatory mechanism of K358sumo in PPARα is illustrated in
Figure 2B.

2.3. Ubiquitination

There is a body of work showing that PPAR protein levels are regulated by the ubiquitin
proteasome system [21]. Early findings implicated the E3 ligase function of Mouse double minute 2
homolog (MDM2) in the regulation of PPARα protein stability [22]. More recently, the addition of
a single ubiquitin (mono-ubiquitination) has emerged as another way to regulate PPARα function in
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cardiomyocytes. Rodriguez et al. [23] found that the muscle-specific ubiquitin ligase Muscle-specific
RING finger protein 1 (MuRF1) can modify PPARα, leading to the decreased activity of PPARα due to
its export from the nucleus to the cytoplasm. Three lysine residues (K292, K310, and K358) located
around a newly identified nuclear export signal in the LBD (aa300-308) were identified as putative
mediators of this effect.

3. Post-Translational Modifications of PPARγ

3.1. Phosphorylation

PPARγ is by far the best studied member of the PPAR family, and phosphorylation of PPARγ
has been reported as early as 1996 [24,25], shortly after its discovery as the master regulator of
adipogenesis [7]. Numerous reports in quick succession showed that PPARγ gets phosphorylated
upon stimulation of the MAPK activated pathway [24–28]. A variety of stimuli such as growth factors
(Epidermal growth factor (EGF), Platelet-derived growth factor (PDGF), Transforming growth factor β
(TGFβ) and insulin), Prostaglandin F2α (PGF2α), or cellular stress (UV, 12-O-tetradecanoyl-13-phorbol
acetate (TPA) and anisomycin) were shown to trigger PPARγ phosphorylation through the activation
of the downstream Extracellular signal-regulated kinases (ERKs) 1/2 or p38/c-Jun N-terminal kinase
(JNK). The phosphorylation site was mapped to PPARγ2 serine 112 (corresponding to PPARγ1 S82),
located in the AF1 region within a MAPK consensus site [24,28]. The functional role of S112ph was
revealed through reporter assays, where the phosphorylation led to decreased transcriptional activity
of PPARγ. Mutagenesis experiments further corroborated the notion that S112ph inhibits PPARγ
function, as the expression of a nonphosphorylatable S112A led to increased transcriptional activity
and enhanced adipogenic potential of fibroblasts [24,26–33]. On the flipside, the same mutation is
detrimental for efficient osteoblast differentiation [34,35]. Another publication highlighted the role of
the adaptor molecule Docking protein 1 (DOK1) as a modulator of this signaling cascade: DOK1 is
induced by High fat diet (HFD) feeding and negatively regulates ERK1/2 mediated S112ph, thereby
enhancing PPARγ activity even in a state of active insulin signaling [36]. Finally, our understanding of
the mechanisms by which S112 gets dephosphorylated is also improved by the identification of Protein
phosphatase 5 (PP5) [37], Protein phosphatase Mg2+/Mn2+ dependent 1B (PPM1B) [38], and Wild-type
p53-induced phosphatase 1 (WIP1) [39] as S112 phosphatases and PPARγ activators.

How is the repressive function of S112ph mediated mechanistically? Adams et al. showed that
the phosphorylation event does not appear to impact PPARγ protein stability, or reduce its DNA
binding activity. Instead, they proposed that S112ph might inhibit the transactivation function of
PPARγ via co-repressor recruitment or co-activator release [26]. In another study, S112ph was shown
to modulate PPARγ function by reducing ligand binding affinity, which involves the intramolecular
communication between the AF1 and the ligand binding domain [30]. Finally, Grimaldi et al. described
a mechanism by which S112ph regulates PPARγ-mediated transcription: phosphorylation of S112
enhances the interaction between PPARγ and the circadian clock protein Period circadian regulator 2
(PER2). PPARγ-PER2 interaction was shown to be detrimental to PPARγ recruitment to general
adipogenic regulators as well as BAT-specific genes, such as Ucp1, Elovl3, and Cidea. Consequently,
knockout of PER2 was found to cause increased BAT gene expression and oxidative capacity in
WAT [40].

S112 is not exclusively targeted by the MAPK signaling pathway. Using the same xeroderma
pigmentosum model mentioned earlier, Compe et al. [14] observed lower levels of PPARγ S112ph
(together with decreased PPARα phosphorylation (see above)), which they attributed to the disruption
of the CDK7 containing TFIIH complex. Indeed, they showed that CDK7 phosphorylates S112 in vitro.
The authors also found reduced trans-activator function of PPARγ in their xeroderma pigmentosum
system, and suggested a model where S112ph by CDK7 activates PPARγ function, in opposition
to the repressive S112ph mediated by MAPK signaling. This result has been put into perspective
by Helenius et al. [41], who found that MAT1, another THIIH complex member, and CDK7 itself,
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not only enhanced S112ph, but also inhibited adipocyte differentiation, which is in line with a generally
repressive role of S112ph. Finally, another publication added the positive adipogenic regulator CDK9
to the list of S112ph kinases [42].

The physiological importance of S112ph has been highlighted by several lines of evidence:
(1) In a (homozygous) S112A knock-in mouse model, Rangwala et al., found that the S112A mutation
protects mice from obesity induced insulin resistance [43]; (2) A meta-analysis of Genome-wide
association studies (GWAS) confirmed that the occurrence of the S112A allele is correlated with reduced
type 2 diabetes risks [44]; and (3) subjects with the rare heterozygous variant P113Q, which renders the
neighboring S112 nonphosphorylatable and increases its adipogenic potential [31], causes a range of
metabolic symptoms ranging from obesity, type 2 diabetes, insulin resistance, and high fasting insulin
levels [31,45]. This indicates that the phenotypic consequences are highly dependent on the genetic
background, as well as the nutritional status. Additional studies will be necessary to untangle the
complex relationship between genotype, PTM status, environmental cues, and disease risk.

In 2010, Choi et al. [46] revealed another phosphorylation event of PPARγ, S273ph, and since
then this modification has attracted considerable interest. Serine 273 was found to be located within
the consensus motif of CDK5, and readily get phosphorylated by the activated form of this kinase.
Similar to S112, the loss of phosphorylation at S273 had activating effects on PPARγ, but the exact
biological consequences were quite distinct: it did not increase the overall adipogenic activity of PPARγ,
but upregulated a specific subset of target genes promoting insulin sensitivity. Mechanistically, this
was caused by the loss of phosphorylation-dependent recruitment of the co-factor Thyroid hormone
receptor associated protein 3 (THRAP3) [47]. Increased S273ph (which was induced by obesity) could
be counteracted using PPARγ agonists, which led to improved metabolic profiles in HFD mice and
patients with impaired glucose tolerance. Crucially, PPARγ binding compounds inhibiting S273ph
with no or very low agonist activities elicited similar effects, without the side effects like weight
gain, fluid retention, and bone loss, usually seen with PPARγ activation by full agonists such as
TZDs [34,46,48]. Therefore, blocking S273ph seems to be an interesting avenue to treat metabolic
disorders and a number of such compounds have been developed recently [47–50]. It will be intriguing
to see their clinical potential in the future. In support of this notion, decreased S273ph was also
detected in two genetic knockout models connected to an improved metabolic status in mice [51,52].

In a follow up paper to their work that identified CDK5 as a S273 kinase, Banks et al. generated
adipocyte specific CDK5 knockout mice, and to their surprise found that S273ph levels were increased
rather than decreased upon the ablation of this kinase [53]. This was explained by enhanced MEK/ERK
(Extracellular signal–regulated kinase) signaling (caused by loss of CDK5), as ERK was subsequently
identified as another potent S273ph kinase. In line with that notion, MEK inhibitor treatment produced
beneficial metabolic effects [53]. In another publication, pharmacological inhibition of CDK5 via
roscovitine evoked a somewhat different effect as genetic ablation, decreasing S273ph as well as
S112ph, enhancing expression of BAT genes, increasing energy expenditure, and improving metabolic
profiles [54]. This demonstrates that although the manipulation of signaling pathways connected
to PPARγ phosphorylation is a highly promising approach to ameliorate metabolic disorders, more
experimental work is needed to gain a comprehensive understanding of the underlying mechanisms.

Another important direction will be the identification and characterization of novel phosphorylation
events in PPARγ. S112 and S273 are clearly not the only phosphorylated residues within PPARγ,
as Banks et al. identified further phosphorylated sites (S133, T296) by Liquid chromatography-tandem
mass spectrometry (LC-MS/MS) [53]. In addition, Choi et al. [55] recently described the phosphorylation
of Y78, regulated by SRC proto-oncogene, nonreceptor tyrosine kinase (c-SRC), and Protein-tyrosine
phosphatase 1B (PTP-1B), to be important for the regulation of genes involved in cytokine and
chemokine expression. The regulatory mechanisms of S112ph and S273ph in PPARγ are illustrated in
Figure 3A,B, respectively.
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Figure 3. Regulatory mechanisms of selected modifications in PPARγ. (A) Activation of the MAPK
pathway leads to the phosphorylation of serine 112 by p38/JNK or ERK1/2. S112ph decreases PPARγ
activity, either through reducing its ligand binding affinity and co-activator binding, or by increasing
Period circadian regulator 2 (PER2) binding, which leads to decreased recruitment to target genes.
The adapter molecule Docking protein 1 (DOK1) modulates S112ph levels in response to nutritional
inputs. S112ph is also targeted by CDK7 and CDK9. Phosphatases removing S112 phosphorylation
from PPARγ are: Protein phosphatase 5 (PP5), Protein phosphatase Mg2+/Mn2+ dependent 1B (PPM1B),
and Wild-type p53-induced phosphatase 1 (WIP1). (B) Obesity-induced MAPK signaling leads to serine
273 phosphorylation, which enhances binding of the Thyroid hormone receptor associated protein 3
(THRAP3), and repression of certain PPARγ target genes. Phosphorylation levels are modulated by
CDK5, either directly by CDK5-medatied S273 phosphorylation, or indirectly via phosphorylation of
Dual specificity mitogen-activated protein kinase kinase 2 (MEK2) and suppression of MAPK signaling.
Compounds with or without PPAR agonist activity can be used to block S273ph. (C) Acetylation
of lysines 268 and 293 has been shown to increase NCoR co-repressor binding, whereas NAD
(Nicotinamide adenine dinucleotide)-dependent deacetylase sirtuin-1 (SIRT1)-mediated deacetylation
of K293 favours PR domain containing 16 (PRDM16) binding and expression of thermogenic genes.
Ligand binding enhances SIRT1-PPARγ interaction and K268/K293 deacetylation. AF1: activation
function 1 domain; DBD: DNA-binding domain; LBD-AF2: ligand binding and activation function
2 domain; enzymes depositing PTMs are colored in green, enzymes removing PTMs are shown in
red; green circle: PPARγ-ligand; yellow circle: phosphorylated serine; green triangle: acetylated
lysine; black arrow: activation; green arrow: PTM deposition; red arrow: PTM removal; black T
symbol: inhibition; dotted arrow: increased interaction/stimulation; dotted T symbol: decreased
interaction/inhibition.

3.2. SUMOylation

PPARγ SUMOylation with SUMO1 was first reported in 2004 [56–58]. The targeted lysine residue was
identified as K107 on PPARγ2, located within a SUMOylation consensus motif (K77 in PPARγ1) [56–58].
Through analysis of cells expressing K107R mutant, it was found that the lack of PPARγ K107
SUMOylation correlated with transcriptional activation of PPARγ target genes [56–59], and enhanced
adipogenesis [56]. These studies clearly defined K107 SUMOylation as a repressive mark for
PPARγ, although the exact mechanism still remains to be elucidated. One proposed mechanism—the
destabilization of PPARγ [58]—is most likely not the only important functional consequence of SUMO
ligation. In support of this view, in the macrophage cell system, where PPARγ1 has a role in the repression
of inflammatory genes, K77 SUMOylation was found to be important for the anti-inflammatory response
triggered by apoptotic cells, possibly through stabilization of the co-repressor NCoR at target genes [60].
This is reminiscent of the effect of another SUMOylation event described earlier: also working in
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a macrophage cell system, Pascual et al. [61] showed that TZD-mediated SUMO1-modification of K365
(K395 in PPARγ2) is important for the repression of inflammatory response genes via PPARγ binding and
stabilization of an NCoR-containing repressive complex. The precise biological roles of both modifications
in the anti-inflammatory response, especially potential functional overlaps, remain to be determined.

A more recent publication reported that PPARγ can also be targeted by the SUMO2 modification
and identified K33, K64, K68, and K77 (K63, K94, K98, and K107 in PPARγ2) as target sites, of which
the first three sites are located within an inverted SUMOylation consensus motif. SUMOylation at
either position was reported to be detrimental to PPARγ trans-activation [62].

The enzymatic machinery mediating PPARγ SUMOylation and de-SUMOylation has been
identified earlier and consists of Ubiquitin conjugating enzyme 9 (UBC9, E2 ligase) [56,59,61], Protein
inhibitor of activated STAT (PIAS1/PIASxβ, E3 ligase) [57,61,63,64], and SUMO-specific protease 2
(SENP2, protease) [65].

Interestingly, several reports have linked K107sumo to another PTM occurring in close proximity:
S112ph. Initial reports showed that S112A, but not S112D phosphor-mimetic mutations, decreased
PPARγ2 SUMOylation and transactivation function [56,59], supporting the model of a phospho-SUMOyl
switch to regulate PPARγ function [66]. However, there might be additional mechanisms, allowing
K107sumo regulation independent of S112ph. This notion is supported by two lines of evidence: (1) In
Fibroblast growth factor 21 (FGF21) knockout mice, where PPARγ-dependent gene expression was
reduced, increased K107sumo was not accompanied by elevated S112ph (and S273ph) [67]; and (2)
Growth differentiation factor 11 (GDF11) treatment, which inhibits adipogenic differentiation and
enhances osteoblastogenesis, increased PPARγ SUMOylation, again without concomitant changes of
S112ph (and S273ph) [68].

While many details of the exact mechanisms and pathways governing SUMO-mediated PPARγ
regulation remain open to future research, work from Mikkonen et al., has highlighted its physiological
importance, as they showed that SUMO1 knockout mice exhibited a metabolic phenotype and
decreased PPARγ target gene expression [69].

3.3. Acetylation

It was first noted in 2010 that PPARγ is a target for lysine acetylation [70], but only in 2012 another
report gave a more detailed insight into its biological function [71]. Qiang and coworkers [71] identified
five acetylated lysine residues at position K98, K107, K218, K268, and K293, of which two (K268ac and
K293ac) could by blocked by administration of the TZD rosiglitazone, or by activation of the NAD
(Nicotinamide adenine dinucleotide)-dependent deacetylase sirtuin-1 (SIRT1) deacetylase. It turned
out that deacetylation of both residues, as seen in SIRT1 gain-of-function models, had beneficial
metabolic effects, leading to browning of WAT and insulin sensitization. Mechanistically, this was
achieved by modulation of co-factor recruitment. In detail, deacetylation of K293 favored the binding
of the brown adipogenic activator PR domain containing 16 (PRDM16), whereas acetylation of K268
and K293 enhanced interaction with the co-repressor NCoR. Another mass spectrometric approach
led to the identification of a total of nine putative acetylation sites on PPARγ1 (including the lysine
residues corresponding to K218 and K268 on PPARγ2), of which K154 and K155 (K184 and K185
in PPARγ2) were further characterized [72]. K154/K155A and K154/K155Q mutants both showed
severely diminished lipogenic potential compared to the WT protein. The regulatory mechanism of
K268/K293ac in PPARγ is illustrated in Figure 3C.

3.4. Ubiquitination

Recently, two publications identified Seven in absentia homolog 2 (SIAH2) and Makorin RING
finger protein 1 (MKRN1) as PPARγ E3 ligases, targeting PPARγ for proteasomal degradation [73,74].
MKRN1 activity was mainly directed towards K184 and K185. This work enhanced earlier work on
PPARγ regulation through modulation of its stability (reviewed in [21]). A more unusual function for
PPARγ ubiquitination was reported by two other publications: Watanabe et al. [75] and Li et al. [76]
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showed that the E3 ligases Tripartite motif containing 23 (TRIM23) and Neural precursor cell
expressed, developmentally downregulated 4 (NEDD4) confer atypical poly-ubiquitination to PPARγ
(non-K48-mediated formation of poly-ubiquitin chains), which leads to reduced proteasomal degradation
and stabilization of PPARγ.

3.5. O-GlcNAcylation

The addition of the single sugar modification β-O-linked N-acetylglucosamine (O-GlcNAc) to
serine and threonine residues has been proposed to act as a nutrient sensor, linking signal transduction
and gene expression to the metabolic status. Therefore it is interesting that PPARγ1 has been reported
to get modified at T54 (corresponding to T84 of PPARγ2), leading to a decrease of its trans-activator
function [77].

4. Post-Translational Modifications of PPARβ/δ

SUMOylation

PPARβ/δ is the least studied PPAR family member, and to our knowledge there is only one
publication reporting a PTM in it: Koo et al. [78] show that PPARβ/δ SUMOylation at K104 is removed
by SENP2, and (together with PPARγ, which is also targeted by SENP2, see above) this promotes the
expression of FAO genes in muscle.

The PTMs in PPAR proteins and their corresponding modifying enzymes discussed above are
summarized in Figure 4 and Table 1.

 

Figure 4. Post-translational modification sites in PPAR proteins. A schematic view of PPARα,
PPARβ/δ, and PPARγ proteins and their functional domains is provided. The locations of PTM
sites are indicated by arrows and the amino acid positions are given. Note that amino acids positions
correspond to the murine proteins. For PPARγ, all amino acid positions refer to the PPARγ2 sequence;
modifications which have so far only been described in PPARγ1 are highlighted with an asterisk.
Ubiquitination events are not shown. AF1: activation function 1 domain; DBD: DNA-binding domain;
Hinge domain; LBD-AF2: ligand binding and activation function 2 domain; K—lysine, S—serine,
Y—tyrosine, T—threonine.
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Table 1. Summary of PPAR modifying enzymes. Enzymes that deposit modifications are highlighted
in green, while enzymes removing modifications are shown in red. For PPARγ, amino acid sequence
positions refer to PPARγ2. If there is only experimental evidence for modification in PPARγ1,
the corresponding amino acid position in PPARγ2 is given and highlighted with an asterisk. Question
marks indicate undetermined target sites.

Modification Enzyme Target-Site References

Phosphorylation

ERK1/2 PPARα S12, S21 PPARγ S112, S273, S133 [13,24,26,29,53,68]
p38-α PPARα S12, S21 [12]
CDK7 PPARα S12, S21 PPARγ S112 [14,41]
GSKβ PPARα S73 [15]
JNK PPARγ S112 [26]

CDK9 PPARγ S112 [42]
CDK5 PPARγ S112, S273, S296 [46,53]
MEK2 PPARγ S133 [53]
c-SRC PPARγ Y78 [55]
PP5 PPARγ S112 [37]

PPM1B PPARγ S112 [38]
WIP1 PPARγ S112 [39]

PTB-1B PPARγ Y78 [55]

Acetylation
CBP PPARγ K98, K107, K218, K268, K293 [71]
p300 PPARγ K? [70]

SIRT1 PPARγ K184/185 *, K268, K293 [70–72]

SUMOylation

PIAS1/PIASxβ PPARα K358 PPARγ K107, K395 * [20,57,61,63,64]
PIASy PPARα K185 [19]
UBC9 PPARα K185 PPARγ K107, K395 * [19,56,59,61]
SENP2 PPARγ K107 PPARβ/δ K104 [65,78]

Ubiquitination

MKRN1 PPARγ K184/185 [74]
SIAH2 PPARγ K? [73]

NEDD4 PPARγ K? [76]
TRIM23 PPARγ K? [75]
MDM2 PPARα K? [22]
MuRF PPARα K? [23]

O-GlcNAcylation OGT PPARγ T84 * [77]

5. Outlook/Perspective

The last years have seen a wealth of information gathered on the role of PTMs on PPAR proteins.
It is evident that PTMs are powerful modulators of PPAR function and we are getting an increasingly
clearer picture of its complexity. They influence almost every aspect of PPAR biology, ranging from
protein stability, localization, 3D structure, to ligand binding and co-factor interaction.

PTMs are the results of the action of signaling cascades, and therefore can be seen as representation
of the physiological state of a cell. This is strikingly similar to the role of PPAR ligands, metabolites
which are representing the metabolic status of a cell. PTMs and ligands can therefore be interpreted
as two distinct, but related and partially overlapping, input signals and routes to modulate PPAR
activity. It is not surprising that numerous instances of crosstalk between PTMs and agonist/antagonist
action have been reported, but substantially more work is needed to dissect this complex network
of relationships.

In the future, the use of high-throughput techniques will be instrumental to tackle questions
related to the role of PTMs for target gene binding and genomic localization (via Chromatin
immunoprecipitation-sequencing (ChIP-seq) using modification-specific antibodies), or the discovery
of additional modifications (such as methylation) via mass-spectrometry based proteomic assays.
The latter approach has already led to the identification of a fast growing number of new modification
sites [53,71,72]. Due to increasing numbers of modifications, future studies will face the challenge that
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they will not only have to address their individual roles, but also take into consideration potential
crosstalk between modifications. Introducing another layer of complexity is the fact that a growing
number of amino acid residues has been shown to get targeted by more than one modification
(e.g., PPARγ2 K98 and K107 can get SUMOylated as well as acetylated). This will make it necessary to
revisit earlier results and critically re-evaluate some of the previous conclusions. Especially, assays based
on the mutation of targeted residues might require careful reanalysis. Finally, it will be interesting to
interrogate putative functional links between disease-risk connected Single-nucleotide polymorphisms
(SNPs) and their potential effects on PTMs (as has been done for PPARγ2 S112ph and P113Q).

Importantly, some of those findings might lead to new approaches to tackle the prevalent epidemic
of metabolic disorders. For example, the discovery that phosphorylation and acetylation events
correlate with certain metabolic outcomes lends weight to the suggestions to specifically modulate
responsible signaling pathways. A more directed approach, tackling not entire signaling pathways,
but specifically blocking the modification of PPAR proteins itself via small molecules, seems to be
an even more promising avenue that could decrease off-target/side effects. An example for the latter
option is the use of small molecules to inhibit PPARγ2 S273ph [47–50]. It will be interesting to see if
this approach can be successfully translated into the clinics and extended to other PTMs.

In summary, with an improving understanding of PPAR biology in general, and the role of PTMs
specifically, PPARs remain promising targets for clinical interventions and will be in the focus of
interest for years to come.
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Abbreviations

PPAR Peroxisome Proliferator Activated Receptor
NR Nuclear receptor
TF Transcription factor
AF-1 Activation-function 1
DBD DNA-binding domain
LBD Ligand-binding domain
RXRα Retinoic acid receptor α
PPRE PPAR response element
NCoR Nuclear receptor corepressor
SMART Silencing mediator of retinoid and thyroid hormone receptor
CBP CREB-binding protein
SRC1 Steroid receptor coactivator 1
T2D Type 2 diabetes
NAFLD Nonalcoholic fatty liver disease
NASH Nonalcoholic steatosis
TZD Thiazolidinedione
BAT Brown adipose tissue
FAO Fatty acid oxidation
WAT White adipose tissue
PTM Post-translational modification
MAPK Mitogen-activated protein kinase
CDK Cyclin-dependent kinase
PGC1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
XPD Xeroderma pigmentosum group D
TFIIH Transcription factor II H
GSKβ Glycogen synthase kinase β

SUMO Small ubiquitin-like modifier
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GABP GA-binding protein
MuRF1 Muscle-specific RING finger protein 1
EGF Epidermal growth factor
PDGF Platelet-derived growth factor
TGFβ Transforming growth factor β
TPA 12-O-tetradecanoyl-13-phorbol acetate
PGF2α Prostaglandin F2α
ERK Extracellular signal–regulated kinase
MEK2 Dual specificity mitogen-activated protein kinase kinase 2
JNK c-Jun N-terminal kinase
DOK1 Docking protein 1
HFD High fat diet
PP5 Protein phosphatase 5
PPM1B Protein phosphatase Mg2+/Mn2+ dependent 1B
WIP1 Wild-type p53-induced phosphatase 1
PER2 Period circadian regulator 2
GWAS Genome-wide association study
THRAP3 Thyroid hormone receptor associated protein 3
LC-MS/MS Liquid chromatography-tandem mass spectrometry
c-SRC SRC proto-oncogene, non-receptor tyrosine kinase
PTP-1B Protein-tyrosine phosphatase 1B
UBC9 Ubiquitin conjugating enzyme 9
PIAS Protein inhibitor of activated STAT
SENP2 SUMO-specific protease 2
FGF21 Fibroblast growth factor 21
GDF11 Growth differentiation factor 11
SIRT1 NAD-dependent deacetylase sirtuin-1
PRDM16 PR domain containing 16
SIAH2 Seven in absentia homolog 2
MKRN1 Makorin RING finger protein 1
TRIM23 Tripartite motif containing 23
NEDD4 Neural precursor cell expressed, developmentally down-regulated 4
O-GlcNAc β-O-linked N-acetylglucosamine
ChIP-seq Chromatin immunoprecipitation-sequencing
SNP Single-nucleotide polymorphism
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Abstract: Background: The peroxisome proliferator-activated receptors (PPARA, PPARG, PPARD)
and their transcriptional coactivators’ (PPARGC1A, PPARGC1B) gene polymorphisms have been
associated with muscle morphology, oxygen uptake, power output and endurance performance.
The purpose of this review is to determine whether the PPARs and/or their coactivators’
polymorphisms can predict the training response to specific training stimuli. Methods: In accordance
with the Preferred Reporting Items for Systematic Reviews and Meta Analyses, a literature review has
been run for a combination of PPARs and physical activity key words. Results: All ten of the included
studies were performed using aerobic training in general, sedentary or elderly populations from 21 to
75 years of age. The non-responders for aerobic training (VO2peak increase, slow muscle fiber increase
and low-density lipoprotein decrease) are the carriers of PPARGC1A rs8192678 Ser/Ser. The negative
responders for aerobic training (decrease in VO2peak) are carriers of the PPARD rs2267668 G allele.
The negative responders for aerobic training (decreased glucose tolerance and insulin response) are
subjects with the PPARG rs1801282 Pro/Pro genotype. The best responders to aerobic training are
PPARGC1A rs8192678 Gly/Gly, PPARD rs1053049 TT, PPARD rs2267668 AA and PPARG rs1801282
Ala carriers. Conclusions: The human response for aerobic training is significantly influenced by
PPARs’ gene polymorphism and their coactivators, where aerobic training can negatively influence
glucose metabolism and VO2peak in some genetically-predisposed individuals.

Keywords: human performance; aerobic training; genetic predisposition; anaerobic threshold;
muscle fibers; glucose tolerance; insulin response; VO2max; VO2peak; mitochondria activity;
cholesterol levels

1. Introduction

Although sport scientists strive to conceive of experiments that investigate the effects of specific
diets or training strategies, their findings may not agree across general populations and specific
groups of athletes. Even when an experiment is meticulously designed using homogeneous samples,
the outcomes of a study can largely differ between individuals within a homogeneous group. As these
inter-individual responses are often masked when reporting the mean values of dependent variables,
some researchers have suggested that sport science should refrain from reporting mean data and
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should focus on individual data. Although this solution may seem logical, internal independent factors
should also be considered when analyzing and discussing inter-individual differences in response
to interventions.

As each individual might respond differently to the same external stimuli, the effectiveness of
an intervention can likely be somewhat explained by an athlete’s genetic make-up. For example,
some individuals may exhibit minimal changes in a specific dependent variable, but others who
undergo the exact same intervention may experience a massive improvement for the same variable.
Using the famous HERITAGE study as an example, researchers demonstrated significant individual
responses in VO2max following 20 weeks of aerobic training [1] and, under same conditions, even
negative metabolic responses manifested with common blood markers (systolic blood pressure, insulin,
triacylglycerol, HDL cholesterol) in 8.4–13.3% of negative responders [2].

Peroxisome proliferator-activated receptor (PPAR) proteins belong to the steroid hormone receptor
superfamily and combine with the retinoid X receptors to form heterodimers that regulate genes
involved in lipid and glucose metabolism, adipocyte differentiation, fatty acid transport, carcinogenesis
and inflammation [3,4]. PPARs exist in three different forms as PPAR-alpha (PPARα), PPAR-beta/delta
(PPARβ/δ) and PPAR-gamma (PPARγ), which are encoded by the genes PPARA, PPARD and PPARG.
PPARα and PPARβ/δ are present mainly in the liver and in tissues with high levels of fatty acid
oxidation such as skeletal muscle, cardiac muscle and the kidneys. PPARγ are predominantly active
in adipocytes affecting their differentiation and growth, and they are also an interesting target for
pharmacotherapy of diabetes mellitus type 2 (DM2).

Peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (PGC1α), encoded by the
PPARGC1A gene, is a transcriptional coactivator of the PPAR superfamily. This protein interacts with
PPARγ, which enables its interaction with many others transcriptional factors. PGC1α is involved in
mitochondrial biogenesis, glucose utilization, fatty acid oxidation, thermogenesis, gluconeogenesis and
insulin signaling [5]. Peroxisome proliferator-activated receptor gamma, coactivator 1 beta (PGC1β),
encoded by the PPARGC1B gene, together with the PPARGC1A gene, encodes homologous proteins that,
through nuclear transcription factor coactivation, regulate adipogenesis, insulin signaling, lipolysis,
mitochondrial biogenesis, angiogenesis and hepatic gluconeogenesis [5].

Human performance is a multifactorial domain where genetic predisposition may act as a key
intrinsic factor. Of the many genes that have been studied in relation to sport performance and
exercise, PPARA, PPARG, PPARD and their transcriptional coactivators’ PPARGC1A and PPARGC1B
gene polymorphisms have been associated with elite athletic performance, which has been related
to muscle morphology [6], oxygen uptake [7,8], power output [9] and endurance performance [6].
Therefore, identifying links between PPARs (and their coactivators) and human performance may shed
light on the possibility of identifying athletes with specific genetic sporting potential, possibly also
leading to genetically-specialized training methods for athletes who carry specific PPAR gene variants.

From various sets of single nucleotide polymorphisms (SNPs), the PPAR signaling pathway has
been reported as one the most related to human cellular bioenergetics and VO2max trainability in
the genome-wide association study (GWAS) [10]. Previous reviews found that PPARs and/or their
coactivators’ genes were associated with endurance performance [11–13] or improvements in weight
reduction following training programs [14]; however, their relation to training responses has not been
determined yet.

Since there many studies showing the association between PPARs and/or their coactivators’ gene
polymorphisms and human performance, it is beneficial to also know the relationship between PPARs
and different training responses. Therefore, the purpose of this review is to summarize whether the
PPARs and/or their coactivators’ polymorphisms can predict human response to specific training
stimuli. We hypothesized that PPARs and/or their coactivators’ gene polymorphisms can predict the
response to aerobic and anaerobic training, that the PPARs and/or their coactivators’ polymorphisms
can predict the amount of appropriate training load and eventually can determine the responders to
specific training methods (e.g., hypoxia-training).
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2. Results

The literature search resulted in a total of 7389 articles, which was reduced to 4262 after removing
duplicates. The number of eligible articles was further reduced to 64 after screening article titles and
abstracts to include PPARs and/or their coactivators’ gene polymorphisms in relation to physical activity
(Figure 1). Of these studies, 53 were rejected following full-text screening, and one was rejected based on
the methodological quality criteria. Finally, 10 studies (Table 1) were included in the analysis.

None of the 10 included studies were performed on elite athletes, using resistance training, using
maximum training load or any other specific training method. One study [15] focusing on elite athlete
response for resistance training and regarding the amount of training load had to be rejected due to a
lack of a methodological approach, specifically a lack of reproducibility. Because this study showed a
significant role of ACE, ACTN3 and PPARGC1A genes with the volumes of specific training loads within
the training process macrostructure of elite weightlifters [15], we suggest that PPARs’ role in resistance
training and elite sport should be studied in further research. On the other hand, all of the included
studies were performed using aerobic training in general, sedentary or elderly populations from 21 to 75
years of age (Table 1), and one study did not find any association with PPARGC1A and trainability [16].
Therefore, our hypotheses have been confirmed only in the case of training responses to aerobic training in
non-athletic populations. One study using a GWAS design [10] has been rejected by Exclusion Criterion 4.

The response to aerobic training is partly described in PPARGC1A, PPARG and PPARD in various
aerobic training approaches referring to the improvement of training performance and the response
of glucose metabolism and insulin sensitivity (Table 2). In the range of the population included in the
study, we can state that PPARs and/or their coactivators’ gene polymorphisms may be able to predict
the human response to aerobic training at moderate intensities up to the lactate threshold. Specifically,
the PPARs and their coactivators’ gene polymorphisms can predict high response, no response or even
negative response for aerobic training estimated by glucose tolerance, insulin response, body fat, VO2peak,
anaerobic threshold, mitochondria activity, cholesterol levels and slow muscle fibers’ increase (Table 2).

The PPARGC1A rs8192678 Gly/Gly genotype has been associated with greater increases of an
individual’s anaerobic threshold [17], a greater increase of slow muscle fibers [18], greater mitochondria
activity [18], a greater decrease of low-density and total lipoprotein cholesterol [19] and a greater VO2peak
increase after aerobic training than PPARGC1A rs8192678 Ser allele carriers. Moreover, PPARGC1A
rs8192678 Ser allele carriers had no response in slow muscle fibers’ changes, changes in low-density and
total lipoprotein cholesterol and VO2peak [20] after aerobic training.

PPARD rs1053049 TT homozygotes have been associated with greater increases in insulin sensitivity
and greater decreases of fasting insulin levels than C allele carriers [17]. PPARD rs2267668 AA
homozygotes have been found to have greater increases in insulin sensitivity, greater increases of the
individual anaerobic threshold and greater increases in VO2peak after aerobic training than G allele
carriers [17]. Moreover, the PPARD rs2267668 G allele carriers have been found to have a negative
response (decrease) of VO2peak after aerobic training intervention [17]. The PPARD rs2016520 T allele
carriers have been found to have a greater increase of VO2max and maximum power output after aerobic
training than CC homozygotes (only in black subjects), and the CC genotype had a higher increase of
plasma HDL cholesterol (in white subjects) [21]. The PPARD rs2076167 GC genotype had a higher increase
of plasma HDL cholesterol (only in white subjects).

PPARG rs1801282 Pro/Pro homozygotes have been found to have more decreased fasting insulin [22]
than Ala/Pro heterozygotes and more decreased body fat than Ala allele carriers [23] after aerobic training.
The Ala carriers have been found to have more increased glucose tolerance [24], more decreased fasting
immunoreactive insulin and a more decreased insulin resistance index [25] after aerobic training than
Pro/Pro homozygotes. PPARG Pro/Pro homozygotes have been found to have a negative response fasting
immunoreactive insulin and a more decreased insulin resistance index after aerobic training.
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3. Discussion

The main finding of this review is that PPARs and their coactivators’ gene polymorphisms may
predict the human response to aerobic training at moderate intensities up to the lactate threshold,
which might be expected. On the other hand, the lack of research in human training response to
anaerobic training and specific training methods indicate that further research I needed. In this manner,
there are significant cues that PPARs and their coactivators’ gene polymorphisms can determine the
anaerobic training effectiveness in response to training loads [15] (our finding includes also intensity
at the anaerobic threshold). Although we had to exclude one study [15] for a lack of reproducibility,
we have to highlight the importance of their findings (determination of resistance training load) as a
significant suggestion for future research focus. A previous study on compound dinucleotide repeat
polymorphism in ALAS2 intron 7 in Han Chinese males determined that individuals with dinucleotide
repeats ≤166 bp compared to individuals with dinucleotide repeats >166 bp were significantly better
responders for high altitude training (measured as ΔVO2max), especially to living-high exercise-high
training-low (HiHiLo) training [26]. This specificity can be considered as the key information for
creating a long-term endurance training program. Equally, women of multi-ethnicity origin from the
FAMuSS cohort, homozygous for the mutant allele 577X in the ACNT3 gene, demonstrated greater
absolute and relative 1 repetition maximum gains of elbow flexors compared with the homozygous
wild type (577RR) after resistance training when adjusted for body mass and age [27]. This review
has to note that PPARs are not sufficiently analyzed for such specific training methods, although their
connection to aerobic performance has been well known since the HERITAGE study results in 2001 [1].

This review summarized the best responders for aerobic training in relation to PPARs and their
coactivators’ genes polymorphisms (PPARGC1A rs8192678 Gly/Gly, PPARD rs1053049 TT, PPARD
rs2267668 AA, PPARD rs2016520 T allele carriers and PPARG rs1801282 Ala allele carriers) in a common
population [17,18,20,21]. On the other hand, the evaluation summary on the effects in PPARD rs2267668
G allele carriers and PPARG rs1801282 Pro/Pro homozygotes showed several negative responses to
aerobic training. Most likely, this could be the most important information from exercise genomics
studies, i.e., knowledge of genetic markers that can be beneficial for predicting the individual response
to training in athletes and normal individuals, that is setting up the parameters of training protocols.
On the other hand, the evaluation summary on effects in PPARD rs2267668 G allele carriers and PPARG
rs1801282 Pro/Pro homozygotes showed several negative responses to aerobic training. Although
the development of reliable tools for predicting exercise response based on one’s genetic make-up is
challenging and undoubtedly requires further research, the mentioned genetic variants seem to identify
individuals who are not instructed to use classical aerobic training methods to improve their health or
physical performance. Similarly, the non-responders for the PPARGC1A rs8192678 polymorphism who
were Ser/Ser homozygotes might perform the aerobic training to improve metabolism functions such
as mitochondria activity, but without a complex impact on improved health or endurance performance.

As was indicated earlier, post-training increase in aerobic fitness was found to be associated
with the presence of a specific PPARGC1A rs8192678 Gly allele during a lifestyle intervention [17].
These observations led to the suggestion that the rs8192678 Gly allele may be a key element associated
with the efficiency of aerobic metabolism; however, the question of how the rs8192678 Gly and Ser
variants affect cardiorespiratory capacity remains. A general explanation is the engagement of the
PGC-1α co-activator in the regulation of energy metabolism, as well as mitochondrial biogenesis
and function, causing an upregulation of oxidative metabolism and parallel changes in muscle fiber
types [28]. More detailed in vitro studies with the use of recombinant plasmids bearing Gly or Ser
at position 482 in the PGC-1α protein showed that the PGC-1α 482Ser variant was less efficient as a
co-activator of the MEF2C (myocyte enhancer factor 2C), which is a transcription factor especially
important in the regulation of glucose transportation in skeletal muscle [29]. MEF2C, when coactivated
by the PGC-1α, is particularly involved in the activation of GLUT4 (glucose transporter 4) via direct
interaction with this gene promoter, which results in the facilitation of glucose uptake by the cell [30].
The Gly482Ser polymorphic site is located in the domain critical for the binding interaction between
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MEF2C and PGC-1α proteins, and in this way, the rs8192678 Gly and Ser variants may influence
the co-activation process, which may have consequences not only for glucose uptake, glycogen
synthesis and the subsequent synthesis of fatty acids, but also for the transformation of muscle fiber
type [28]. On the latter point, the expression of genes specific for type I slow-twitch fibers, such as MB
(myoglobin) and TNNI1 (troponin I, slow skeletal muscle), is triggered by the calcineurin signaling
pathway depending on PGC-1α/MEF2 coactivation [31].

The described structure of the PPARD gene differs from the classical eukaryotic gene model:
it has been reported to encompass nine exons, of which exons 1–3, the 5′-end of exon 4 and the
3′-end of exon 9 are untranslated [32]. The rs2016520 polymorphic point is located precisely in the
5′UTR region of exon 4 of the PPARD gene. In this region, the recognition sites for Sp1 binding
were found, raising the suggestion that rs2016520 may interfere with interaction between the PPARD
gene and the Sp1 transcription factor, affecting in this way the PPARD expression level. Such an
assumption was confirmed in the in vitro studies showing a higher transcriptional activity for the
minor C allele compared with the major T allele of rs2016520 [33], which as a consequence may
lead to impairment of PPARδ function and its ability to regulate the energy metabolism in skeletal
muscles, in this manner influencing physical performance [34]. As was indicated in our metanalysis,
during an intervention exercise training program performed in healthy (but previously sedentary)
individuals of the HERITAGE Family Study, rs2016520 CC homozygotes were characterized by a
smaller training-induced increase in maximal oxygen consumption and a lower training response in
maximal power output compared with the CT and the TT genotypes, both in black and white subjects.
Furthermore, CC homozygotes showed the greatest increases in HDL-C (white subjects) and Apo A-1
(black subjects) levels [21]. It was speculated that the greater promoter activity of PPARD rs2016520 CC
homozygotes could result in higher PPARβ/δ levels. On the other hand, endurance training induces
the elevated PPARβ/δ-specific agonists’ availability, and the same ligands also increase the expression
of the ABCA1 gene, which is a key regulator of reverse cholesterol transport. All above-mentioned
facts lead to the suggestion that the greatest increases in HDL-C levels observed in PPARD rs2016520
CC individuals might result from an increase in ABCA1 gene expression [21].

Maintaining normal blood glucose levels is considered critical for preventing metabolic
syndrome [35], and chronically impaired blood glucose responses comprise a significant risk factor for
type II diabetes mellitus (DM2) [36]. Exercise in general has positive effects on glucose metabolism
and DM2 prevention [37], thus encouraging individuals who are non-/poor responders to exercise is
highly valuable. Our review shows that PPARG rs1801282 Ala allele carriers, PPARD rs2267668 AA
homozygotes and PPARD rs1053049 TT homozygotes have, for some reason, more effectively improved
glucose sensitivity and related parameters compared to their counterparts (Table 2). As regards the
PPARG rs1801282 Ala allele, similar findings related to glycemic response to exercise have been
found in diabetic patients [38] or in Japanese healthy men [25] who completed three months of
supervised aerobic training. The PPARG Ala allele showed decreased binding affinity to the cognate
promoter element and reduced ability to transactivate responsive promoters [39] and seems to be more
responsive not only to exercise, but also to nutritional intervention; a significant decrease of waist
circumference in diabetic patients was found following the swap from a normal to a Mediterranean
diet [40]. The functional relevance of the Pro12Ala amino acid change in the PPARγ protein results
from its localization within the molecule encoded by the PPARG gene. Pro12Ala substitution is a
consequence of rs1801282 SNP located within the exon B sequence of the PPARG gene. This amino
acid change is located within the AF-1 domain that controls the ligand-independent activation
function of PPARγ. The presence of Ala at position 12 of the PPARγ protein may indirectly facilitate
the chemical modification of some amino acid residues (phosphorylation and/or SUMOylation)
responsible for decreasing the PPARγ activity as a transcriptional regulator involved in energy control
and lipid/glucose homeostasis [41]. Different transcriptional activities of factors bearing Pro or Ala at
position 12 in the PPARγ protein were confirmed in in vitro experiments, which recognized the Ala
form as less active, characterized by a decreased ability to activate the transcription of appropriate
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constructs containing PPRE [42] or specific genes [39]. Moreover, analyses performed in vivo also
revealed that expression of PPARγ target genes depends on the Pro12Ala genotypes [43]. Genetic
association studies, as well as whole-body insulin sensitivity measurements documented that Ala allele
carriers displayed a significantly improved insulin sensitivity [44], which may have the consequence
of better glucose utilization in working skeletal muscles [45]. The studies investigating the effects of
PPARD gene variants on glucose homeostasis are only marginal; only the effect of the contribution to
the risk of DM2 of nine common variants in PPARD (including rs1053049 and rs2267668) in Chinese
Hans was found in the rs6902123 polymorphism [46]. Another study also showed that PPARD
polymorphisms (rs1053049, rs6902123 and rs2267668) could be involved in the development of insulin
resistance and DM2 [47].

The combined effect of PPARD, PPARG and PPARGC1A gene polymorphisms on endurance
exercise response and on health-related parameters is unclear, due to the amount of analyzed
genes. Although, the results of studies included in our review seems to be promising in this
manner, an evaluation demands larger cohorts with long-term supervised exercise programs to
reach significance. At this moment, any life-style interventional program including exercise in normal
people or a training regimen in athletes is not recommended according to the genomic data. On the
other hand, the PPARs’ relation to training methods’ responses such as hypoxia [48] and resistance
training [15] seems to have high potential to future research.

4. Materials and Methods

4.1. Review Process

The review was performed according to the Preferred Reporting Items for Systematic Reviews
and Meta Analyses (PRISMA) [49] guidelines using the review protocol assigned in International
Prospective Register of Systematic Reviews (PROSPERO) under Database No. CRD42018082236.
The final articles’ eligibility was assessed using the adapted “Standard Protocol Item Recommendation
for Interventional Trials” (SPIRIT) checklist (Supplementary Material 1).

4.2. Literature Search

To find articles related to PPAR polymorphisms’ role in physical activity, a systematic
computerized literature search was conducted on 20 November 2017, in PubMed (1940 to the search
date), Scopus (1823 to the search date) and Web of Science (1974 to the search date). A combination of
the following search terms was used: (PPAR) OR (peroxisome AND proliferator AND activated AND
receptor) AND (sport) OR (physical AND activity) OR (endurance) OR (exercise) OR (performance) OR
(movement). The search did not include comments, proceedings, editorial letters, conference abstracts
and dissertations. Reviews were included for a manual search of their reference lists. A manual search
of the reference lists of included articles was also performed (Figure 1).

4.3. Literature Selection

After identifying potential articles, the titles and abstracts were reviewed by two independent
reviewers (Petr Stastny, Miroslav Petr) to select relevant articles for full-text screening. The title and
abstract screening focused on four related inclusion criteria:

• Sampling of genetic polymorphisms in the PPARA, PPARG, PPARD, PPARGC1A and
PPARGC1B, genes.

• Analyses of genetic polymorphisms on sport phenotype (markers of sport phenotype) or related
physical activity domains (e.g., body mass, fat mass, energy uptake, performance, physical fitness).

• Population of athletes and other healthy populations with a physical activity record.
• Cross-sectional, cohort, case control, intervention, control trials or GWAS.
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When the inclusion of articles was questionable, the reviewers came to agreement after a personal
discussion. The full texts of relevant articles were then analyzed to determine which were to be
used in the final analysis. This full-text screening was performed by three independent reviewers
(Petr Stastny, Miroslav Petr, Agnieszka Maciejewska-Skrendo), who also completed the data extraction
form (Supplementary Material 2). Data collection was performed in interventional studies only. During
the full-text screening, the following exclusion criteria were used:

(1) the full text was not available in English;
(2) the study did not contain an appropriate description of measuring devices, physical activity or

genetic sampling procedures;
(3) the study did not include a specification of physical activity;
(4) the study did not report a quantitative performance outcome;
(5) the study did not perform the intervention of a physical training program;
(6) the study was not reproducible by the methodological quality criteria.

Figure 1. Review flow chart for articles included in tables.

5. Conclusions

PPARs and their coactivators’ polymorphism genes can predict high response, no response or
even negative response for aerobic training estimated by glucose tolerance, insulin response, body
fat, VO2max, anaerobic threshold, VO2peak, mitochondria activity, cholesterol and slow muscle fibers’
increase. Future studies should determine the role of PPARs and their coactivators in anaerobic
training and more specific training methods (such as hypoxia) than moderate to lactate threshold
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aerobic training. The non-responders for aerobic training in VO2peak, slow muscle fiber increase
and low-density lipoprotein decrease are the carriers of PPARGC1A rs8192678 Ser/Ser. The negative
responders for aerobic training in VO2peak are carriers of the PPARD rs2267668 G allele. The negative
responders for aerobic training in glucose tolerance and insulin response are carriers of the PPARG
rs1801282 Pro/Pro genotype. The best responders to aerobic training are PPARGC1A rs8192678
Gly/Gly, rs1053049 TT, PPARD rs2267668 AA and PPARG rs1801282 Ala carriers.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/5/
1472/s1.
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GWAS Genome-wide association study
PRISMA Preferred Reporting Items for Systematic Reviews and Meta Analyses
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Abstract: Vascular endothelial growth factor (VEGF) is important for maintaining healthy
endothelium, which is crucial for vascular integrity. In this paper, we show that VEGF stimulates
the nuclear translocation of endothelial differentiation-related factor 1 (EDF1), a highly conserved
intracellular protein implicated in molecular events that are pivotal to endothelial function. In the
nucleus, EDF1 serves as a transcriptional coactivator of peroxisome proliferator-activated receptor
gamma (PPARγ), which has a protective role in the vasculature. Indeed, silencing EDF1 prevents
VEGF induction of PPARγ activity as detected by gene reporter assay. Accordingly, silencing EDF1
markedly inhibits the stimulatory effect of VEGF on the expression of FABP4, a PPARγ-inducible gene.
As nitric oxide is a marker of endothelial function, it is noteworthy that we report a link between
EDF1 silencing, decreased levels of FABP4, and nitric oxide production. We conclude that EDF1 is
required for VEGF-induced activation of the transcriptional activity of PPARγ.

Keywords: endothelial cells; vascular endothelial growth factor; Peroxisome proliferator-activated
receptor γ; Endothelial Differentiation-related factor 1

1. Introduction

Peroxisome proliferator-activated receptor gamma (PPARγ) is a ubiquitous ligand-inducible
transcription factor belonging to the nuclear receptor superfamily [1]. PPARγ, which is highly
expressed in adipose tissue, is the master regulator of adipocyte differentiation and is fundamental for
mature adipocyte function [2–4]. PPARγ is also implicated in glucose homeostasis as it upregulates
genes involved in glucose uptake and controls the expression of adipokines, thereby having an
effect on insulin sensitivity [3,5,6]. It is now clear that PPARγ plays an important protective role
in the vasculature. Its activity has been proven both in smooth muscle cells, where it has a role in
the regulation of vascular tone [7], and in endothelial cells (EC), where it exerts anti-inflammatory
and antioxidant effects [8]. In endothelial-specific PPARγ−/− mice, loss of PPARγ contributes to
endothelial dysfunction associated with enhanced production of free radicals and exacerbated
inflammation [9]. Accordingly, human and animal studies indicate that thiazolidinediones (TZD),
which are largely utilized as antidiabetic drugs and PPARγ activators, attenuate vascular diseases
including atherosclerosis [10,11]. Post-translational modifications—including phosphorylation,
acetylation, and sumoylation—are important in carving PPARγ-driven gene expression [12]. Another
layer of control over PPARγ activity depends on its interactions with coactivators and corepressors [12],
which regulate transcriptional activity by reshaping chromatin structure via histone deacetylases
and histone acetyltransferases [13]. Indeed, upon activation by small natural lipophilic ligands or
synthetic agonists, the conformation of PPARγ changes—corepressors are released and coactivators
are recruited [3]—thus resulting in transcriptional activation.
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Endothelial differentiation-related factor 1 (EDF1), a highly conserved intracellular protein of
148 amino acids, has been identified as one of PPARγ’s coactivators [14,15]. Initially, the role of EDF1 as a
transcriptional coactivator was described in the silkworm Bombyx mori and in Drosophila melanogaster where
EDF1 stimulates the activity of the FTZ-F1 nuclear receptor [16]. At the time, EDF1 was demonstrated
to serve as a coactivator for several transcription factors [17,18]. This included some nuclear receptors
implicated in lipid metabolism, such as steroidogenic factor 1, liver receptor homologue 1, liver X receptor
α and, as mentioned above, PPARγ [14,15]. In particular, in 3T3-L1 preadipocytes, EDF1 is required for
PPARγ-mediated differentiation and gene expression programs [15]. In human macrovascular EC EDF1
was described as a factor implicated in differentiation and spatial organization [19]. In these cells EDF1
is localized mainly in the cytosol where it binds calmodulin [20] under basal conditions. In response to
various stimuli, it is translocated to the nucleus where it interacts with the TATA box-binding protein [20].

Apart from its pivotal role in vasculogenesis and angiogenesis, VEGF is essential for endothelial
polarity and survival, thus contributing to the integrity of mature vessels [21]. This issue is relevant since
ECs are key players in organogenesis as well as in promoting adult organ maintenance. To this purpose,
it is noteworthy that VEGF is a critical component of the cross-talk between organs and tissues and the
vessels [21].

For this study, we considered three known facts: (1) PPARγ ligands influence VEGF action [8];
(2) PPARγ contributes to maintain normal vascular function [7–11]; and (3) EDF1 modulates the activity
of PPARγ [14,15]. We used these factors to investigate whether EDF1 acts as a regulator of PPARγ
activity in human macrovascular EC under normal culture conditions and after treatment with VEGF.

2. Results

2.1. Translocation of EDF1 to the Nucleus in Response to VEGF

Initially, we evaluated whether VEGF modulates the total amounts of EDF1 and PPARγ in human
umbilical vein endothelial cells (HUVEC). Confluent cells were treated with VEGF (50 ng/mL) for
different times. We performed Real-Time PCR as well as western blot analysis and found no modulation
in the levels of EDF1 and PPARγ after 8, 12, and 24 h exposure to VEGF (Figure 1 and Supplementary
S1). Because EDF1 translocates to the nucleus when HUVEC are stimulated with the phorbol ester
12-O-Tetradecanoylphorbol-13-acetate (TPA) or with forskolin [20,22], we evaluated the subcellular
localization of EDF1 in cells treated with VEGF (50 ng/mL) for different times. By immunofluorescence,
EDF1 was detectable both in the cytosol and in the nucleus of unstimulated cells. After being treated
with VEGF, EDF1 accumulated in the nuclei after 1 h and remained nuclear-associated for the following
24 h (Figure 2a and Supplementary S2a). Western blot on nuclear and cytosolic fractions isolated after
1 h treatment with VEGF confirmed these results (Figure 2b and Supplementary S2b).

Figure 1. The total amounts of endothelial differentiation-related factor 1 (EDF1) and peroxisome
proliferator-activated receptor gamma (PPARγ) in cells treated with VEGF. Human umbilical vein
endothelial cells (HUVEC) were treated with 50 ng/mL of vascular endothelial growth factor (VEGF)
for 0, 8, 12, and 24 h. (a) Real-Time PCR was performed on RNA samples. Two different experiments
in triplicate were performed; (b) cell lysates were analyzed by western blot using antibodies against
EDF1, PPARγ, and actin. A representative blot is shown.
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Figure 2. Subcellular localization of EDF1 in cells treated with VEGF. (a) HUVEC were treated
with VEGF (50 ng/mL) for 1, 8, 12, and 24 h. Immunofluorescence was performed using anti-EDF1
immunopurified immunoglobulin G (IgGs) and rhodamine-conjugated anti-rabbit IgGs; (b) HUVEC
were treated with VEGF (50 ng/mL) for 1 h. Western blot was performed on nuclear and cytosolic
fractions using antibodies against EDF1. GAPDH and TBP were used as cytosolic and nuclear markers,
respectively. A representative blot is shown.

2.2. Interaction between EDF1 and PPARγ in HUVEC

We evaluated the interaction between EDF1 and PPARγ in HUVEC treated with VEGF (50
ng/mL) for various times. Cell lysates were immunoprecipitated with antibodies against PPARγ.
Western blot was performed on the immunoprecipitates to detect EDF1. EDF1 and PPARγ interacted
in nonstimulated cells and VEGF did not significantly modulate this interaction at the time points
tested (Figure 3 and Supplementary S3).

Figure 3. The interaction between EDF1 and PPARγ in HUVEC treated with VEGF. HUVEC
were treated with VEGF (50 ng/mL) for different times. Cell lysates were immunoprecipitated
with monoclonal antibodies against PPARγ and analyzed by western blot using rabbit antibodies
against EDF1 (upper panel). The filter was then probed with rabbit anti-PPARγ antibodies to
verify the equal amounts of immunoprecipitated proteins (lower panel). Densitometric analysis
was performed using ImageJ software. EDF1/PPARγ ratio was calculated on three blots from separate
experiments ± standard deviation.
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2.3. Effect of Silencing EDF1 in VEGF-Induced PPARγ Activity

To study if EDF1 contributes to PPARγ transcriptional activity in VEGF-treated HUVEC,
we utilized HUVEC with stably silenced EDF1, denominated αs1 cells [23]. We used HUVEC
transfected with a nonsilencing sequence [23] as the control (CTR). It is noteworthy that PPARγ
did not change in αs1 cells compared to their controls as demonstrated by western blot (Figure 4a and
Supplementary S4).

Figure 4. PPARγ transcriptional activity in HUVEC with silenced EDF1. (a) The modulation of
PPARγ was evaluated in αs1 cells (αs1) (HUVEC with stably silenced EDF1) and compared to HUVEC
transfected with a scrambled nonsilencing sequence (used as control) (CTR). Cell lysates were analyzed
by western blot using antibodies against EDF1, PPARγ, and actin. A representative blot is shown;
(b) PPARγ activity was evaluated by luciferase assay in αs1 cells and compared to the control HUVEC;
(c) Real-Time PCR was performed on RNA samples from αs1 cells and relative control, treated or not
with VEGF (50/ng/mL) for 24 h. Three different experiments in triplicate were performed; (d) Nitric
oxide (NO) release was measured using the Griess method for nitrate quantification. The values were
expressed as the mean of three different experiments in triplicate ± standard deviation. * p < 0.05,
** p < 0.01, *** p < 0.001.

We then transfected subconfluent αs1 cells and the control cells with a vector expressing luciferase
under the control of a PPARγ responsive consensus (pDR1) [24]. After 4 h, the cells were treated with
VEGF (50 ng/mL) and luciferase activity was measured after 24 h. While VEGF stimulated PPARγ
transcriptional activation in control cells, this effect was prevented by silencing EDF1 (Figure 4b).
To reinforce this finding, we analyzed the expression of a PPARγ downstream target gene, i.e., fatty
acid-binding protein 4 (FABP4), which is known to be upregulated in HUVEC after 24 h exposure to
VEGF [25]. We cultured HUVEC in the presence of VEGF (50 ng/mL) for 24 h. Using Real-Time PCR,
we confirmed the overexpression of FABP4 RNA in control HUVEC treated with VEGF. In αs1 cells,
which downregulate EDF1, the induction was significantly reduced (Figure 4c).

Because HUVEC with silenced FABP4 produce lower amounts of nitric oxide (NO) than controls
and are insensitive to the stimulatory effect of VEGF [26], we measured the release of NO in αs1 cells
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and their controls that were treated or not with VEGF for 24 h. Figure 4d shows that while VEGF
induced NO secretion in control cells, it did not exert any significant effect in αs1 cells.

3. Discussion

ECs line the inner face of blood vessels and their integrity is fundamental for vascular homeostasis
and circulatory function [27]. Indeed, ECs are implicated in maintaining blood fluidity, governing
leukocyte trafficking and vascular tone, and in regulating immune response. Consequently, it is not
surprising that endothelial dysfunction, which is characterized by a pro-oxidant and pro-inflammatory
phenotype, orchestrates events leading to cardiovascular diseases. Moreover, healthy endothelial cells
are crucial for the maintenance of normal energy metabolism and, therefore, physiologic function of
all tissues [27]. There is now evidence that PPARγ is a key regulator of endothelial function [21,27]
and, accordingly, PPARγ activators inhibit the expression of proinflammatory molecules and the
synthesis of free radicals [27]. Many factors contribute to the integrity of the endothelium including
VEGF, which is critical for endothelial survival and barrier function in mature vessels [21]. On these
bases, we investigated whether VEGF activates PPARγ in HUVEC by recruiting the transcriptional
co-activator EDF1. We found that while VEGF does not change the total amounts of EDF1, it rapidly
induces EDF1 nuclear translocation, which is maintained for 24 h. These results are in accordance
with previous data showing EDF1 nuclear accumulation in HUVEC treated with the phorbol ester
12-O-Tetradecanoylphorbol-13-acetate (TPA) and the forskolin, which raise intracellular cAMP [20,23].
Interestingly, TPA, forskolin, and VEGF all induce the phosphorylation of EDF1 [20,22,23], and we
hypothesize that phosphorylation has a role in increasing the nuclear accumulation of EDF1. It should
be noted that EDF1 does not have a nuclear targeting sequence, and it is likely that a shuttle
protein drives EDF1 to the nucleus. If this is the case, we postulate that VEGF enhances this
shuttle mechanism. In the nucleus, VEGF stimulates the transcriptional activity of PPARγ in an
EDF1-dependent manner. Indeed, silencing EDF1 prevents VEGF-induced PPARγ activity. Since VEGF
increases the transcriptional activity of PPARγ in endothelial cells without altering its interaction with
EDF1, it is possible that VEGF induces a specific PPARγ ligand or inhibits a corepressor, thus altering
the balance between various transcriptional corepressors and coactivators. These results highlight an
important difference between adipocytes and endothelial cells. In 3T3-L1 preadipocytes, silencing
EDF1 decreases the total amounts of PPARγ and, in parallel, its transcriptional activity [15]. By contrast,
in HUVEC, silencing EDF1 affects only its transcriptional activity.

We also evaluated the expression of a PPARγ-responsive gene in HUVEC with silenced EDF1.
In particular, we focused on the modulation of FABP4, which encodes a cytoplasmic protein that has
a role in endothelial fatty acid metabolism and free radical production. It also impairs proliferation
and sprout elongation and impacts on nitric oxide synthesis [25,28]. Interestingly, pioglitazone—
an insulin-sensitizing thiazolidinedione and a PPARγ agonist—increases FABP4 levels. In this study,
we show that the activation of PPARγ by VEGF induces FABP4 expression through the involvement of
EDF1. Indeed, silencing EDF1 markedly inhibits the stimulatory effect of VEGF on FABP4 expression.
It is known that VEGF induces FABP4 through the Delta-like ligand (DLL) 4/NOTCH1 pathway [25].
Our results indicate that also PPARγ contributes to VEGF induction of FABP4 in HUVEC.

NO is a pivotal mediator of VEGF-induced responses and is essential for vascular function [29].
The regulation of NO production is very complex and it is noteworthy that both PPARγ and FABP4
are involved. Indeed, in endothelial cells, the activation of PPARγ increases NO release [30] while
the downregulation of FABP4 reduces it [28]. To this purpose, we show that αs1 cells do not respond
to VEGF by increasing NO release. We hypothesize that the downregulation of EDF1 impairs
VEGF-induced activation of PPARγ with consequent reduction of FABP4 and NO synthesis.

We conclude that VEGF induces EDF1 translocation to the nucleus where it acts as a transcriptional
coactivator of PPARγ. The transcriptional activation of PPARγ increases the expression of FABP4,
which is known to regulate NO production. Because NO is a marker of endothelial function, our results
substantiate that PPARγ activation has a role in maintaining the integrity of vessels and highlight
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EDF1 as a novel player in the complex regulation of PPARγ transcriptional activity in the endothelium.
On these bases, we propose that EDF1 makes an important contribution to maintain endothelial
integrity, and this may be crucial in the prevention of cardiovascular diseases.

4. Materials and Methods

4.1. Cell Culture

HUVEC—widely accepted as a model of macrovascular EC—were obtained from the American
Type Culture Collection (ATCC) and cultured in M199 containing 10% fetal bovine serum, 1 mM
glutamine, endothelial cell growth factor (150 μg/mL), 1 mM sodium pyruvate and heparin
(5 units/mL) on 2% gelatin-coated dishes [20]. In some experiments, we utilized HUVEC stably
transfected to silence EDF1 (αs1), while their controls (CTR) were transfected with a scrambled,
nonsilencing sequence as previously described [22].

4.2. Western Blot and Immunoprecipitation

Western blot was performed as described with antibodies against EDF1 (AVIVA Systems Biology
Corporation, San Diego, CA, USA), rabbit anti-PPARγ, and anti-actin (Sigma Aldrich, St. Louis, MO,
USA) [15]. Secondary antibodies were labeled with horseradish peroxidase (GE Healthcare, Milano,
Italy). The immunoreactive proteins were visualized with the SuperSignal chemiluminescence kit
(ThermoFisher Scientific, Waltham, MA, USA). To coimmunoprecipitate EDF1 and PPARγ, lysates were
immunoprecipitated using monoclonal antibodies against PPARγ. Nonimmune immunoglobulin G
(IgGs) were used as controls (Supplementary S3b). After binding to protein G-Sepharose, the samples
were processed for western blot with rabbit anti-EDF1 antibodies. Nuclear and cytosolic fractions
were obtained as described [20] and processed by western blot using antibodies against EDF1,
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and anti-TATA Binding Protein (TBP)
(Santa Cruz Biotechnology-Tebu Bio, Huissen, The Netherlands). All the experiments were repeated
at least three times. One representative blot is shown in the figures. Densitometry was performed
using ImageJ software (1.50i, National Institutes of Health, Bethesda, MD, USA) on three blots and
expressed using an arbitrary value scale. Results are shown as the mean ± standard deviation of three
separate experiments.

4.3. Immunofluorescence Staining

Subconfluent HUVEC on gelatin-coated coverslips were treated or not treated with
VEGF (50 ng/mL) (PeproTech, London, UK), fixed in phosphate-buffered saline containing
3% paraformaldehyde and 2% sucrose pH 7.6, permeabilized with HEPES-Triton 1%, incubated
with anti-EDF1 immunopurified IgGs, and stained with rhodamine-conjugated anti-rabbit IgGs [20].
Staining with rabbit nonimmune IgGs did not yield any significant signal.

4.4. Reporter Gene Assay

To study PPARγ activity, subconfluent HUVEC with silenced EDF1 and their controls were
transfected with plasmids pDR1-Luc (0.2 μg/cm2), using Arrest-in transfection reagent (Invitrogen)
as described [24]. Luciferase activity was measured after 24 h of treatment with VEGF (50 ng/mL)
using a luminometer. The transfection efficiency was normalized against a cotransfected reporter
plasmid phRL-TK encoding Renilla luciferase (5 ng/cm2), by dividing the firefly luciferase activity by
the Renilla luciferase activity according to the Dual-Luciferase Reporter Assay kit manual (Promega,
Madison, WI, USA). The experiments were performed in triplicate and the results are shown as the
mean ± standard deviation of three separate experiments.
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4.5. Real-Time-PCR

Total RNA was extracted using the PureLink RNA Mini kit (Ambion, Thermo Fisher Scientific,
Waltham, MA, USA). After quantification, equivalent amounts of total RNA were assayed by first
strand cDNA synthesis using SuperScript II RT (Invitrogen, Carlsbad, CA, USA). Real-time PCR
was performed at least two times in triplicate on the 7500 FAST Real-Time PCR System instrument
using TaqMan Gene Expression Assays (Life Technologies, Monza, Italy). We analyzed FABP4
(Hs01086177_m1), EDF1 (Hs00610152_m1), and PPARγ (Hs01115513_m1) while the housekeeping
gene GAPDH (Hs99999905_m1) was used as an internal reference gene. Relative changes in gene
expression were analyzed by the 2−ΔΔCt method.

4.6. NO Release

Griess assay was used to measure NO in cell culture media [23]. In particular, media were mixed
1:1 with fresh Griess solution and the absorbance was measured at 550 nm. The concentration of
nitrites in the media were determined using calibration curve generated using known concentration
of NaNO2 solutions. The experiment was performed in triplicate and the results are shown as the
mean ± standard deviation of three separate experiments.

4.7. Statistical Analysis

Statistical significance was determined using the Student’s t test and set at p values less than 0.05.
In the figures, * p < 0.05, ** p < 0.01, *** p < 0.001.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/7/
1830/s1.
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Abstract: Traditionally, peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α),
a 91 kDa transcription factor, regulates lipid metabolism and long-chain fatty acid oxidation by
upregulating the expression of several genes of the tricarboxylic acid cycle and the mitochondrial
fatty acid oxidation pathway. In addition, PGC-1α regulates the expression of mitochondrial genes
to control mitochondria DNA replication and cellular oxidative metabolism. Recently, new insights
showed that several myokines such as irisin and myostatin are epigenetically regulated by PGC-1α
in skeletal muscles, thereby modulating systemic energy balance, with marked expansion of
mitochondrial volume density and oxidative capacity in healthy or diseased myocardia. In addition,
in our studies evaluating whether PGC-1α overexpression in epicardial adipose tissue can act as
a paracrine organ to improve or repair cardiac function, we found that overexpression of hepatic
PGC-1α increased hepatic fatty acid oxidation and decreased triacylglycerol storage and secretion
in vivo and in vitro. In this review, we discuss recent studies showing that PGC-1α may regulate
mitochondrial fusion–fission homeostasis and affect the renal function in acute or chronic kidney
injury. Furthermore, PGC-1α is an emerging protein with a biphasic role in cancer, acting both as
a tumor suppressor and a tumor promoter and thus representing a new and unresolved topic for
cancer biology studies. In summary, this review paper demonstrates that PGC-1α plays a central role
in coordinating the gene expression of key components of mitochondrial biogenesis and as a critical
metabolic regulator in many vital organs, including white and brown adipose tissue, skeletal muscle,
heart, liver, and kidney.

Keywords: PGC-1α; metabolic homeostasis; adipose tissue; mitochondria

1. Introduction

The peroxisome proliferator-activated receptor gamma coactivator-1 (PGC-1) family includes
ligands of multiple nuclear or non-nuclear receptors that control the expression of specific
genes regulating cell metabolism. The first discovered member of the PGC-1 family, a 91 kDa
nuclear protein [1] identified in brown adipose tissue (BAT) in mouse studies of cold-induced
thermogenesis, was called peroxisome proliferator-activated receptor gamma (PPARγ) coactivator 1α
(PGC-1α) [2]. The biological activity of PGC-1α is tightly controlled at several levels: by transcriptional
control (of multiple promoter regions), alternative splicing of transcripts, and post-translational
modification (e.g., phosphorylation, acetylation, or methylation). This activity results in several mRNA
isoforms—PGC-1α-a, PGC-1α-b, PGC-1α-c, and NTPGC-1α—that enable cellular adaptation to various
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environmental conditions [3]. Studies have shown that PGC-1α can be used in different tissues with
different coactivators to induce changes in lipid oxidation, energy homeostasis, mitochondrial mass,
and insulin sensitivity. Here, we review these studies.

2. PGC-1α Can Regulate Lipid Metabolism

As a transcription factor, PGC-1α can bind to targets such as PPARα, PPARβ/δ, and PPARγ,
which coordinate the expression of mitochondrial genes and indirectly contribute to fatty acid (FA)
transport and utilization [4]. Furthermore, PGC-1α upregulates the expression of several genes of the
tricarboxylic acid cycle [5] and the mitochondrial FA oxidation pathway [6]. PGC-1α also regulates
the expression of nuclear and mitochondrial genes that encode components of the electron transport
system and oxidative phosphorylation (OXPHOS) via nuclear respiratory factors 1 and 2 (NRF-1 and
-2) and estrogen-related receptor α (ERRα) coactivation. These effects can increase the expression of
mitochondrial transcription factor A (mtTFA), which is known to control mtDNA replication and
transcription and therefore regulate cellular oxidative metabolism [7]. Accordingly, the augmented
expression of cytochrome c, cytochrome-c-oxidase subunits II and IV, and adenosine triphosphate
(ATP) synthase also result from PGC-1α activation [8–11].

Another noteworthy effect of PGC-1α is its ability to stimulate peroxisomal activity such as the
oxidation of long-chain and very-long-chain FAs [12]. Briefly, PGC-1α level is positively correlated
with the ability of cells to fully oxidize FA, an effect that may reduce intramuscular lipid deposition
and improve tissue insulin sensitivity. Chromatin immunoprecipitation assays have shown that the
mechanism of this effect includes the coactivation of liver X receptor α (LXRα), which stimulates
PGC-1α binding to the LXR response element in the FAS promoter. In addition, muscle-specific PGC-1α
expression in MPGC-1α transgenic mice exacerbated de novo free fatty acid (FFA) synthesis as well as
FA esterification and triacylglycerol (TAG) accumulation [13]. Furthermore, PGC-1α is involved in
lipid distribution and may upregulate FAT/CD36, FABPpm, and FATP1 mRNA and protein expression
in mitochondrial fractions. The latter effect was confirmed solely in murine FAT/CD36 and FABP3
cells [14].

3. PGC-1α as a Coactivator for Metabolic Homeostasis in Skeletal Muscle

Muscle adjusts to endurance exercise by promoting mitochondrial biogenesis, angiogenesis,
and changes of fiber composition [15–17]. Chinsomboona et al., had reported that mice lacking PGC-1α
in skeletal muscle failed to increase capillary density in response to exercise. This study showed that
β-adrenergic stimulation of a PGC-1 α/estrogen-related receptor alpha (ERRα)/vascular endothelial
growth factor (VEGF) axis modulates exercise-induced angiogenesis in skeletal muscle [18] and
truncated PGC-1α can lead to hypoxic induction of VEGF and angiogenesis in skeletal muscle [19].
In addition, PGC-1α activates transcription in cooperation with myocyte enhancer factor-2 (Mef2) and
acts as a target for calcineurin signaling, which has been involved in slow fiber gene expression [20].
Skeletal muscle-specific PGC-1α knock-out mice demonstrate a shift from oxidative type I and IIa
toward type IIx and IIb glycolytic muscle fibers [21]. Rasbach et al., reported that PGC-1α–mediated
switch to slow, oxidative fibers in vitro is dependent on hypoxia-inducible factor 2 α (HIF2α), and mice
lacking HIF2α in muscle increase the expression of genes and proteins related to a fast-twitch-fiber-type
switch [22]. Transgenic mice with mildly elevated muscle levels of PGC1α are also resistant to
age-related obesity and diabetes and show a prolonged lifespan [23]. These results strongly suggest
that PGC1α expression in skeletal muscles can significantly contribute to regulating systemic energy
balance. Recent studies also demonstrated that muscle contraction may induce the secretion of
molecules called myokines, which enables the crosstalk between skeletal muscle and other organs
such as adipose tissue, bone, liver, kidney, and brain; in this sense, skeletal muscle can be considered
an endocrine organ. Indeed, several myokines discovered in the past decade via secretome analysis
include interleukin-6, irisin/fibronectin type III domain-containing protein 5 (FNDC5), myostatin,
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interleukin-15, brain-derived neurotrophic factor (BDNF), β-aminoisobutyric acid, meteorin-like,
leukemia inhibitory factor, and secreted protein acidic and rich in cysteine (SPARC).

Several myokines are regulated by PGC-1: irisin/FNDC5, myostatin, and BDNF [24]. (1) Irisin is
a PGC-1α-dependent myokine. In mice with muscle-specific PGC-1α overexpression, PGC-1α induces
the expression of a membrane protein, FNDC5, and exercise triggers the cleavage of FNDC5 to generate
irisin and then secreted into the bloodstream, which elevates energy expenditure in subcutaneous
adipose tissue via adipocyte browning [25]. This process implies that PGC-1α overexpression with
exercise may increase the expression of uncoupling protein 1 (UCP-1) and eventually increase the
browning of white fat cells [25]. Recently, mass spectrometry was used to measure circulating irisin
levels in humans in an antibody-independent manner; irisin levels were increased by both short and
prolonged period exercise [26,27]. Under physiological conditions, irisin stimulates glucose uptake
and lipid metabolism via the activation of AMP-activated protein kinase (AMPK) [28–30] and is also
involved in muscle growth by inducing insulin-like growth factor 1 and suppressing myostatin [31].
In addition to having effects on muscle, exogenous administration of irisin induces adipocyte browning
in subcutaneous fat in mice via p38 mitogen-activated protein kinase (MAPK) and extracellular
signal-regulated kinase 1/2 (ERK1/2) [32]. In the murine liver, irisin stimulates glycogenesis
but reduces gluconeogenesis and lipogenesis by regulating GSK3, FOXO1, and SREBP2 [33–35].
(2) Myostatin is an autocrine and paracrine hormone secreted by muscle fibers and the only myokine
with inhibited secretion during muscle contraction and exercise [36]. In addition to its local involvement
in muscle atrophy [37], myostatin can also modulate metabolic homeostasis by regulating adipose
tissue function [38–40]. The inhibition of myostatin was found to ameliorate the development of
obesity and insulin resistance in mice fed a high-fat diet, presumably by mechanisms promoting
lipolysis and mitochondrial lipid oxidation in adipose tissue and liver [41]. In addition, Dong et
al., showed that inhibition of myostatin resulted in the conversion of white adipose tissue (WAT) to
brown adipose tissue (BAT), while enhancing fatty acid oxidation and increasing energy expenditure.
Inhibition of myostatin increased PGC-1α expression and irisin production in muscle. Irisin stimulated
browning via mediating muscle-to-fat cross talk [42]. Myostatin knockout mice are characterized by
increased expression and phosphorylation of AMPK in muscle, which subsequently activates PGC1α
and Fndc5. This study demonstrated that Fndc5 is upregulated and secreted from muscle to induce
browning of WAT in myostatin knockout mice [43]. (3) BDNF is known primarily as a molecule
released by the hypothalamus and as a key element regulating neuronal development, plasticity, and
energy homeostasis [44]. Cao et al., found that hypothalamic overexpression of BDNF via recombinant
adeno-associated virus (rAAV) duplicated the enriched environment (EE)-associated activation of
the brown fat program and lean phenotype. This study suggested that induction of hypothalamic
BDNF expression in response to environmental stimuli results in selective sympathoneural regulation
of white fat browning and increased energy dissipation [45]. Wrann et al., showed hippocampal
BDNF gene expression [46]. PGC-1α knockout mice show decreased FNDC5 expression in the brain.
Overexpression of FNDC5 increases BDNF expression in primary cortical neurons. Furthermore,
peripheral delivery of FNDC5 to the liver leads to elevated blood irisin and increased BDNF expression
in the hippocampus. Taken together, this study links endurance exercise and the significant metabolic
mediators, PGC-1α and FNDC5, with BDNF expression in the brain [46] (Figure 1).
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Figure 1. Schematic description of peroxisome proliferator-activated receptor gamma coactivator-1α
(PGC-1α) function in various organs. Traditionally, in brown adipocytes (BAT) and white adipocytes
(WAT), mitochondrial biogenesis and BAT gene expression are regulated by PGC-1α. Adrenergic
stimulation and lower temperature trigger signaling cascades, including the upregulation of UCP-1
level, thereby resulting in body thermogenesis. In skeletal muscle and WAT, the transcriptional activity
of PGC-1α is responsible for the expression of gene networks that control glucose uptake, glycolysis,
fatty acid (FA) oxidation, tricarboxylic acid cycle, oxidative phosphorylation (OXPHOS), mitochondrial
biogenesis, and protein uncoupling. Therefore, increasing exercise will increase mitochondrial
gene biogenesis and secretion of myokines (such as irisin), which results in WAT browning and
liver gluconeogenesis to prevent obesity and insulin resistance. In epicardial adipose tissue (EAT),
increased heme oxygenase 1 (HO-1) expression depends on the PGC-1α–UCP-1 axis activity, which then
decreases free radicals and reactive oxygen species (ROS) production, thus reducing cardiomyopathy.
However, whether increased expression of cytokines such as TNF-α, IL-6, or adipokines by the
PGC-1α–UCP-1 axis can reduce cardiomyopathy or not is still unclear.

4. PGC-1α as a Coactivator in WAT Browning, Thermogenesis, and Mitochondrial Biogenesis

Much of the adaptive thermogenesis in small mammals takes place in BAT. BAT is morphologically
and metabolically different from WAT and partly exerts opposite physiological functions. Adipocytes
from BAT contain multiple small triglyceride-filled droplets as well as a large number of mitochondria.
In addition, their mitochondria contain a specific UCP-1, expressed only in brown adipocytes.
Genetic studies with mice lacking UCP-1 or PGC-1α in adipocytes indicated that (1) PGC-1α is
the only protein that can powerfully activate the UCP-1 enhancer in non-BAT cell lines and (2) when
pharmacologically introduced into white adipocytes, PGC-1α induces mitochondrial gene expression
and mitochondrial biogenesis. Finally, PGC-1α is a downstream target of adaptive thermogenesis
in BAT via adrenergic receptor activation [47,48], the key mechanism in brown-fat differentiation in
in vitro cell cultures and in vivo cellular responses to cold exposure [24]. Brown fat and skeletal muscle,
in which PGC-1α is highly expressed and can be induced by cold or adrenergic stimuli with enhanced
mitochondrial biogenesis, are the two main contributing tissues in adaptive thermogenesis via the
adrenergic receptor PGC-1α–UCP-1 axis. Scarpulla and collaborators [49,50] identified and cloned two
novel transcription factors, NRF-1 and -2, that bind to the promoter region of the mitochondrial genes

105



Int. J. Mol. Sci. 2018, 19, 3447

β-ATP synthase, cytochrome-c, cytochrome-c-oxidase subunit IV, and mtTFA. PGC-1α has a major
effect on the NRF system. When introduced into muscle cells in vitro, PGC-1α greatly induces the
gene expression of NRF-1, NRF-2, and mtTFA. Furthermore, PGC-1α interacts directly with NRF-1
and co-activates its transcriptional activity [51] (Figure 1).

5. PGC-1 Controls Cardiac Energy Metabolism in Healthy or Diseased Myocardia

In mammalian embryos, proliferating cardiomyocyte precursor cells rely on glycolysis as their
major energy source, and mitochondrial tissue and oxidative metabolism are poorly developed.
Once precursor cells differentiate into mature cardiomyocytes, a shift occurs from glycolysis to FA
metabolism as the main provider of the entry point for mitochondrial oxidative phosphorylation,
which in mature heart cells yields most of the energy [52]. Therefore, during neonatal development,
the healthy myocardium increases its rate of β-oxidation while simultaneously decreasing glycolytic
activity. Eventually, adult heart muscle derives ~90% of its energy from oxidative phosphorylation
in mitochondria, which occupy only ~30% of cardiomyocyte volume [53,54]. During various cardiac
disease processes, such as hypertrophy or ischemia-induced cardiomyopathy, both the inhibition
of mediators of mitochondrial oxidative phosphorylation (cytochrome-c-oxidase subunits) and the
expression or activity of metabolic enzymes involved in oxidative phosphorylation [55,56] were
noted [57]. These processes of cardiac remodeling result in a gradual decrease in mitochondrial
biogenesis [58], and ATP is utilized for maintaining ion homeostasis rather than for force production
during cardiomyocyte contraction; this process leads to irreversible hypertrophy or dilated
cardiomyopathy. However, during prolonged periods of cardiac remodeling, cardiomyocyte energy
metabolism is regulated by the actions of various transcription factors and their coactivators, such as
the PGC-1 family. PGC-1α has been shown to interact with three families of transcription factors:
(1) the PPAR family, which regulates the expression of genes involved in FA oxidation; (2) the ERR
family; (3) NRF-1 [2,59–61], which controls genes that are involved in mitochondrial oxidative
phosphorylation and the electron transport chain [62,63]. In cardiomyocytes, PGC-1α is considered a
master regulator of metabolism because it co-activates PPARs, ERRs, and NRFs [4,64] and may thereby
control the entire metabolic phenotype of cardiomyocytes [7].

In the heart, the interrelationship between PGC-1α and PPARα plays an important role in
regulation of the expression of enzymes involved in FAO and uptake pathways [65] and may
be involved in regulation of mitochondrial biogenesis [66]. PGC-1α loss of function in murine
heart exhibited a damage to mitochondrial respiratory function and reduced expression of genes
involved in several mitochondrial metabolic pathways [67–69]. Hearts from PGC-1α KO mice showed
reductions in mitochondrial enzymatic activities and ATP levels [67]. Arany et al., had shown that
PGC-1α KO mice are prone to develop of heart failure in response to transverse aortic constriction
(TAC). Furthermore, induction of PGC-1α in cells via catecholamine treatment can reverse the
mitochondrial genes inhibition, suggesting that PGC-1α may be a potential therapeutic target in
heart failure [68]. In addition, PGC-1α deficient mice cause energy metabolic derangements in
multiple systems [69]. Conversely, overexpression of PGC-1α in adult mice had shown a moderate
mitochondrial proliferation, abnormal mitochondrial architecture and severe cardiac dysfunction [70],
and constitutive overexpression of PGC-1α in murine heart resulted in unconstrained mitochondrial
proliferation in cardiac myocytes leading to a dilated cardiomyopathy [10].

Cardiac energy substrate metabolism is disturbed in the hypertrophic and failing heart.
The myocardium switches from dependence on fatty acid oxidation (FAO) to glucose utilization in the
failing heart, mainly anaerobic glycolysis [71–74]. These alterations in energy substrate preference are
regulated, at least partially, by the downregulation of the genes involved in OXPHOS and FAO and
the PPARα–PGC-1α complex [56,73,75–78]. The expression levels of PPARα and PGC-1α are reduced
in several mice models of pressure overload, hypertensive heart disease [68,75,79], ischemic heart
disease [57,80–82], hypoxia [76], and genetically engineered mouse models of heart failure [83–85].
Additionally, under pathologic conditions, PPARα activity is inhibited by the lower levels of the
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heterodimeric partner, retinoid X receptor (RXR) [86] and by direct phosphorylation, dependent on the
extracellular signal-related kinase and mitogen-activated protein kinase (ERK–MAPK) pathway [75].
These findings suggest that deactivation of the cardiac PPARα–PGC-1α axis is an important
component of the switch in energy metabolism in the failing heart. It remains to be addressed
whether the deactivation of the oxidative metabolism and the PPARα–PGC-1α complex in the
hypertrophied and ischemic heart is adaptive or maladaptive. The increment of myocardial reliance
on anaerobic glycolytic pathways for ATP production is likely an adaptive response to reduce oxygen
consumption. Indeed, partial inhibitors of FAO exhibited a promising therapeutic effect for cardiac
disease [87–89]. Liao et al., had reported that overexpression of the GLUT1 glucose transporter can
prevent pressure overload-induced heart failure [90]. Moreover, overexpression of PGC-1α [83] and
PPAR agonists [91–93] can prevent cardiac hypertrophy or improve cardiac myocyte contractility.

Cardiovascular disease is extraordinarily widespread in diabetic patients. Cardiomyopathy in
diabetic subjects that occurs in the absence of known risk factors (hypertension, hyperlipidemia,
etc.) is often referred to as “diabetic cardiomyopathy” [94–97]. Many studies have proposed that
abnormalities in myocardial energy metabolism play an important role in the pathogenesis of diabetic
cardiomyopathy. Indeed, the diabetic heart relies nearly exclusively on mitochondrial FAO for
ATP requirements [98–101]. The expression levels of PPARα, PGC-1 α, and various target genes
involved in FAO are increased in the murine insulin-resistant [66] and diabetic heart [102–104].
Moreover, transgenic mice that overexpress PPARα exclusively in the heart (MHC-PPARα mice)
demonstrate a cardiac metabolic phenotype similar to that observed in the diabetic heart, including
accelerated rates of FAO, reduction in glucose uptake and utilization, and repression of the
mitochondrial biogenic response [66,102]. Mitochondria isolated from diabetic rodents showed
reduced rates of OXPHOS [105,106] and decreased efficiency in ATP synthesis [107,108], likely due
to increased uncoupled respiration [108]. The importance of PPARs and PGC-1α in the modulation
of cardiac energy metabolism makes these regulatory pathways attractive therapeutic targets for
diabetic cardiomyopathy.

In summary, increased PPARα and PGC-1α expression with the marked expansion of
mitochondrial volume density and oxidative capacity accompany normal cardiac growth
during postnatal maturation. Conversely, pathologic hypertrophy is associated with decreased
PPARα–PGC-1α expression and/or activity and diminished reliance on oxidative mitochondrial
metabolism, which leads to intramyocardial cell lipid accumulation. Finally, gain-of-function studies
with PGC-1α overexpression in mice revealed that the extent of cardiomyopathy is primarily
determined by the amount of PGC-1α that could be detected in the heart and, more importantly,
the moment and duration of its emergence. Thus, both the synthesis and the moment of appearance of
PGC-1α play important roles in the regulation of myocardial metabolism and mitochondrial biology
(Figure 1).

6. Is PGC-1 a Paracrine Regulator in Epicardial Adipose Tissue?

Recently, a new type of adipose tissue, epicardial adipose tissue (EAT), was found in the heart of
patients undergoing open-heart surgery. EAT is physically located next to the myocardium within
the lateral wall of the right ventricle and the anterior wall of the left ventricle and surrounds the
right coronary and left-anterior descending coronary arteries [109]. Similar to WAT, EAT shows high
rates of lipogenesis but also high degrees of WAT lipolysis and thus serves as a local triacylglycerol
(TAG) store [110]. EAT contains about five times more UCP-1 mRNA than WAT and also shows
high expression of many genes of beige adipose tissue [111], that is, CD137, PRDM16, PGC-1α,
C/EBPβ, and PPARα. The present understanding of the potential physiological roles of EAT
includes: (1) the release of free FAs as energy to the myocardium under conditions associated with
high metabolic demands, (2) the expression of the thermogenic protein UCP-1 in response to cold
exposure, and (3) the expression and secretion of specific molecules for cardiovascular protection
by vasocrine and paracrine pathways. EAT contributes to cardiovascular protection and vessel
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remodeling by secreting various paracrine factors. Several EAT-derived factors or cytokines, such as
tumor necrosis factor alpha (TNF-α), monocyte chemoattractant protein-1 (MCP-1), interleukin-6
(IL-6), IL-1β, plasminogen activator inhibitor-1 (PAI-1), resistin, and adipokines, have both vasocrine
and paracrine effects on the myocardium [112,113]. Other specific molecules secreted from EAT,
such as adiponectin and adipocyte-derived relaxing factors called adipokines, can decrease contraction
and vasoconstriction by increasing nitric oxide (NO) release or by reducing reactive oxygen species
(ROS) production [114]. In addition, macrophages residing in EAT can release anti-inflammatory
cytokines such as IL-10 [115]. EAT may contribute to cardioprotection by the local secretion of
anti-inflammatory and anti-atherogenic adipokines such as adiponectin and adrenomedullin [116,117].
Both adiponectin and adrenomedullin are directly secreted from EAT into the coronary circulation, and
their mRNA levels are correlated with their intracoronary levels [118,119]. Clinically, both adiponectin
and adrenomedullin expression in EAT were significantly reduced in patients with coronary artery
disease [118,119]. In a clear demonstration of the paracrine regulation of the cardiac function by PGC1
in mice, we found that chronic iron loading attenuated serum adiponectin concentration, thereby
resulting in cardiomyopathy. In addition, adiponectin gene (ADIPOQ) overexpression in the heart after
adeno-associated virus delivery (AAV-ADIPOQ) ameliorated cardiac iron deposition and restored the
cardiac function in iron-overloaded mice; this occurred via the induced expression of heme oxygenase
1 (HO-1) through the PPARα–PGC-1 complex–dependent pathway in cardiomyocytes [120]. Craige et
al., created mice with endothelial-specific loss of function (PGC-1α EC KO) that showed significantly
reduced PGC-1α expression as well as decreased endothelial NO synthase (eNOS) expression and
NO• bioactivity in response to angiotensin-II-induced hypertension [121]. The authors found that
PGC-1α EC KO mice had significantly increased blood pressure with vascular dysfunction compared
with Cre control mice. In summary, they showed that endothelial PGC-1α expression is required to
exert vascular protection via increased bioactivity of NO• through ERRα-induced expression of eNOS,
thus preventing cardiovascular disease.

7. Potential for PGC-1α to Modulate Paracrine Regulators in the Heart

PGC-1α is abundantly expressed in tissues with high energy requirements, such as the heart,
skeletal muscle, kidney, and BAT [122,123]. In these tissues, PGC-1α controls the expression of genes
involved in energy homeostasis, mitochondrial biogenesis, and free FA oxidation function [5,6]. In the
heart, cardiomyopathy progression is determined by the amount and the time period of PGC-1α
expression. However, the therapeutic window of PGC-1α in cardiomyocytes is relatively narrow
because prolonged overexpression of this cofactor leads to uncontrolled mitochondrial proliferation,
abnormal sarcomeric structure, and dilated cardiomyopathy [10,124]. Similar phenomena were found
in kidney diseases. In the kidney, the basal expression of PGC-1α is stronger in the proximal than the
distal tubules, whereas in the glomerulus it is low. A recent study showed aggravated glomerular
cell injury when PGC-1 was chronically overexpressed, which is in contrast to the beneficial effects of
PGC-1α expression in the proximal tubules promoting acute kidney injury recovery during systemic
inflammation [125] or in cisplatin-induced acute renal injury [126]. The cardiac endothelium forms a
continuous monolayer of cells that lines the cavity of the heart (endocardial endothelial cells (EECs))
and the luminal surface of the myocardial blood vessels (intramyocardial capillary endothelial cells
(IMCEs)). Both EECs and IMCEs can master the contractility of cardiomyocytes by releasing various
factors such as NO via endothelial NO-synthase (eNOS), angiotensin II, endothelin-1, peptide growth
factors, prostaglandins, and neuregulin-1 (NRG-1) [127]. Craige et al., showed that PGC-1α expression
protects the endothelium via increased eNOS expression and NO• bioactivity. ERRα is required for
PGC-1α-mediated eNOS expression [121]. Chronic NRG-1 treatment increased oxidative metabolism
and mitochondrial activity by enhancing the expression of PGC-1α and PPARδ [128]. Whether PGC-1α
can modulate paracrine regulator in the heart needs further investigation. Besides, there are no reports
confirming that EAT can act in a paracrine fashion to regulate PGC-1α expression in cardiomyocytes.
However, prior reports have indicated that the expression of PGC1α in skeletal muscle may enable
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the production and release of myokines for the crosstalk between skeletal muscle and other organs.
Therefore, future studies should focus on exploring whether PGC-1 in EAT stimulates the secretion
of factors that regulate cardiac functions in a paracrine manner, in which cardiac muscle and skeletal
muscle can act as endocrine organs.

8. PGC-1α Regulates Metabolic Homeostasis in the Liver

The expression of PGC-1α is induced in the liver at birth [129]. Starvation induces PGC-1α
expression in the adult liver via glucagon and glucocorticoid (GR) signaling [130]. The fed-to-fasted
transition cause metabolic changes in the liver to promote adaptation to nutrient deprivation.
These metabolic changes consist in the activation of hepatic gluconeogenesis, FA β-oxidation,
heme biosynthesis, bile acid homeostasis, and synthesis and secretion of ketone bodies [131]. In vitro
studies in hepatocytes and in vivo studies have shown that PGC-1α is sufficient to activate the
hepatic fasting responses, which include gluconeogenesis, ketogenesis, FA β-oxidation, and bile acid
homeostasis [130,132,133]. PGC-1α regulates the metabolic adaption to fasting by coactivating key
hepatic transcription factors such as HNF4α, PPARα, GR, FOXO1, LXR, and FXR [4]. PGC-1α-KO mice
and RNAi-mediated liver-specific PGC-1α-knockdown mice showed defective gluconeogenic gene
expression and hepatic glucose production [134,135]. These mice show a tendency for hypoglycemia
and hepatic steatosis upon fasting [69]. In addition, PGC-1α stimulates the expression of genes involved
in homocysteine metabolism in cultured primary hepatocytes and in the liver [136]. Hepatic PGC-1α
protein expression and activation of mitochondrial biogenesis were reduced in a mouse model of
hepatic steatosis [137]. PGC-1α plays an important role in exercise-induced hepatic mitochondrial
adaptation [138]. PGC-1α expression was lower in the liver of obese, sedentary humans than lean
humans [139]. Overexpression of hepatic PGC-1α increased hepatic FA oxidation with decreased TAG
storage and secretion in vivo and in vitro [140]. In addition, PGC-1α integrates the mammalian clock
and energy metabolism. PGC-1α stimulates the gene expression of the clock genes Bmal1 (Arntl) and
Rev-erbα (Nr1d1) by coactivation of the receptor tyrosine kinase-like orphan receptor family of orphan
nuclear receptors. PGC-1α-null mice show abnormal diurnal rhythms of activity, body temperature,
and metabolic rate [141]. Therefore, PGC-1α regulates both the fed-to-fasted energy transition and the
diurnal rhythm in liver metabolic homeostasis.

9. PGC-1α Regulates Kidney Metabolism via Mitochondrial Homeostasis

As a bridge between homeostasis and mitochondrial function, PGC-1α activates NRF-1 and -2,
which are nuclear-encoded transcription factors that promote the expression of multiple genes
involved in mitochondrial DNA transcription and mitochondrial respiratory chains with anti-oxidative
effects [142,143]. In the kidney, PGC-1α is predominantly expressed in the proximal tubules,
and enforced expression of PGC-1α in cultured proximal tubular cells increased mitochondrial
number, respiratory capacity, and mitochondrial protein level, which indicates the effectiveness
of PGC-1α in proximal tubular homeostasis [122,144]. In the septic acute kidney injury (AKI) model,
PGC-1α expression in tubular cells was proportionally decreased with an increasing degree of renal
impairment. Although mice with PGC-1α gene deletion do not show altered kidney size [69,134],
they exhibit increased serum blood urea nitrogen (BUN) and creatinine levels in these models [125],
and patients and mouse models with acute and chronic kidney disease commonly show decreased
PGC-1α expression accompanied by reduced FA oxidation. In addition, treatment with the PPARγ
agonist rosiglitazone could induce PGC-1α expression in the nucleus of renal mesangial cells and
significantly ameliorate renal fibrosis in mouse models of diabetic kidney disease. Furthermore, in vitro
experiments with cultured renal mesangial cells demonstrated that PGC-1α knockdown increased
glucose-induced ROS levels [145].

Studies from Rasbach et al., who used tertbutyl hydroperoxide (tBHP), an agent that profoundly
depletes cellular glutathione, to induce oxidative stress in the rabbit proximal tubular cell
culture system resulted in iron-dependent lipid peroxidation with extensive primary mitochondrial
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damage [146]. PGC-1α protein level was greatly increased after tBHP treatment, and the increase could
be blocked by inhibiting the epidermal growth factor receptor–Src–p38 MAPK axis pathway. However,
adenovirus-induced PGC-1α overexpression produced a 25% to 50% increase in mitochondrial
number [147], which had a protective effect against tBHP-induced cell damage [144]. Choi et al.,
found that PGC1-α could attenuate ischemia-reperfusion-induced acute kidney injury by ameliorating
the mitochondria dysfunction mediated by p38 signaling [148]. These consistent in vivo and in vitro
findings indicate that PGC-1α expression may be increased in the early stage of acute and chronic
kidney injury as a compensatory response and PGC-1α can regulate renal tubular mitochondrial
biogenesis. Other kidney cells, such as podocytes and endothelial cells, are less metabolically active and
have a narrow PGC-1α tolerance. Increasing PGC-1α levels in podocytes induce podocyte proliferation
and collapsing glomerulopathy development, whereas increasing PGC-1α levels in endothelial cells
alter the endothelial function and cause microangiopathy, thus highlighting the cell type-specific role
of PGC-1α in the kidney (Figure 2A).

 

Figure 2. Schematic description of PGC-1α function in renal homeostasis. (A) PGC-1α associated
with nuclear respiratory factors 1 and 2 (NRF-1/2) has a protective role in renal epithelial cells,
including the proximal convoluted tubule, loop of Henle, and distal convoluted tubule, during
renal injury by increasing mitochondrial biogenesis in epithelial cells. Bowman’s capsule, podocytes,
and endothelial cells have a narrow PGC-1α tolerance. Increased PGC-1α levels in podocytes induce
podocyte proliferation and collapsing glomerulopathy development, whereas increased PGC1-α in
endothelial cells alters endothelial function and causes microangiopathy, thereby resulting in renal
injury. (B) The role of mitochondrial fusion and fission in mitophagy. Mitochondrial fusion is promoted
by the Mfn2 gene, whereas Drp1 promotes mitochondrial fission. Increased Drp1 and decreased Mfn2
expression exacerbates tubular damage, thereby contributing to kidney disease; however, studies have
shown opposite results and inconsistencies. Whether PGC-1α transcriptionally regulates Drp1 and
Mfn2 requires further research.

Defects in mitochondrial fusion–fission homeostasis lead to altered mitochondrial morphology
and impaired mitochondrial function and cause tubular damage in acute kidney injury. In addition,
the balance between mitochondrial fusion and fission shifts to mitochondrial fission, resulting in
mitochondrial fragmentation and then altered mitochondrial structure and renal tubular cell
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apoptosis [149]. Brooks et al. [149] observed mitochondrial fragmentation and Drp1 mobilization
to the outer mitochondrial membrane in injured tubular cells. Drp1, a mitochondrial fission
mediator, is activated rapidly after ischemia-reperfusion-induced injury and induces mitochondrial
fragmentation and subsequent renal tubular cell apoptosis [149]. By using dominant-negative mutants
and RNA interference, Jiang et al., demonstrated that Drp1 inhibition attenuated mitochondrial
fragmentation, preserved mitochondrial integrity, limited renal cell apoptosis, and preserved
kidney function. However, pharmacological inhibition or genetic deletion of autophagy-related
genes worsened renal injury. These inconsistent results may imply that excessive mitochondrial
fission during acute kidney injury is deleterious to organ function, and safe clearance of damaged
mitochondria via mitophagy may be protective [150,151]. Meanwhile, primary cultured cells with
tissue-specific knockout of Mfn2, a mitochondrial fusion mediator, in renal proximal tubular cells were
highly sensitive to Bax activation and cytochrome c release, which led to cell apoptosis. However,
Mfn2 is also known to suppress cell proliferative effects via p21Ras, independently of mitochondrial
dynamics [152,153]. Such Mfn2-mediated hyperplasia suppression may contribute greatly to renal
recovery after stress; therefore, reducing Mfn2 level in proximal tubular cells might actually accelerate
organ recovery [154,155]. Gall et al., had shown that conditional knockout of proximal tubule Mfn2
markedly boosts recovery of renal function and increased rodent survival after acute renal ischemia,
partially by activating Ras and ERK1/2 signaling [156]. The above findings indicate, in general,
that increased Drp1 or decreased Mfn2 levels exacerbate renal tubular damage via an imbalance in
mitochondrial fission and fusion, with subsequent enhancement of mitochondrial fragmentation
and aggravated acute kidney injury; however, studies with opposite results were also reported
(Figure 2B). Further research is needed to investigate whether PGC-1α evokes the performance of the
mitochondrial genes via the Drp1–Mfn2 balance pathway and thus affects the function of the kidney in
health or disease.

10. PGC-1α Regulates Cancer Metabolism

Metabolic reprogramming occurring in cancer cells refers to the ability to grow and survive under
nutrient-starved or stressful microenvironments [157,158]. Increments in glycolysis, glutaminolytic
flux, amino acid and lipid metabolism, and mitochondrial biogenesis have been observed in cancer
development [159–162]. Deregulated metabolism is associated with oncogenesis, including the
phenomenon of epithelial-to-mesenchymal transition (EMT), a complicated process that enables
cancer cells to invade neighboring tissues and migrate to the vasculature [163–165]. Among the
numerous regulators of cancer metabolism, PGC-1α has been shown to regulate many processes linked
to oncogenesis by, for example, promoting the expression of antioxidant genes which protect cells from
the detrimental effects of ROS, enhancing the catabolism of glucose and fatty acids, and promoting
gluconeogenesis and lipogenesis which perform opposite anabolic functions [166–170]. No specific
variant or isoform of PGC-1α has been reported in cancer studies. Some studies have shown that
biphasic expression of PGC1α was observed in cancer biopsies or cells of breast cancer [171–174],
melanoma [175–177], colon cancer [169,178], and ovarian cancer [179–181]. Low PGC-1α levels are
associated with a worse outcome in breast and liver carcinomas [171,172,182]. The chemoresistant
clear-cell subtype of ovarian carcinoma was identified by the lack of expression of both PGC-1α
and mitochondrial transcription factor A (TFAM) [180]. In contrast, some studies showed that the
plasma concentrations of PGC1α in breast cancer patients were higher than in healthy groups, and a
multivariate analysis showed a correlation between high levels of PGC-1α and worse prognosis [183].
In a report of prostate cancer, androgens signaling via AMPK caused the increment of PGC1α
mitobiogenesis, OXPHOS, and glycolysis. Furthermore, findings in mouse xenografts and patient
samples suggested that AMPK–PGC1α function was associated with prostate cancer growth [184].

Even though many studies have investigated the role of PGC-1α in cancer by examining its
expression via PGC-1α overexpression and siRNA knockdown experiments, the role of PGC-1α in
cancer is still controversial. Several studies have shown that PGC-1α has tumor-suppressive effects.
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PGC-1α overexpression in melanoma cells by adenovirus infection suppressed metastasis via the
direct regulation of inhibitor of DNA binding protein 2 (ID2) and the inhibition of transcription factor
4 (TCF4)-mediated gene transcription [177]. Human ovarian cancer cell line Ho-8910 overexpressing
PGC-1α has been shown to undergo apoptosis through downregulation of B-cell lymphoma 2 (Bcl-2)
and upregulation of Bcl2-associated X protein (Bax) [185]. Wang et al., revealed that increased PGC-1α
expression by a PPAR pan-agonist (bezafibrate) upregulated mitochondrial biogenesis, resulting
in the inhibition of proliferation and invasion in HeLa, 143B, and MDA-MB-231 cancer cells [186].
Overexpression of PGC-1α by adenovirus infection in HepG2 human hepatoma cells upregulated
E-cadherin expression and inhibited cell motility [187]. A study by Torrano et al., showed that
PGC-1α inhibited the metastasization of prostate carcinoma via an estrogen-related receptor alpha
(ERRα)-dependent transcriptional program [188]. PGC-1α overexpression in HT29 and HCT116
colorectal cancer cells induced apoptosis through ROS accumulation [178].

As opposed to the tumor-suppressive role of PGC-1α described above, many reports have shown
that PGC-1α is a tumor promoter [169,170,176,184,189–191]. Bhalla et al., demonstrated that PGC-1α
knockout mice had reduced chemical-induced liver and colon carcinogenesis, suggesting that PGC-1α
may induce carcinogenesis [169]. This study reported that PGC-1α stimulates carcinogenesis and
tumor growth via the induction of lipogenic enzymes (fatty acid synthase and acetyl-CoA carboxylase)
in genetically modified PGC-1α mice [169]. In addition, knockdown PGC-1α significantly induced
apoptosis in PGC-1α-positive melanoma cell lines, suggesting that PGC-1α regulates the survival of
PGC-1α-positive melanoma cells [176]. PGC-1α promoted prostate cancer cell growth through the
activation of androgen receptor [184,189]. It was shown that cell proliferation was inhibited in PGC-1α
siRNA knockdown experiments in H1944 lung adenocarcinoma cells [191]. Similarly, overexpression of
PGC-1α induced HEK293 cell proliferation and tumorigenesis through the upregulation of Specificity
protein 1 (Sp1) and acyl-CoA-binding protein [190]. PGC-1α overexpression or ERRα activation
conferred breast cancer cell growth ability, even under hypoxia conditions [170]. Despite the fact that
PGC-1α can act as a tumor suppressor and a tumor promoter, there is no explicitly defined mechanism
that can explain its dichotomous effects. However, its dual actions can be partially explained by its cell
type-specific effects and varied interacting proteins.

11. Conclusions

PPARα and PGC-1α play a central role in metabolic flexibility by driving robust and coordinated
changes in the expression of key components of mitochondrial biogenesis and by performing a
critical metabolic regulation in many vital organs, including adipose tissue, skeletal muscle, heart,
liver, and kidney (Figure 1). Traditionally, in BAT and WAT, mitochondrial biogenesis and BAT
gene expression are regulated by PGC-1α. Adrenergic stimulation and reduced temperature trigger
signaling cascades including the upregulation of UCP-1 level, thereby resulting in body thermogenesis.
In skeletal muscle and WAT, the transcriptional activity of PGC-1α is responsible for the expression of
gene networks that control glucose uptake, glycolysis, FA oxidation, the TCA cycle, OXPHOS, and
mitochondrial biogenesis and uncoupling. Therefore, increased exercise will increase mitochondrial
gene biogenesis and the secretion of myokines (such as irisin), resulting in WAT browning and liver
gluconeogenesis and preventing obesity and insulin resistance. In EAT, increased HO-1 expression
depends on the PGC-1α–UCP-1 axis, which subsequently decreases free radical and ROS production,
thus reducing cardiomyopathy. However, whether long-term PGC-1α overexpression improves or
impairs heart or kidney function under disease- or stress-induced remodeling is unclear. In cancer, the
dichotomous effects of PGC-1α can be partially explained by its cell type-specific effects and diverse
interacting proteins. Therefore, more details in vivo and pre-clinical work are required to assess the
usefulness of PGC-1α-inducing drugs in cardiovascular, renal, and cancer therapy.
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Abstract: The purpose of the current study was to examine the influence of single-nucleotide
polymorphisms (SNPs) in the peroxisome proliferator-activated receptor-δ (PPAR-δ), PPAR-γ, and α2
isoforms of the catalytic subunit of AMP-activated protein kinase (PRKAA2) on the extent of changes
in anthropometric indices and blood measurements through exercise-centered lifestyle intervention
in middle-aged men. A total of 109 Japanese middle-aged male subjects (47.0 ± 0.4 years) participated
in the baseline health checkup, 6-month exercise-centered lifestyle intervention, and second checkup
conducted several months after the subject completed the intervention. The body mass index (BMI),
waist circumference, and clinical measurements, including hemoglobin Alc (HbA1c), triglyceride
(TG), alanine aminotransferase (ALT), and γ-glutamyl-transpeptidase (γ-GTP), were measured at the
baseline and second checkup. The three SNPs of PPAR-δ A/G (rs2267668), PPAR-γ C/G (rs1801282),
and PRKAA2 A/G (rs1418442) were determined. Blunted responses in the reduction in the BMI and
waist circumference were observed in A/A carriers of PPAR-δ SNP compared with G allele carriers
(all p < 0.05). The A/A carriers also displayed less-marked improvements in HbA1c, TG, ALT, and
γ-GTP (all p < 0.05). The current results suggest that A/A carriers of PPAR-δ SNP (rs2267668) may
enjoy fewer beneficial effects of exercise-centered lifestyle intervention on anthropometric indices
and blood measurements.

Keywords: exercise; PPAR; SNP; obesity; lipid; glucose; HbA1c; liver enzyme

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors that play an important
role in obesity and metabolism [1,2]. There are three isoforms of PPARs—PPAR-α, PPAR-δ/β, and
PPAR-γ—all of which are activated by dietary or endogenous fatty acids and their metabolic derivatives
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and regulate lipid and glucose metabolism by modulating the expression of their target genes [1,2].
While PPAR-α and PPAR-γ are preferentially expressed in liver and adipose tissue, respectively [1],
PPAR-δ is ubiquitously expressed throughout the body, and its expression is especially high in skeletal
muscle compared with the other two isoforms [3,4]. These three PPAR isoforms together control
various aspects of fatty acid metabolism, energy balance, insulin sensitivity, and glucose homeostasis
through their coordinated activities in adipose tissue, liver, and skeletal muscle [1]. Another key
molecule in lipid and glucose metabolism as well as exercise adaptation is AMP-activated protein
kinase (AMPK). AMPK is a heterotrimeric protein composed of a catalytic subunit (α) and regulatory
subunits (β and γ), and the catalytic subunit α has two isoforms (α1 and α2) [5]. While no defects
in glucose homoeostasis were observed in AMPK α1 knockout mice, AMPK α2 knockout mice were
insulin-resistant [6].

There have been several reports regarding the influence of single-nucleotide polymorphisms
(SNPs) in PPARs on changes in anthropometric and metabolic parameters following lifestyle
interventions in Caucasians [7,8]. Thamer et al. [8] showed that G allele carriers of the A/G SNP in
PPAR-δ gene (rs2267668) displayed reduced responses to a nine-month exercise and dietary lifestyle
intervention, as they lost less adipose tissue mass, less hepatic lipid content, and had less improvement
in insulin sensitivity following the lifestyle intervention than A/A genotype carriers. Similarly, it has
also been reported that the G allele carriers of the PPAR-δ A/G enjoy fewer benefits than A/A genotype
carriers regarding insulin sensitivity after nine-month exercise and dietary intervention [7]. Several
studies have also shown associations of the Pro12Ala variant of PPAR-γ (rs1801282) with obesity, type
2 diabetes/insulin resistance, and metabolic syndrome [9–13], and the PRKAA2 SNP (rs1418442) has
also been reported to be associated with serum cholesterol levels in Caucasians [14] and with type 2
diabetes in Japanese populations [2,15].

Gene-exercise interaction is influenced by many factors of exercise regimens (e.g., exercise type,
frequency, duration) and subject characteristics (e.g., ethnicity, age, sex, energy intake, and baseline
physical activity) [16]. Thus, the currently available evidence regarding the influence of gene
polymorphisms on the responsiveness to exercise intervention is far from sufficient to develop tailored
exercise interventions based on an individual’s genetic information. In the current study, we selected
the SNP PPAR-δ rs2267668 whose influence has previously been investigated in the aforementioned
lifestyle intervention studies in Caucasians [7,8]. In addition, we also selected two other SNPs that are
most well-known as metabolism-related SNPs (PPAR-γ rs1801282, PRKAA2 rs1418442) in Caucasians
and Japanese [2,9–13,15]. Thus, the current study investigated the influence of these SNPs on the
extent of changes in anthropometric indices and clinical blood measurements in response to six-month
exercise-centered lifestyle intervention in Japanese middle-aged subjects.

2. Results

The genotype distributions of the three SNPs, PPAR-δ A/G (rs2267668), PPAR-γ C/G (rs1801282),
and PRKAA2 A/G (rs1418442) in the current participants did not deviate from the Hardy-Weinberg
equilibrium (p > 0.05). These genotype distributions were confirmed to be similar to those reported in
a public database dbSNP (HapMap-JPT). The baseline levels of variables, such as the age, body
mass index (BMI), waist circumference, systolic blood pressure (SBP), diastolic blood pressure
(DBP), and clinical blood measurements (plasma glucose, hemoglobin Alc (HbA1c), triglyceride (TG),
high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), total
cholesterol (Total-C)), were not significantly different among the genotypes of the three SNPs (Table 1).
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In all 109 subjects, the anthropometric indices of the BMI and waist circumference, and blood
measurements such as TG, aspartate aminotransferase (AST), alanine aminotransferase (ALT), HDL-C,
and total-C were significantly improved after the exercise-centered lifestyle intervention (Table 2). The
decreases in the body weight, BMI, and waist circumference were significantly less marked in the
A/A genotype carriers of PPAR-δ A/G (rs2267668) than in the G allele carriers (A/G + G/G) (Table 2).
Similarly, the PPAR-δ A/A carriers displayed significantly less-marked improvements in the HbA1c,
TG, ALT, and γ-glutamyl-transpeptidase (γ-GTP) (Table 2). However, no significant differences among
genotype groups were observed in the other two tested SNPs (Table 2). The post-intervention values
of variables measured at the second checkup are shown in Supplementary Table S1.

Univariate correlation analyses showed that, in the total subjects (n = 109), a greater reduction
in the body weight was significantly correlated with greater improvements (decreases) in the HbA1c

(r = 0.24, p < 0.05), TG (r = 0.42, p < 0.01), ALT (r = 0.44, p < 0.01), and γ-GTP (r = 0.40, p < 0.01).
The correlation analyses performed separately by the genotype groups of PPAR-δ SNP (A/A (n = 66)
and A/G + G/G (n = 43)) showed a similar pattern of correlation (data not shown). Multiple linear
regression analyses showed that the associations of the PPAR-δ SNP with the changes in HbA1c (p =
0.26) and ALT (p = 0.31) were attenuated, being statistically insignificant, whereas the associations
of the PPAR-δ SNP with the changes in TG (natural log-transformed) (p = 0.02) and γ-GTP (p = 0.04)
remained significant even after adjustment for the change in body weight (Table 3).

Table 3. The multiple linear regression analyses on the associations of PPAR-δ A/G SNP (rs2267668)
with the changes in the four clinical measures.

Outcome Variables β SE p Value

Change in HbA1c −0.045 0.039 0.26
Change in log-transformed TG −0.211 0.089 0.02

Change in ALT −3.5 3.4 0.31
Change in γ-GTP −9.5 4.6 0.04

PPAR, peroxisome proliferator-activated receptor; SNP, single-nucleotide polymorphism; HbA1c, hemoglobin A1c;
TG, triglyceride; ALT, alanine aminotransferase; GTP, glutamyl-transpeptidase.

3. Discussion

In the current study, we investigated the influence of PPAR-δ A/G (rs2267668), PPAR-γ C/G
(rs1801282), and PRKAA2 A/G (rs1418442) SNPs on the anthropometric and blood measurements in
response to exercise-centered lifestyle intervention in Japanese middle-aged men. The major finding of
the current study was that the A/A homozygotes of PPAR-δ rs2267668 had less marked weight loss
after the intervention than the G allele carriers. Similarly, the A/A carriers also displayed less-marked
improvements in clinical measurements, such as the values of HbA1c, TG, ALT, and γ-GTP. Multiple
linear regression analyses showed that the associations of the PPAR-δ SNP with the changes in HbA1c

and ALT were attenuated, being statistically insignificant, whereas the associations with TG and γ-GTP
remained significant even after adjustment for changes in the body weight. These findings therefore
suggest that the reduced improvements in TG and γ-GTP might be due to the A/A genotype itself,
rather than the blunted weight loss response. In contrast, the other two tested SNPs in PPAR-γ and
PRKAA2 did not influence the changes in the measured parameters.

PPAR-δ plays key roles in lipid and glucose metabolism and skeletal muscle adaptation to
exercise [5]. In rodent studies, transgenic activation of PPAR-δ in adipose tissue has been shown to
promote fatty acid oxidation in skeletal muscle and adipose tissue, preventing obesity [17], while
PPAR-δ-deficient mice receiving a high-fat diet have reduced energy uncoupling and are prone to
obesity [17]. Previous human studies have investigated the influence of the PPAR-δ A/G (rs2267668)
SNP on the body fat reduction response and glucose metabolism indices after lifestyle intervention
in Caucasians [7,8]. In these studies, lifestyle intervention-induced improvements (reductions) in
adiposity and hepatic fat storage were blunted in G allele carriers of this SNP [8]. In contrast, in the
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current study A/A homozygous carriers of the PPAR-δ A/G (rs2267668) SNP displayed less-marked
effects in anthropometric indices and clinical blood measurements than G allele carriers after six-month
lifestyle intervention.

The reason for this discrepancy in findings between the previous reports and the present study is
unclear. It may be due in part to differences in the exercise regimens (intensity, frequency, duration)
and subject characteristics, such as the sex, age, energy intake, and baseline physical activity [16]. In
addition, differences in the genetic backgrounds of European and Japanese subjects may be another
possible reason, as the influence of gene polymorphisms on the degree of benefit from lifestyle
intervention may not necessarily be the same (or may even be contrary) between different ethnic
groups [16,18–20], although the reasons for the race-related differences in the influence of gene
polymorphisms remain to be explored.

The physiological function of PPAR-δ A/G SNP (rs2267668) is unclear at present. However,
one report evaluated the impact of this SNP (rs2267668) on the gene expression of PPAR-δ in human
skeletal muscle [21]. This previous study showed that the A/A genotype carriers of PPAR-δ A/G
SNP (rs2267668) had lower PPAR-δ mRNA expression in skeletal muscle than G allele carriers [21].
It is, therefore, biologically plausible that reduced PPAR-δ transcriptional activity in the muscle
of A/A genotype carriers might be a reason for their blunt responses to exercise-centered health
guidance intervention.

Less-marked decreases in the body weight and waist circumference observed in the A/A genotype
of PPAR-δ A/G (rs2267668) SNP than in G allele carriers may have been due to insufficient increases
in energy expenditure by physical activity and/or insufficient decreases in energy intake through the
diet. We were unable to clarify which factors might have contributed most strongly to the blunted
responses observed in the A/A genotype carriers. A rodent study found that treatment with a PPAR-δ
agonist (GW50516) significantly retards weight gain but does not affect food consumption [1,22]; given
those findings, we speculate that our subjects with the A/A genotype of PPAR-δ A/G (rs2267668)
SNP may have expended less energy (rather than having a higher energy intake) than G allele carriers
during the exercise-centered lifestyle intervention.

The major limitation of the current study was that we did not have precise data on the duration
of exercise training performed by the subjects, although we instructed our subjects to regularly
perform cycle ergometer exercise or brisk walking at the lactate threshold (LT) intensity, with a goal of
>140 min/week. Second, we did not assess the effects of the exercise-centered lifestyle intervention
immediately after completing the six-month intervention, instead evaluating the outcomes at the
second checkup, which was conducted several months after the completion of the intervention.
We were unable to clarify whether the reduced effects of the exercise-centered lifestyle intervention
observed in the A/A genotype carriers of the PPAR-δ A/G SNP might have been due to less-marked
changes in the measured parameters or an earlier return towards baseline values. We did not instruct
the current subjects to maintain (not to change) their dietary habit during the exercise-centered lifestyle
intervention period. We therefore cannot exclude the possibility that the subjects might have changed
their dietary habits during the study period. We also did not collect any data on the eating habits of
the study participants nor on their post-intervention habits. Although using bioelectric impedance
or computed tomography to assess the body composition or abdominal/ectopic fat accumulation is
ideal, we merely assessed the anthropometric indices (weight, BMI, waist circumference) included as
inspection items for the annual specific health checkup. In addition, the current results were obtained
in a Japanese population and cannot be generalized to other ethnic groups, such as Caucasians.

In conclusion, the current results suggest that the A/A genotype carriers of the PPAR-δ A/G SNP
(rs2267668) may have experienced blunted effects in anthropometric measurements (weight, BMI, waist
circumference), HbA1c, TG, and serum liver enzymes (ALT, γ-GTP) through exercise-centered lifestyle
intervention compared with G allele carriers among our population of middle-aged Japanese men.
In addition, multiple linear regression analyses suggested that the less-marked improvements in TG
and γ-GTP observed in the PPAR-δ SNP A/A carriers were not due to their attenuated weight reduction.
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Studying the genetic background of multifactorial processes, such as weight loss, is challenging.
In the present study, we were unable to clarify the extent to which the observed results depended on
the genetic predisposition or difference in the subjects’ compliance to the exercise-centered lifestyle
intervention. Therefore, a further study on the influence of PPAR-δ A/G SNP (rs2267668) is needed,
in which exercise intervention is standardized and its compliance is carefully monitored. The current
results will aid in the development of tailored health guidance programs based on the individuals’
genotypes for metabolism-related SNPs.

4. Materials and Methods

4.1. Subjects

The subjects were 109 Japanese middle-aged men (47.0 ± 0.4 years of age) employed at a silicon
wafer manufacturer (Saga, Japan) who participated in the baseline (first) checkup (conducted as an
annual specific health checkup), 6-month exercise-centered lifestyle intervention (conducted as a
specific health guidance), and second checkup conducted 1 year after the baseline health checkup.
The post-intervention assessments at the second checkup were conducted several months after each
subject completed the six-month intervention. The specific health checkup (to identify individuals
with metabolic syndrome) and the specific health guidance (to improve their metabolic syndrome)
are currently conducted as part of a national effort against metabolic syndrome, in which medical
insurers are obligated to provide insured middle-aged employees (40–74 years of age) with specific
health checkups. Participants are recommended to participate in the specific health guidance if they
meet certain conditions of metabolic syndrome (Available online: http://www.mhlw.go.jp/english/
wp/wp-hw3/dl/2-007.pdf).

The inclusion criteria of the specific health guidance for men were as follows: abdominal obesity
(waist circumference ≥ 85 cm) plus at least 1 of the following 3 components: (1) dyslipidemia
(TG ≥ 150 mg/dL and/or HDL < 40 mg/dL); (2) high blood pressure (SBP/DBP ≥ 130/85 mm
Hg); and (3) high blood glucose (fasting plasma glucose ≥ 100 mg/dL or HbA1c expressed as National
Glycohemoglobin Standardization Program (NGSP) value of 5.6%). In addition, even if the waist
circumference was <85 cm, men who had a BMI ≥ 25 kg/m2 plus at least 1 of the 3 abovementioned
components met the requirements to participate in the specific health guidance. Subjects who were
taking medications for type 2 diabetes, hypertension, or dyslipidemia were excluded.

4.2. Anthropometric and Blood Measurements at the Baseline (First) Checkup and Second Checkup (Conducted
as Annual Specific Health Checkup)

The BMI was determined by dividing the body weight in kilograms by the square of the height in
meters. The waist circumference was measured at the level of the umbilicus. Blood pressure (SBP and
DBP) was measured in the sitting position after 5 min of rest using an automatic sphygmomanometer.
For the blood biochemical test, blood samples were obtained from an antecubital vein after an
overnight fast. Plasma glucose was measured via the standard method. HbA1c was measured by a
latex aggregation immunoassay (Japan Diabetes Society (JDS) value). The HbA1c was estimated as
a NGSP equivalent value calculated by the formula as follows: HbA1c (NGSP (%)) = 1.02 × HbA1c

(JDS (%) + 0.25% [23]. Total-C and TG levels were measured enzymatically. HDL-C and LDL-C
were measured via direct methods. Serum liver enzymes (AST, ALT, γ-GTP) were also measured
by standard methods. The ectopic fat accumulation in the liver is an important factor for inducing
insulin resistance [24], and serum liver enzymes, especially ALT, can be practical indices reflective of
the liver fat accumulation [25]. All measurements and blood biochemical analyses were performed
using similar methods at the baseline and second checkup.
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4.3. Six-Month Exercise-Centered Lifestyle Intervention (Conducted as Specific Health Guidance)

First, an initial group-based health guidance (≤8 participants/group for 80 min) was conducted,
in which the subjects received an explanation on the results of their baseline checkup from public
health nurses and then set achievable goals related to lifestyle improvement with support or advice
from public health nurses. The subjects were instructed to record information on whether their own-set
goals were achieved on a recording sheet (made using the Excel software program). Throughout the
six-month intervention, the subjects received personalized follow-up consultation through e-mail.

The main components of the 6-month exercise-centered intervention were two sessions of
group-based (≤8 participants/group) exercise guidance (90 min/session). In the first exercise session,
a submaximal graded exercise test using a cycle ergometer (Model EC-3600; Cateye Inc., Osaka, Japan)
was performed to assess the lactate threshold (LT) as an index of aerobic capacity, and moderate
exercise at the LT intensity was recommended to the subjects as an ideal exercise for their daily exercise
training. For the graded exercise test, the work rate was initially set at a workload corresponding
to 3 metabolic equivalents (METs) and then increased by 1 MET every 3 min (i.e., 3, 4, 5, 6, and
7 METs). Oxygen consumption was estimated based on the workload and subjects’ body weight using
the American College of Sports Medicine leg ergometer equation, as follows: the estimated oxygen
consumption (mL/kg/min) = workload (watts) × 6.12 × 1.8/body weight (kg) + 7 [26]. The METs
were calculated as the estimated oxygen consumption divided by 3.5. The end-point of the exercise
test was determined based on either achieving a blood lactate concentration of 4 mM or the American
College of Sports Medicine criteria [27]. The heart rate was measured in real time using a sensor
(installed in the cycle ergometer) attached to the earlobe. The heart rate and rating of perceived exertion
(RPE) [28] were recorded every 3 min during the tests. Blood samples (5 μL) were also obtained from
the earlobe every 3 min to measure the blood lactate concentration using a portable blood lactate test
meter (Lactate Pro; ARKRAY, Inc., Kyoto, Japan).

The blood lactate concentration (mM) was plotted against the exercise workload (watts) for each
subject. The estimated oxygen consumption (or METs) at the first breakpoint of lactate concentration
was used as the data of LT. The LT is a reliable indicator of aerobic fitness that is in no way inferior to
VO2 max [29,30], and this index can be simply and precisely measured by a graded cycle ergometer test
using a portable lactate analyzer [20]. Immediately after the cycle ergometer exercise test, we provided
an exercise prescription based on each subject’s result for the cycle ergometer exercise test, and the
subjects were instructed to perform cycle ergometer training at the LT intensity and/or brisk walking
at a heart rate corresponding to the LT, with a goal of ≥140 min/week. The factories of the subjects’
employer include training rooms (in which there were many cycle ergometers and treadmills) that
were freely available to all subjects during their rest period or after working hours.

Two months after the first session of exercise guidance, the second session of exercise guidance
(≤8 participants/group for 90 min) was conducted, mainly to revise the exercise intensity and to
maintain or promote subjects’ motivation to continue the cycle ergometer exercise and/or brisk
walking at the LT intensity. In this second session of exercise guidance, the subjects performed a single
bout of 15-min cycle ergometer exercise at the LT that was previously determined at the first session
of exercise guidance, and the heart rate was monitored during the exercise to assess if the aerobic
capacity had improved. The heart rate during the exercise was used to give feedback to the subjects.
The subjects received individual advice on the exercise training based on the newly revised workload.
Within one month after completing the six-month intervention, the body weight, waist circumference,
and blood pressure were assessed, but these data were not collected for the current study, as this time
point was not an endpoint of our study.

4.4. Genotyping of Gene Variants

Genomic DNA was extracted from saliva (2 mL) collected from subjects using Oragene DNA
kits (DNA Genotek, Ottawa, ON, Canada). DNA was purified from 200-μL aliquots of Oragene
DNA/saliva samples using an ethanol precipitation protocol supplied with the kits. Purified
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DNA was redissolved in 200 μL of Tris ethylenediaminetetraacetic acid buffer (10 mM tris-HCl,
1 mM ethylenediaminetetraacetic acid, pH 8.0). The SNPs in PPAR-δ A/G rs2267668 (located in
intron 2), PPAR-γ C/G rs1801282 (exon 1 (Pro12Ala), and PRKAA2 A/G rs1418442 (intron 4) were
analyzed by a TaqMan® SNP Genotyping Assay using a StepOne Plus real-time PCR system (Applied
Biosystems, Foster City, CA, USA). Their assay IDs were C__5872729_10 for PPAR-δ A/G (rs2267668),
C__1129864_10 for PPAR-γ C/G (rs1801282)), and C__2821517_20 for PRKAA2 A/G (rs1418442).

4.5. Statistical Analyses

Values were shown as the mean ± standard error (SE) or the median (interquartile range).
The chi-squared test was used to confirm whether the genotype frequencies were in Hardy-Weinberg
equilibrium. Between-group (between genotype groups) comparisons were performed using Welch’s
t-test for the age, weight, BMI, waist circumference, SBP, DBP, glucose, HbA1c, HDL-C, LDL-C, Total-C,
and LT. Since the distributions of TG, AST, ALT, and γ-GTP may have been skewed, between-group
comparisons of these four variables were performed using a nonparametric Wilcoxon’s signed-rank
test. Within-group comparisons between the baseline and second checkup were also performed using
Wilcoxon’s signed-rank test. The significance of correlations between two variables was assessed using
Pearson’s correlation coefficient. Multiple linear regression analyses with adjustment for change in
body weight were performed to examine whether the observed significant differences in the changes
in the clinical blood measurements between genotypes were independent of the change in the body
weight. In these multiple linear regression analyses, PPAR-δ A/G SNP (rs2267668) was used as an
independent variable, and the changes in four clinical measurements (HbA1c, natural log-transformed
TG, ALT, γ-GTP) were used as dependent variables, with the change in body weight used for
adjustment. The statistical analyses were performed using the R software program (version 3.4.1).
p Values of <0.05 were considered statistically significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/19/3/703/s1.
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Abstract: In contrast to the general belief that regeneration is a rare event, mainly occurring in
simple organisms, the ability of regeneration is widely distributed in the animal kingdom. Yet, the
efficiency and extent of regeneration varies greatly. Humans can recover from blood loss as well
as damage to tissues like bone and liver. Yet damage to the heart and brain cannot be reversed,
resulting in scaring. Thus, there is a great interest in understanding the molecular mechanisms
of naturally occurring regeneration and to apply this knowledge to repair human organs. During
regeneration, injury-activated immune cells induce wound healing, extracellular matrix remodeling,
migration, dedifferentiation and/or proliferation with subsequent differentiation of somatic or
stem cells. An anti-inflammatory response stops the regenerative process, which ends with tissue
remodeling to achieve the original functional state. Notably, many of these processes are associated
with enhanced glycolysis. Therefore, peroxisome proliferator-activated receptor (PPAR) β/δ—which
is known to be involved for example in lipid catabolism, glucose homeostasis, inflammation, survival,
proliferation, differentiation, as well as mammalian regeneration of the skin, bone and liver—appears
to be a promising target to promote mammalian regeneration. This review summarizes our current
knowledge of PPARβ/δ in processes associated with wound healing and regeneration.

Keywords: PPARβ/δ; regeneration; proliferation; differentiation; metabolism; Wnt signaling; PDK1;
Akt; glycolysis

1. Introduction

Humankind has been fascinated by the phenomenon of regeneration since ancient history.
While the phenomenon of regeneration is already mentioned in Greek mythology (punishment of
Prometheus or Hercules’ second labor—slaying the Lernean Hydra), the first written records date
back to Empedocles (490–430 BCE) and Aristotle (384–322 BCE, lizard tail regeneration in his books
History of Animals and Generations of Animals). The first known scientific publication appeared in
1712, in which René Antoine Ferchault de Réaumur described limb regeneration in crustaceans [1].
Considering the implications of regeneration, there was and is still great public interest. Initially, the
observation of the possibility of the regeneration of entire animals (e.g., hydra (Hydra vulgaris) and
planaria (Schmidtea mediterranea)) resulted in heated philosophical and religious discussions: can the
soul be split? Where is its residence? Yet, there was also great optimism. For example, the great
philosopher “Voltaire marveled briefly: he saw at once that the loss and replacement of one’s head
presented serious problems for those who saw that structure as the seat of a unique “spirit” or soul:
and thought of the possible consequences of the experiment for man. Writing at this time to poor
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blind Madame du Deffand, he lamented that for snails but not for her the replacement of bad eyes by
good was a possibility. Later he expressed confidence that men would one day so master the process
of regeneration that they too would be able to replace their entire heads. There are many people, he
implied, for whom the change could hardly be for the worse” [2]. Yet, while it appears soon possible to
transplant a human head [3], we are far away from being able to induce the regeneration of damaged
tissues/organs in humans.

In 1901, Thomas Morgan defined “regeneration” as “the replacement of missing structures
following injury” [4]. It is often assumed that regeneration includes the restoration of structure and
function of lost or damaged organs/tissues. Yet, during mammalian liver regeneration, upon resection
of a liver lobe, the function is restored by increasing the size of the remaining lobes, not by re-growing
a new lobe [5]. Thus, the main aim in regenerative medicine is to restore tissue/organ function.

The ability of regeneration is widely and randomly distributed in the animal kingdom [6]. Yet,
the efficiency and extent of regeneration varies greatly. For example, Hydra vulgaris and Schmidtea
mediterranea are considered immortal as they can reform from an individual, specialized cell type [6].
Amphibians and fish such as the newt Notophthalmus viridescens and the zebrafish Danio rerio can
regenerate a large variety of organs including appendages, heart, lens, retina, and central nervous
system [7]. Mammals are more restricted in their regenerative capacity, even though they can for
example recover from blood loss as well as damage to the peripheral nervous system, skeletal muscle,
and liver. Yet, as humans cannot recover from damage to essential organs such as heart and brain,
there is a great interest in understanding the molecular mechanisms of natural occurring healing and
regeneration and to apply this knowledge to repair human tissues/organs upon injury.

Peroxisome proliferator-activated receptor (PPAR) β/δ has been demonstrated, as described in
detail below, to be involved in several key cellular processes relevant to regeneration: proliferation,
differentiation, migration, and apoptosis. In addition, PPARβ/δ plays important roles in metabolism,
angiogenesis, and inflammation that have been identified as important processes in regeneration.
Thus, the aim of this review is to summarize the potential of PPARβ/δ as a therapeutic target for
regenerative therapies.

2. PPARβ/δ

Three PPAR isoforms have so far been identified which are designated PPARα, PPARβ/δ, and
PPARγ. They belong to the nuclear-receptor superfamily, meaning they act as transcription factors
upon ligand activation. PPARβ/δ can be activated by endogenous ligands like polyunsaturated fatty
acids and eicosanoid metabolites (e.g., prostacyclin and 15-hydroxyeicosatetraenoic acid (15-HETE)) as
well as artificial agonists including GW501516, GW0742, L-165041, and carbacyclin [8,9]. In addition,
the action of PPARβ/δ can be inhibited by several inverse agonists and antagonists [10]. Yet, there are
currently neither agonistic nor antagonistic drugs clinically available [10,11].

PPARβ/δ is as a nuclear receptor characterized by classical domains: an N-terminal region
containing a ligand-independent transactivation domain, often known as activation function 1 (AF-1),
a DNA-binding domain (DBD), a flexible hinge region, and an AF-2 domain including a ligand-binding
domain (LBD) and a ligand-dependent transactivation domain. The principle mode of action of
PPARβ/δ is the heterodimerization with the 9-cis retinoic acid receptor (RXR or NR2B) and binding
via two zinc-fingers in the DBD to peroxisome proliferator response elements (PPREs) located in
the promoter regions of their target genes [12]. Chromatin immunoprecipitation sequencing has
revealed three types of target genes [13]: (i) PPARβ/δ-RXR binds to PPREs as a repressor complex.
Expression of such genes is induced upon siRNA-mediated depletion of PPARβ/δ but not by agonists;
(ii) Type II genes are regulated as Type I genes but can be activated by agonists (canonical regulation);
(iii) The third class of genes contains only PPRE-like motifs. They are bound by PPARβ/δ containing
complexes which act as transcriptional activators. Expression of such genes is downregulated upon
siRNA-mediated depletion of PPARβ/δ and respond weakly, if at all, to ligands. In addition,
PPARβ/δ can regulate transcription independently of DNA binding by suppressing transcription
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factors via direct physical interaction, competition for limiting amounts of shared co-activators,
and inhibition of mitogen-activated protein kinase (MAPK) signaling [12]. For instance, PPARβ/δ
inhibits the nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) pathway by interacting
with the NF-κB subunit p65 and thereby decreasing NF-κB binding to the DNA resulting in the
inhibition of the transcription of NF-κB target genes [8]. In addition, it has been shown that PPARβ/δ
interacts with β-catenin in colon cancer cells controlling the expression of vascular endothelial growth
factor (VEGF) A [14]. In cardiomyocytes PPARβ/δ induces via β-catenin Cyclin D2 and c-MYC [9].
Another example is the interaction with the corepressor B-cell lymphoma 6 (BCL-6) [8,13]. It is
important to note that PPARβ/δ exhibits different regulatory roles on the same gene dependent on its
environment. This dependency on its environment explains the later described cell type-specific roles
of PPARβ/δ. For example, it has been reported that several different signaling kinases can modulate
the transcriptional activity of PPARβ/δ including protein kinase A and p38 mitogen-activated protein
kinase [8]. In addition, PPARβ/δ is widely expressed with relative abundant expression in the brain,
skeletal muscle, heart, gut, placenta, and skin [15–20]. It has been shown to play major roles in fatty
acid metabolism and energy expenditure and thus also in skeletal and cardiac muscle homeostasis
and disease as well as metabolic disorders [11,12,21]. In addition, PPARβ/δ is involved in a variety of
other diseases such as cancer (including inflammation, cell survival and angiogenesis) [13,22,23], skin
disease [24–26], atherosclerosis [27], retinopathy [28], and Alzheimer’s disease [29]. Finally, more and
more reports suggest that modulation of PPARβ/δ activity might provide an opportunity for wound
healing and tissue regeneration [9,25,30–34].

3. PPARβ/δ Controls Basic Mechanisms of Wound Healing and Regeneration

Tissue protection, healing, and regeneration require a tight control of several processes including
apoptosis (e.g., due to increased functional demand or lack of oxygen), proliferation and/or
differentiation of stem cells to generate lost cell types, as well as extracellular matrix remodeling
and breakdown (e.g., resolving scar tissue and restoration of a tissue support matrix). The analysis of
natural occurring regeneration in model organisms such as zebrafish, newt, and the Murphy Roths
Large (MRL) mouse have revealed that healing and regeneration depend on hypoxia-induced signaling,
inflammation induced by inflammatory cytokines and eicosanoids produced during the first hours
after injury, secretion of pro-angiogenic factors, and metabolic alteration [7,35–40]. In the following
subchapters, we will highlight the roles of PPARβ/δ in these processes.

3.1. Energy Metabolism

In adult mammals, the vast majority of energy is produced by oxidative metabolism in
mitochondria. In recent years, it has been proposed that this oxidative metabolism as basal metabolic
state underlies the low regenerative capacity in mammals [37]. Accumulating evidence indicates that
changes in metabolism, namely the activation of glycolysis, play an important role in regeneration.
For example, increased glycolysis is correlated with planarian regeneration [41]. Moreover, inhibition
of glycolysis impairs neonatal heart [42] as well as adult skeletal muscle [43] regeneration in mice.
Intriguingly, the enhanced regenerative capacity of the MRL mouse has been attributed to increased
glycolysis and reduced fatty acid oxidation as their basal metabolic state. Accordingly, enhancing fatty
acid oxidation in MRL mice inhibited regeneration [37]. As PPAR plays an important role in energy
metabolism [44,45] it is not surprising that PPARβ/δ activity/signaling is required for regeneration
(see Section 4). However, even though regeneration is associated with glycolysis it remains elusive
what advantage glycolysis has over an oxidative metabolism which generates 18 times as much ATP
per mole of glucose. One issue might be that the utilization of oxygen results in reactive oxygen species
which can oxidize lipids, nucleic acids, and proteins and thus might result in cellular dysfunction.

In high energy demand tissues (e.g., cardiac and skeletal muscle, brown adipose tissue)
PPARβ/δ overexpression increases the expression of genes involved in fatty acid transport
and beta-oxidation. Concordantly, PPARβ/δ deletion resulted in decreased expression of these
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genes [46–51]. Furthermore, PPARβ/δ overexpression increases in skeletal muscle the proportion
of oxidative fibers [47] while PPARβ/δ deletion markedly increases glycolytic fibers with reduced
fatty acid oxidation [52]. In contrast to muscle, PPARβ/δ overexpression in liver increases glucose
utilization and lipogenesis [53]. Notably, PPARβ/δ overexpression in the heart does also increase
glucose utilization via increased glucose transporter type 4 (Glut4) expression [54]. The principle
regulatory mechanism is the protein-protein-interaction of PPARβ/δ with PPAR coactivator 1α
(PGC1α) and nuclear receptor corepressor 1 (NCOR1) which are lacking DNA binding activity [45].
The resulting complexes regulate the transcription of genes encoding for example forkhead box protein
O1 (FoxO1), pyruvate dehydrogenase kinase 4 (PDK4), cluster of differentiation 36 (CD36), lactate
dehydrogenase B, and lipoprotein lipase [21,44].

3.2. Apoptosis

The link between apoptosis and metabolism has been known for a long time. One of the best
examples of this link is the dual functionality of cytochrome c. On one hand, the metabolic role of
cytochrome c is to pass an electron from respiratory complex III to complex IV in order to promote
adenosine triphosphate (ATP) generation through oxidative phosphorylation. On the other hand, it is
required for apoptosis in order to activate caspases. Notably, the apoptotic function of cytochrome
c is inhibited by glucose-stimulated production of intracellular glutathione, a mechanism utilized
by glycolytic cancer cells [55]. Considering the role of apoptosis during healing or regeneration
usually results in the conclusion that inhibition of apoptosis is beneficial. However, apoptosis can
also be beneficial as recently reviewed by Diwanji and Bergmann in the context of apoptosis-induced
compensatory proliferation [56].

PPARβ/δ mediates retinoic acid-stimulated keratinocyte survival [57–59] and ligand activation
of PPARβ/δ inhibited palmitate-induced apoptosis in neonatal cardiomyocytes by preventing an
increase in interleukin (IL)-6 levels [60]. Concordantly with an anti-apoptotic function, inhibition of
PPARβ/δ upon stimulation with 13-S-hydroxyoctadecadienoic acid induces apoptosis in colorectal
cancer cells [61]. In addition, PPARβ/δ is required for the VEGF-mediated maintenance of endothelial
cell (EC) survival [62]. In contrast, telmisartan (an angiotensin II receptor antagonist; used in the
management of hypertension) stimulates in a PPARβ/δ-dependent manner apoptosis in prostate cancer
cells [63]. Notably, the PPARβ/δ ligand retinoic acid (RA) can exhibit pro- as well as anti-apoptotic
effects. The effect of RA depends on intracellular lipid binding proteins which transport RA to a
specific nuclear receptor. RA is pro-apoptotic in cells in which cellular retinoic acid binding protein
(CRABP)-II transports RA to the nucleus, mediating interaction with the RA receptor. In contrast,
RA is anti-apoptotic in cells in which fatty acid binding protein (FABP) 5 transports RA to the
nucleus mediating interaction with PPARβ/δ [57]. Yet, even though it is well known that PPARβ/δ
regulates cell survival in several cell types, little is known about downstream signaling pathways.
In keratinocytes PPARβ/δ prevented apoptosis by modulating Akt signaling via transcriptional
upregulation of integrin-linked kinase (ILK) and PDK1 [58]. Experiments on ECs revealed that
PPARβ/δ inhibits apoptosis by binding to the promoter of 14-3-3α resulting in increased 14-3-3α
protein levels, reduction of Bad translocation to mitochondria via direct protein–protein interaction,
and inhibition of Bad-triggered apoptosis [64]. This anti-apoptotic pathway is shared by all PPARs [65].
In addition, it has been shown that PPARβ/δ inhibits oxidative stress-induced apoptosis in H9c2 cells
(rat cardiac myoblast) by a direct transcriptional activation of catalase gene expression [66] as well as
in adult rat cardiomyocytes [67].

3.3. Inflammation: Fibrosis and/or Regeneration

Injury results in fibrosis/scaring or in healing/regeneration with or without transient fibrosis.
Already, decades ago, it was assumed that fibrosis might inhibit endogenous repair mechanisms.
Yet, initial attempts to enhance healing/regeneration by inhibiting fibrosis has been shown to be
detrimental, for example resulting in heart wall rupture after myocardial infarction [68]. In recent

137



Int. J. Mol. Sci. 2018, 19, 2013

years, accumulating evidence has been provided that fibrosis and regeneration are inversely correlated
with each other [69,70]. Thus, great effort is invested to identify novel approaches to modulate scar
formation and to promote healing/regeneration at the same time [71–73]. The major players in
controlling the response to injury are inflammatory monocytes, tissue-resident macrophages, and
fibroblasts [72]. Disturbances in macrophage function such as uncontrolled production of inflammatory
macrophages or failed communication between macrophages and other cells such as tissue progenitor
cells repress endogenous regenerative mechanisms. The importance of these processes has, for example,
been demonstrated by utilizing the MRL as well as African spiny mouse. In these regenerative model
systems, anti-inflammatory agents or macrophage depletion blocked ear hole closure [37]. Thus, it is
assumed that modulations of inflammatory processes together with anti-fibrotic signals are required
to promote regeneration.

Several studies have demonstrated that PPARβ/δ has direct anti-fibrotic effects. For example,
it has been shown that genetic and/or pharmacological activation of PPARβ/δ decreases fibrosis
in a model of corneal damage [74] as well as myocardial infarction [9]. On a cellular level, agonist
treatment inhibits keratinocyte transdifferentiation into myofibroblasts and thus extracellular matrix
(ECM) synthesis [74]. During cardiac fibrosis, PPARβ/δ is expressed both in cardiac fibroblasts as
well as myofibroblasts. PPARβ/δ activation reduced the proliferation of both cell types, myofibroblast
differentiation and collagen synthesis [75]. In addition, high-salt diet-induced fibrosis was associated
with PPARβ/δ downregulation whereas capsaicin-inhibited fibrosis via the receptor transient receptor
potential vanilloid type 1 (TRPV1) was associated with PPARβ/δ upregulation [76].

That inflammation and innate immunity are processes driven by aerobic glycolysis [77–79]
indicates that modulation of PPARβ/δ activity might allow modulating these processes to promote
regeneration. Yet, while PPARs have been identified as key regulators of inflammatory and
immune responses, the role of PPARβ/δ in modulating inflammation during regeneration is poorly
characterized. The anti-inflammatory properties of PPARβ/δ are mainly based on inhibiting NFκB
signaling [8] as well as expression of pro-inflammatory cytokines (inducible nitric oxide synthases
(iNOS), cyclooxygenase (COX) 2, tumor necrosis factor (TNF) α, and adhesion molecules (VCAM-1,
ICAM-1, and E-selectin) in macrophages [8,12,27,80]. PPARβ/δ can for example inhibit NFκB signaling
through direct binding to p65 or Akt-mediated inactivation of glycogen synthase kinase (GSK)-3β. In
addition, PPARβ/δ can activate adenosine monophosphate-activated protein kinase (AMPK) through
phosphorylation, resulting in the inactivation of p300 and activation of SIRT1 leading to a marked
reduction in acetylation of p65 inhibiting the NFκB transcriptional activity [8]. Inflammation-related
target genes of PPARβ/δ are for example TGFβ, 14-3-3α, superoxide dismutase (SOD), catalase,
thioredoxin, and G protein signaling-4 and -5. However, the anti-inflammatory effect of PPARβ/δ
is not only mediated by the induction of anti-inflammatory genes. An example of transrepression
of pro-inflammatory genes is the inhibition of the anti-inflammatory corepressor BCL-6 by inactive
PPARβ/δ [8].

HIF-1α is besides NF-κB another major gene that regulates inflammation [81]. Notably, Inoue and
coworkers have reported the crosstalk of the PPARβ/δ and hypoxia-inducible factor HIF-1α signaling
axes in ECs upon hypoxia-induced migration [82]. During osteoblast differentiation PPARβ/δ is
regulated in a HIF-1α-dependent manner [83]. In addition, PPARβ/δ regulates HIF-1α expression via
calcineurin promoter binding [84]. A possible connection between PPARβ/δ and HIF-1α is intriguing
as the ancient HIF-1α pathway, operating through prolyl hydroxylase domain proteins, has been
identified as a central player in mouse regeneration [37]. In future studies, it will be interesting to
determine if PPARβ/δ-induced/enhanced healing or regeneration is mediated through HIF-1α or can
be enhanced by modulating HIF-1α activity.

3.4. Proliferation

Recent years have revealed that proliferating cells such as stem cells and cancer cells exhibit
high levels of glycolysis while differentiated, postmitotic cells utilize fatty acid oxidation [39,85].
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Thus, it is not surprising that manipulation of PPARβ/δ activity affects both proliferation and
differentiation of a large variety of somatic and cancer cell types. However, it is important to
note that the effect of altered PPARβ/δ activity on proliferation and differentiation is cell type-
and context-dependent. For example, it has been shown that increased PPARβ/δ activity promotes
proliferation of endothelial progenitor cells as well as somatic ECs [86–88]. In addition, it promotes
proliferation of cells like cardiomyocytes [9] and hepatocellular carcinoma cell lines [89]. In contrast,
ligand activation of PPARβ/δ inhibits proliferation of vascular smooth muscle cells (VSMCs) [90–92],
HaCaT keratinocytes [93], as well as breast cancer cell lines [94] and PPARβ/δ deletion promotes
cancer EC proliferation [23].

How PPARβ/δ regulates proliferation remains unclear. The analysis of the available literature
reveals that mainly the up- or downregulation of classical cell cycle promoting proteins has been
reported such as Cyclin A (VSMC [95]), Cyclin D1 (VSMC [91]; embryonic stem cells (ESCs) [96]; Sertoli
cells [97]), Cyclin D2 (Sertoli cells [97]), Cyclin E (ESC [96]; primary thyroid cells; mouse embryonic
fibroblasts [98]), cdk2 (ESC [96]; VSMC [95]), and cdk4 (VSMC [90,91]; ESC [96]). In addition, few
studies have determined the effect on the cell cycle inhibitors p21 (VSMC [90]; ESC, [96]), p27 (ESC [96];
Sertoli cells [97]), p53 (VSMC [90]), and p57 (cancer ECs [23]; VSMC [95]). In addition, PPARβ/δ
regulates the transcription of growth factors that promote proliferation (heparin-binding epidermal
growth factor-like growth factor (HB-EGF), adult primary epidermal keratinocytes, [99]). Moreover,
several pathways have been suggested to mediate the effect of PPARβ/δ on proliferation including Akt
(endothelial progenitor cells (EPCs) [86]; keratinocytes [100]), p38 MAPK (ESCs [101]), extracellular
signal-regulated kinase (ERK) (Sertoli cells [97]; keratinocytes [102]), and Wnt/β-catenin signaling
(ESCs [101]; cardiomyocytes [9]; epithelial cells [103]).

An example of cell type-specific regulation of proliferation is the binding of PPARβ/δ to the leptin
promoter, resulting in decreased leptin expression and increased liposarcoma cell proliferation [104].
In addition, it has been demonstrated that silent mating type information regulation 2 homolog 1
(sirtuin 1) mediates the anti-proliferative effect of PPARβ/δ in VSMCs [105].

3.5. Differentiation

In agreement with the idea that differentiation is accompanied by a switch from glycolysis
to fatty acid oxidation, ESC differentiation to cardiomyocytes involves upregulation of oxidative
phosphorylation and downregulation of glycolysis [106]. In contrast, reprogramming fibroblasts to
induced pluripotent stem cells is dependent on induction of glycolysis [107]. A metabolic switch
from glycolysis to fatty acid oxidation occurs also during differentiation of immature somites
to muscle progenitors [108] and during heart development when the mode of heart growth
switches from hyperplasia (proliferation) to hypertrophy (increase in cell size) [102,109]. Moreover,
multiple signaling pathways affecting differentiation control also cellular metabolism such as
the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR), the Ras, the liver kinase B (Lkb1)/AMPK, and the Hedgehog pathways [39]. Consequently,
it could also be demonstrated that alterations of PPARβ/δ activity or signaling affect differentiation.
For example, PPARβ/δ controls on a transcriptional level the endothelial differentiation gene (Edg)-2
and PPARβ/δ agonist stimulation enhances the vasculogenic potential of endothelial progenitor cells
(EPCs) [110]. Moreover, it has been shown that PPARβ/δ can promote osteoblast differentiation
via Wnt signaling [30], in a keratinocyte fatty acid binding protein (K-FABP)-dependent manner
keratinocyte differentiation [111], early adipocyte differentiation via PPARγ [112,113], late sebocyte
differentiation [114], oligodendrocyte [115,116] and neural [117] differentiation, as well as p53- and
SOX2-mediated differentiation of neuroblastoma cells [118]. Finally, the PPARβ/δ target gene FoxO1
plays an important role as negative regulator of skeletal muscle differentiation [119,120].
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3.6. Angiogenesis

Tissues and organs are vascularized to provide their cells with oxygen and nutrients as well as to
remove metabolic waste products. Thus, new vessels have to be formed after an injury to maintain
regenerated tissue. This process is called angiogenesis or neo-angiogenesis. As described under
Section 3.4, PPARβ/δ is involved in the regulation of EPC, EC and VSMC proliferation. In addition, it
has been shown that PPARβ/δ activation inhibits IL1β-stimulated VSMC migration via upregulation
of IL-1 receptor antagonist and was associated with the down-regulation of matrix metalloproteinase
(MMP)-2 and MMP-9 [90]. Moreover, oxidized low-density lipoprotein-induced VSMC migration was
inhibited in a SIRT1-dependent manner by PPARβ/δ activation [105]. That PPARβ/δ directly regulates
physiological angiogenesis has been demonstrated in skeletal [121] and cardiac [84] muscle by utilizing
agonists and/or transgenic mice overexpressing PPARβ/δ in skeletal muscle cells. These data showed
that PPARβ/δ bound directly to the calcineurin promoter inducing the expression of its target genes
such as HIF-1α. Consequently, inhibition of calcineurin activity abolished the angiogenic response
to PPARβ/δ agonist stimulation [84]. Notably, the effect of PPARβ/δ transgenic overexpression on
angiogenesis was significantly lower than the effect of agonist treatment [121]. In a subsequent study,
it has been revealed that PPARβ/δ agonist stimulation of EPCs resulted in MMP-9 expression by
direct transcriptional activation which caused insulin-like growth factor-binding protein (IGFBP) 3
degradation and thus IGF-1 release. Conditioned medium of stimulated EPCs enhanced the number
and functions of human umbilical vein ECs and C2C12 myoblasts via IGF-1 receptor activation.
Importantly, PPARβ/δ agonist stimulation in vivo in a mouse hind limb ischemia model induced in an
MMP-9-dependent manner IGF-1 receptor phosphorylation in ECs and skeletal muscle and promoted
angiogenesis and skeletal muscle regeneration [122]. In the same study, the authors report that the
same pro-angiogenic mechanism can be induced by PPARβ/δ agonist stimulation in a mouse skin
punch wound model.

In addition to its pro-angiogenic effects, PPARβ/δ agonists have been shown to be vasoprotective by
activating and or increasing the expression of endothelial nitric oxide synthase (eNOS) [123]. Importantly,
injury to the endothelium (e.g., through angioplasty) results in inefficient regeneration as the regenerated
endothelium cannot produce enough nitric oxide causing local nitric oxide deficiency which can lead to
intravascular coagulations, vasospasm, and inflammation-mediated atherosclerosis [124]. Thus, PPARβ/δ
agonists might be useful as anti-thrombotic and anti-atherosclerotic drugs.

Besides a physiological role of PPARβ/δ in angiogenesis, evidence is accumulating that
modulation of PPARβ/δ can be used to control neo-angiogenesis during pathological conditions.
For example, intravitreal injection of the PPARβ/δ antagonist GSK0660 inhibited neovascularization
in a rat oxygen-induced retinopathy and reduced serum-induced in human retinal microvascular
ECs proliferation and tube formation. Both cases were correlated with the reduced expression of the
pro-angiogenic angiopoietin like (Angptl) 4. In contrast, the agonist PPARβ/δ GW0742 increased
neovascularization and tube formation as well as Angptl4 expression [28]. In addition, tumor
transplantation assays as well as Matrigel plug assays utilizing PPARβ/δ knockout mice indicate that
PPARβ/δ is required for the formation of functional tumor microvessels [23].

4. PPARβ/δ in Wound Healing and Regeneration

It is essential for species to deal with injuries to survive. Notably, almost all species have some
regenerative capacity, including humans. For example, they can regenerate liver [5] and bone [125,126].
The basic steps of regeneration are: (1) an inflammatory response [72] induced by injuries caused
by infection, intoxication or mechanical infliction due to signal molecules released by dead or dying
cells or invading organisms [127]; (2) wound healing [128] that can be accompanied by a transient
scar [129]; (3) ECM remodeling to allow migration as well as induction of proliferation with subsequent
differentiation to generate new tissue [6]; (4) an anti-inflammatory and anti-fibrotic response [72]; and
(5) remodeling of the tissue to achieve a functional state [6,72,128]. As described above, PPARβ/δ is
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involved in all these mechanisms. In recent years, it has been shown that manipulation of PPARβ/δ
activity is inhibiting or promoting healing as well as regeneration of a large variety of tissues/organs.

4.1. Skin

The skin is the largest organ of the human body consisting of epidermis and dermis. The epidermis
consists of five layers, forming a protective outer barrier. The dermis consists of connective tissue
and is separated from the epidermis by a thin sheet of fibers called the basement membrane. The
dermis provides tensile strength and elasticity to the skin and serves as a location for the appendages
of skin such as hair follicles, nails, and sweat glands. Skin injuries in adult mammals result usually in
scar tissue that lack skin appendages. As long as the deepest layer of the epidermis, the basal layer
containing stem cells, is not injured the mammalian skin can heal without forming a scar. Yet, deep
injuries and third degree burns fail to regenerate and result into scarring or chronic wounds. As soon
as a wound exceeds 4 cm in diameter, a tissue graft is needed. Yet, while enormous progress has been
made in tissue engineering due to the clinical importance, to date there is no complete functional skin
substitute available (reviewed in [130]).

Similar to other organs, wound healing is initiated by inflammation, followed by reepithialization
due to proliferation and migration of keratinocytes. In parallel fibroblast proliferation is activated
and angiogenesis is induced. In addition, fibroblasts produce collagens and other extracellular matrix
proteins to aid in wound repair (reviewed in [131]). As PPARβ/δ has multiple functions in skin health
and disease such as has pro-differentiating effects on keratinocytes, PPARβ/δ appears to be an ideal
therapeutic target to enhance endogenous regenerative skin regeneration capacities [24].

That PPARβ/δ is involved in skin healing has been suggested based on the finding that its
expression is strongly induced upon injury by inflammatory cytokines (e.g., TNF-α, [59]) and
keratinocytes at the edges of wounds maintain high expression as long as the repair process has
not been completed [132]. The analysis of wound healing in PPARβ/δ knockout mice revealed that
PPARβ/δ is required during skin healing for keratinocyte proliferation resulting in a delay in healing
by two to three days [132]. Activated PPARβ/δ signals via the PI3K/Akt1 pathway, which mediates
cell survival via inactivation of BAD (BCL2-associated agonist of cell death) and adhesion as well
as migration via inhibition of GSK3β [24,133]. During progression of the healing process, PPARβ/δ
expression is decreasing mediated by transforming growth factor (TGF) β1-induced Smad3/Smad4
repressor complexes. Notably, keratinocyte proliferation is also regulated by dermal fibroblasts. An
injury causes IL-1 secretion by keratinocytes, which activates in fibroblasts via IL-R1 the transforming
growth factor beta-activated kinase 1 (TAK) 1/cJun/AP1 pathway resulting in growth factor and
cytokine release promoting keratinocyte proliferation. In fibroblasts, however, activated PPARβ/δ
induces the expression of the secretory IL-1 receptor antagonist sIL-1Ra. This attenuates the IL1
responsiveness of fibroblasts resulting in decreased secretion of pro-proliferative factors and thus
reduced keratinocyte proliferation [134]. This regulatory mechanism demonstrates how important the
local activation of PPARβ/δ is.

The available data on PPARβ/δ in regards to wound healing but also skin disorders has recently
in detail been reviewed [24,25,34]. Yet, there appear to be no studies that attempted to utilize this
knowledge to significantly enhance the regenerative capacity at least in mice or rat.

4.2. Corneal Epithelial Wound Healing

Nakamura and coworkers found that after surgical removal of corneal epithelium PPARβ/δ
expression was temporally upregulated at the wound’s edges like observed in skin wound healing.
This phenomenon was additionally observed in a human corneal epithelial wound model ex vivo.
PPARβ/δ activation enhanced healing of experimental corneal epithelial wounds in rats and wound
closure in an in vitro system based on human corneal epithelial cells. Finally, PPARβ/δ activation was
sufficient to inhibit TNFα–induced cell death of corneal epithelial cells [31]. If wound healing was
impaired or the lesion was too large, activated keratocytes migrated, proliferated, and differentiated
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into fibroblasts and myofibroblasts leading to an altered ECM and corneal opacity. Gu and coworkers
tested the effects of PPARβ/δ agonists in a model of corneal wound healing upon epithelial defects
generated by laser ablation [74]. They observed that the agonist inhibited early stages of wound healing
reepithelialization and promoted angiogenesis. Yet, during the remodeling phase agonist treatment
decreased keratocyte transdifferentiation into myofibroblasts and thus also ECM synthesis/scaring
and corneal opacity. These examples represent another good example for the need of a local and timed
modulation of PPARβ/δ activity.

4.3. Reendothelialization

As described under Section 3, PPARβ/δ is involved in the regulation of EPC, EC, and VSMC
proliferation and/or migration and can promote neo-angiogenesis. In addition, He and coworkers
have shown in a mouse model of carotid artery injury that PPARβ/δ agonist treatment of human EPCs
significantly enhanced the ability of transplanted EPCs to repair denuded endothelium. PPARβ/δ
agonist treatment of human EPCs increased the production of tetrahydrobiopterin, an essential
co-factor of eNOS, as well as expression and activity of GTP cyclohydrolase I, the rate-limiting
enzyme responsible for de novo synthesis of tetrahydrobiopterin. These effects were dependent on
PPARβ/δ agonist-induced suppression of the phosphatase and tensin homolog (PTEN) expression
thereby promoting AKT signaling. Notably, PPARβ/δ agonist-induced EPC proliferation was primarily
dependent on BH4 but independent of NO, while induced EPC migration was dependent on both [88].

4.4. Skeletal Muscle

Regeneration of skeletal muscle is among the best-understood regenerative processes in
mammalians, including humans. Similar to bone, mammalian skeletal muscle can regenerate but the
extent of regeneration is limited [135,136]. If an injury exceeds the endogenous regenerative capacity
the skeletal muscle scars. This kind of injury does occur not only after an accident but are often also
caused by surgical interventions such as total hip or knee arthroplasty [136]. Moreover, skeletal muscle
loss occurs in a variety of congenital diseases (myofibrillar myopathies, [137]), cancer (cachexia, [138]),
as well as aging (sarcopenia, [139]). As maintaining skeletal muscle function is essential for good health
and independent living, there is a great interest in developing strategies to enhance the endogenous
regenerative capacity of skeletal muscle or to generate muscle by stem cell-based therapies.

The mechanism of skeletal muscle regeneration has recently been reviewed in detail [135,136].
Briefly, the main cell type during skeletal muscle regeneration is the resident muscle stem (satellite)
cell (MuSC). After an injury MuSCs are activated, enter the cell cycle, proliferate, differentiate into
myoblasts, which finally fuse to damaged fibers or generate myofibers de novo. Maintenance of
MuSCs is for example dependent on paired box proteinPax7, FoxO1/Notch signaling, and the ECM
via β1-integrin signaling [119,135,140]. Yet, skeletal muscle regeneration is a complex process that
involves several cell types (e.g., immune cells, adipogenic progenitors, fibroblasts, and pericytes)
that interact with each other. The basic steps in skeletal muscle regeneration are: (1) bleeding
triggering coagulation and hematoma formation; (2) induction of a pro-inflammatory reaction
(e.g., MuSC-mediated recruitment of immune cells such as pro-inflammatory M1 macrophages); (3)
induction of MuSC proliferation (e.g., by IL-6 secreted by M1 macrophages); (4) switching of immune
cells such as macrophages to anaerobic glycolysis due to a hypoxic environment; (5) appearance of
anti-inflammatory M2 macrophages, which inhibit myoblast proliferation and stimulate the subsequent
differentiation and fusion of myofibers; and (6) initiation of re-vascularization. Notably, the cytokine
pattern and mechanical tension decides, during the initial inflammatory reaction, whether fibroblasts
differentiate into myofibroblasts promoting fibrosis or whether regeneration will occur [70].

The role of PPARβ/δ in skeletal muscle physiology and pathophysiology has recently been
reviewed by Manickham and Wahli [21]. In 2009, Giordano and coworkers demonstrated that
muscle-specific overexpression of PPARβ/δ as well as pharmacological activation promotes skeletal
muscle fusion but not proliferation of MuSCs [141]. This is in agreement with the recent finding by
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Lee and coworkers showing that PPARβ/δ agonist treatment, as well as PPARβ/δ overexpression,
enhanced C2C12 myotube formation via p38 MAPK and Akt [142]. Conditional PPARβ/δ knockout
mice utilizing Myf5-Cre deleter lines (affect MuSCs) exhibited no gross morphological phenotype.
A detailed analysis revealed a reduced number of MuSCs (~40%) and a delayed regenerative response
to cardiotoxin-induced injury. The number of small regenerating fibers was increased by ~30% while
the number of large regenerating fibers was decreased by 20%. Moreover, MuSCs from conditional
PPARβ/δ knockout mice displayed reduced in vitro and in vivo MuSCs proliferation but enhanced
differentiation. These phenomena were associated with a downregulation of FoxO1, which is a
negative regulator of skeletal muscle differentiation [120]. In 2015, Chandrashekar and coworkers
reported that PPARβ/δ knockout mice exhibit reduced skeletal muscle weight and myofiber atrophy
during postnatal development [143]. In agreement with the conditional knockout mice, the number
of MuSCs was reduced (~25%). Yet, mass was affected in PPARβ/δ knockout mice while myofiber
number was not significantly altered. Moreover, PPARβ/δ knockout mice contained significantly less
myoblasts upon notexin-mediated injury (~50% at 28 dpi). In addition, the authors observed in the
knockout animals increased necrosis (three days post injury (dpi)) and myofibers containing centrally
located nuclei were smaller (7 dpi). While previous PPARβ/δ-related studies investigated mainly the
effect on MuSCs, Chandrashekar and coworkers describe an increased infiltration of macrophages at
3 dpi. Yet, loss of PPARβ/δ did not significantly alter scar tissue formation or metabolic properties of
regenerated muscle.

Even though several groups describe modulation of PPARβ/δ as affecting MuSCs as well
as immune cells, the data obtained from mouse models utilizing overexpression and knockout
strategies do not clarify if skeletal muscle regeneration can be enhanced by altering PPARβ/δ
activity. In contrast, Haralampieva and coworkers aimed at manipulating MuSCs directly in order to
enhance their regenerative capacity. For this purpose, they have overexpressed human peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (hPGC-1α) in hMuSCs and tested the effect
in a crush-induced injury model [144]. The authors observed a decreased inflammatory response
accompanied by enhanced expression of muscle markers in newly formed myotubes and increased
muscle contraction force. Thus, injected hMuSCs overexpressing PGC-1α enhanced functional muscle
regeneration after injury.

Collectively, these data indicate that PPARβ/δ is involved in MuSC proliferation but also
in myoblast fusion [119]. It remains elusive if modulation of PPARβ/δ can be utilized to
enhance regeneration even though it is involved in a large number of processes affecting skeletal
muscle regeneration.

4.5. Bone

The bone is one of the few tissues/organs of the human body that can heal and regenerate [125,126].
Yet, the regenerative capacity is limited, does not occur in all cases and regeneration is complicated
by comorbidities such as type 2 diabetes. That PPARβ/δ might play a role in bone regeneration has
been suggested by the bone phenotype of PPARβ/δ knockout mice. These mice were characterized by
increased myostatin expression, low bone formation, and increased resorption resulting in decreasing
bone strength with age. In addition, they did not respond with bone formation upon exercise [145].
Conditional knockout mice utilizing a SOX2-Cre deleter line showed substantial osteopenia paralleled
by lower serum concentrations of osteoprotegerin and osteocalcin, a higher RANKL-to-osteoprotegerin
ratio, as well as a higher number of osteoclasts within the trabecular bones [30]. In contrast, activation
of PPARβ/δ in vitro promoted osteogenic differentiation of osteoblasts and inhibited in co-cultures of
osteoblasts and osteoclasts osteoclast differentiation and bone resorption. Moreover, pharmacological
activation of PPARβ/δ in a mouse model of postmenopausal osteoporosis led to normalization of the
altered RANKL-to-osteoprotegerin ratio and the restoration of normal bone density [30].
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4.6. Liver

The mammalian liver can regenerate based on hepatocyte proliferation in contrast to skin, skeletal
muscle, and bone after large injuries such as two-thirds partial hepatectomy [5]. Liu and coworkers
demonstrated, utilizing PPARβ/δ knockout mice, that PPARβ/δ is required for the activation of
hepatocyte proliferation upon injury to enable liver regeneration. A detailed analysis of their model
revealed that PPARβ/δ deficiency blocked the induction of genes involved in glycolysis, the activation
the PDK1/AKT pathway at 36 to 48 h after injury, as well as the proliferation associated transcription
factors E2F1, 2, 7, and 8 resulting in delayed liver regeneration [33].

4.7. Cardiac Muscle

Significant effort is invested to develop novel regenerative therapies for the injured mammalian
heart as heart failure represents a major socioeconomic burden [146]. Due to the fact that the embryonic
heart growth during development is mediated by cardiomyocyte proliferation and as natural occurring
heart regeneration in zebrafish and newt is based on the same cellular mechanism, one possible
future approach appears to be the induction of adult mammalian cardiomyocyte proliferation [147].
Yet, it is poorly understood why mammalian cardiomyocytes stop proliferating shortly after birth.
Recently, Magadum and coworkers wondered whether the metabolic shift in cardiomyocytes around
birth from glycolysis to fatty acid oxidation to ensure ATP generation might be responsible for this
phenomenon [9]. In the adult heart, about 70% of the cardiac energy metabolism relies on the oxidation
of fatty acids and 30% on glucose, lactate, and ketone bodies. Notably, the heart can in contrast to other
organs adapt its energy metabolism based on substrate availability [102,148]. Activation of PPARβ/δ
in neonatal cardiomyocytes induced their proliferation via the PDK1/p308Akt/GSK3β/β-catenin
pathway. This proliferative response could even be further enhanced by treatment with the GSK3β
inhibitor 6-bromoindirubin-3′-oxime (BIO). Moreover, inhibition of PPARβ/δ reduced cardiomyocyte
proliferation during zebrafish heart regeneration. Finally, genetic as well as pharmacological activation
of PPARβ/δ in a myocardial infarct model induced cell cycle progression in cardiomyocytes, reduced
scarring, and improved cardiac function [9]. While it has not been proven to what extent cardiomyocyte
proliferation upon PPARβ/δ activation contributes to improved function, it appears likely that it
is due to the pleiotropic effects of PPARβ/δ: (1) inhibiting apoptosis (see Section 3.2 and [54]);
(2) modulating inflammation and inhibiting fibrosis (Section 3.3); (3) promoting cardiomyocyte
proliferation (Section 3.4); (4) promoting angiogenesis (Section 3.6).

In addition to its role in healing and regeneration, PPARβ/δ-mediates, as recently reviewed,
healing of metabolic diseases such as diabetes [11,149] and tissue protection [54,150–154].

5. Conclusions

Our literature analysis confirms that modulation of PPARβ/δ activity can regulate all cellular
processes of regeneration (see Section 3 and Figure 1). However, it is important to consider that for
example PPARβ/δ activation can have different outcomes not only in different but also the same
cell type depending on intracellular and extracellular conditions (see Section 3). Importantly, our
analysis also reveals that PPARβ/δ is involved in natural occurring regeneration of mammalian organs
(Figure 1). However, very little information is available on the role of PPARβ/δ in model organisms
characterized by extensive regenerative capacities such as zebrafish, the ability of enhancing natural
occurring but limited regeneration (e.g., liver, bone, skin; see Section 4), and to induce regeneration of
mammalian organs that have no significant endogenous regenerative capacity such as the brain and
the heart. Our analysis also shows that the main signaling pathways controlled by PPARβ/δ have been
demonstrated to be essential for regeneration (Figure 1). For example, Akt signaling is well known
to be required for mammalian liver [155], skeletal muscle [156,157] and hair follicle [158], as well as
planarian [159] regeneration and its activation promotes axonal regeneration in mice [160–162]. In
addition, it has been shown that GSK3β or β-catenin are involved in regeneration of for example mature
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pancreatic acinar cells [163] and intestine [164] in mice; limb regeneration in the model organisms axolotl,
Xenopus, and zebrafish [165]; and zebrafish heart regeneration [166]. Furthermore, GSK3β/β-catenin
signaling also enhances skeletal muscle [167] and bone [168] regeneration and can induce mammalian
cardiomyocyte proliferation [169] and central nervous system axon regeneration [170]. Finally, the class
of FoxO transcription factors have been shown to play a role in stem cell aging [171]. Reduced FoxO1
expression accelerates skin wound healing [172] and skeletal muscle regeneration [173]. Moreover, it
inhibits axon regeneration in C. elegans [174]. FoxO3 is known to inhibit oligodendrocyte progenitor
cell and thus myelination [175]. In addition, it plays a role in mammalian spinal cord [176], skeletal
muscle [177], and liver [178] regeneration. Collectively, modulation of PPARβ/δ has a great therapeutic
potential to enhance or even promote regeneration and thus we suggest to intensify the analysis of
PPARβ/δ signaling in regenerative model organisms in comparison to mammals.

Figure 1. Examples of direct targets of PPARβ/δ involved in the different processes of regeneration.
Red: inactivation. Green: activation. Affected pathways are indicated in brackets. Note: inflammation
needs first to be activated and later inhibited during regeneration.
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AF Activation function
AMPK Adenosine monophosphate-activated protein kinase
Angptl4 Angiopoietin like 4
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ATP Adenosine triphosphate
BAD BCL2-associated agonist of cell death
BCL-6 B-cell lymphoma 6
CD36 Cluster of differentiation 36
COX2 Cyclooxygenase 2
CRABP-II Cellular retinoic acid binding protein-II
DBD DNA-binding domain
EC Endothelial cell
ECM Extracellular matrix
Edg Endothelial differentiation gene
eNOS Endothelial nitric oxide synthase
EPC Endothelial progenitor cell
ESC Embryonic stem cell
FABP Fatty acid binding protein
FoxO1 Forkhead box protein O1
Glut4 Glucose transporter type 4
GSK-3β Glycogen synthase kinase 3β
GTP Guanosine triphosphate
HB-EGF Heparin-binding epidermal growth factor-like growth factor
HIF-1α Hypoxia-inducible factor-1α
hPGC-1α Human peroxisome proliferator-activated receptor gamma coactivator-1α
IGF-1 Insulin-like growth factor 1
IGFBP Insulin-like growth factor-binding protein
IL-1 Interleukin
iNOS Inducible nitric oxide synthase
K-FABP Keratinocyte-fatty acid binding protein
LBD Ligand-binding domain
LKB1 Liver kinase B1
MAPK Mitogen-activated protein kinase
MMP Matrix metalloproteinase
MRL Murphy Roths Large
MuSC Muscle stem (satellite) cell
mTOR Mammalian target of rapamycin
NCOR1 Nuclear receptor corepressor 1
NF-κB Nuclear factor κ-light-chain-enhancer of activated B cells
PDK4 Pyruvate dehydrogenase kinase 4
PGC1α PPAR coactivator 1α
PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase
PPAR Peroxisome proliferator-activated receptor
PPRE Putative PPAR response element
PTEN Phosphatase and tensin homolog
RA Retinoic acid
RANKL Receptor activator of nuclear factor kappa-B ligand
RXR Retinoic acid receptor
SIRT1 Silent mating type information regulation 2 homolog 1
SOD Superoxide dismutase
SOX2 SRY (sex determining region Y)-box 2
TGFβ Transforming growth factor β
TNFα Tumor necrosis factor α
TRPV1 Transient receptor potential vanilloid type 1
VEGF Vascular endothelial growth factor
VSMC Vascular smooth muscle cells

146



Int. J. Mol. Sci. 2018, 19, 2013

References

1. De Réaumur, M. Sur les diverses reproductions. Qui se font dans les écrevisses, les homards, les crabes, etc.
Et entre autres sur celles de leurs jambes et écailles. Mem. Acad. R. Sci. 1712, 223–246.

2. Newth, D.R. New (and Better?) Parts for Old; Penguin Books: London, UK, 1958.
3. Furr, A.; Hardy, M.A.; Barret, J.P.; Barker, J.H. Surgical, ethical, and psychosocial considerations in human

head transplantation. Int. J. Surg. 2017, 41, 190–195. [CrossRef] [PubMed]
4. Morgan, T.H. Regeneration; Macmillan: London, UK, 1901.
5. Michalopoulos, G.K.; DeFrances, M.C. Liver regeneration. Science 1997, 276, 60–66. [CrossRef] [PubMed]
6. Sanchez Alvarado, A.; Tsonis, P.A. Bridging the regeneration gap: Genetic insights from diverse animal

models. Nat. Rev. Genet. 2006, 7, 873–884. [CrossRef] [PubMed]
7. Galliot, B.; Crescenzi, M.; Jacinto, A.; Tajbakhsh, S. Trends in tissue repair and regeneration. Development

2017, 144, 357–364. [CrossRef] [PubMed]
8. Neels, J.G.; Grimaldi, P.A. Physiological functions of peroxisome proliferator-activated receptor beta.

Physiol. Rev. 2014, 94, 795–858. [CrossRef] [PubMed]
9. Magadum, A.; Ding, Y.; He, L.; Kim, T.; Vasudevarao, M.D.; Long, Q.; Yang, K.; Wickramasinghe, N.;

Renikunta, H.V.; Dubois, N.; et al. Live cell screening platform identifies PPARdelta as a regulator of
cardiomyocyte proliferation and cardiac repair. Cell Res. 2017, 27, 1002–1019. [CrossRef] [PubMed]

10. De Lellis, L.; Cimini, A.; Veschi, S.; Benedetti, E.; Amoroso, R.; Cama, A.; Ammazzalorso, A. The Anticancer
Potential of Peroxisome Proliferator-Activated Receptor Antagonists. ChemMedChem 2018, 13, 209–219.
[CrossRef] [PubMed]

11. Palomer, X.; Barroso, E.; Pizarro-Delgado, J.; Pena, L.; Botteri, G.; Zarei, M.; Aguilar, D.; Montori-Grau, M.;
Vazquez-Carrera, M. PPARbeta/delta: A Key Therapeutic Target in Metabolic Disorders. Int. J. Mol. Sci.
2018, 19. [CrossRef] [PubMed]

12. Palomer, X.; Barroso, E.; Zarei, M.; Botteri, G.; Vazquez-Carrera, M. PPARbeta/delta and lipid metabolism in
the heart. Biochim. Biophys. Acta 2016, 1861, 1569–1578. [CrossRef] [PubMed]

13. Muller, R. PPARbeta/delta in human cancer. Biochimie 2017, 136, 90–99. [CrossRef] [PubMed]
14. Hwang, I.; Kim, J.; Jeong, S. Beta-Catenin and peroxisome proliferator-activated receptor-delta coordinate

dynamic chromatin loops for the transcription of vascular endothelial growth factor A gene in colon cancer
cells. J. Biol. Chem. 2012, 287, 41364–41373. [CrossRef] [PubMed]

15. Kliewer, S.A.; Forman, B.M.; Blumberg, B.; Ong, E.S.; Borgmeyer, U.; Mangelsdorf, D.J.; Umesono, K.;
Evans, R.M. Differential expression and activation of a family of murine peroxisome proliferator-activated
receptors. Proc. Natl. Acad. Sci. USA 1994, 91, 7355–7359. [CrossRef] [PubMed]

16. Michalik, L.; Auwerx, J.; Berger, J.P.; Chatterjee, V.K.; Glass, C.K.; Gonzalez, F.J.; Grimaldi, P.A.; Kadowaki, T.;
Lazar, M.A.; O’Rahilly, S.; et al. International Union of Pharmacology. LXI. Peroxisome proliferator-activated
receptors. Pharmacol. Rev. 2006, 58, 726–741. [CrossRef] [PubMed]

17. Braissant, O.; Foufelle, F.; Scotto, C.; Dauca, M.; Wahli, W. Differential expression of peroxisome
proliferator-activated receptors (PPARs): Tissue distribution of PPAR-alpha, -beta, and -gamma in the
adult rat. Endocrinology 1996, 137, 354–366. [CrossRef] [PubMed]

18. Braissant, O.; Wahli, W. Differential expression of peroxisome proliferator-activated receptor-alpha, -beta,
and -gamma during rat embryonic development. Endocrinology 1998, 139, 2748–2754. [CrossRef] [PubMed]

19. Abbott, B.D. Review of the expression of peroxisome proliferator-activated receptors alpha (PPAR alpha),
beta (PPAR beta), and gamma (PPAR gamma) in rodent and human development. Reprod. Toxicol. 2009, 27,
246–257. [CrossRef] [PubMed]

20. Girroir, E.E.; Hollingshead, H.E.; He, P.; Zhu, B.; Perdew, G.H.; Peters, J.M. Quantitative expression patterns
of peroxisome proliferator-activated receptor-beta/delta (PPARbeta/delta) protein in mice. Biochem. Biophys.
Res. Commun. 2008, 371, 456–461. [CrossRef] [PubMed]

21. Manickam, R.; Wahli, W. Roles of Peroxisome Proliferator-Activated Receptor beta/delta in skeletal muscle
physiology. Biochimie 2017, 136, 42–48. [CrossRef] [PubMed]

22. Peters, J.M.; Morales, J.L.; Gonzalez, F.J. Modulation of gastrointestinal inflammation and colorectal
tumorigenesis by peroxisome proliferator-activated receptor-beta/delta (PPARbeta/delta). Drug Discov.
Today Dis. Mech. 2011, 8, e85–e93. [CrossRef] [PubMed]

147



Int. J. Mol. Sci. 2018, 19, 2013

23. Muller-Brusselbach, S.; Komhoff, M.; Rieck, M.; Meissner, W.; Kaddatz, K.; Adamkiewicz, J.; Keil, B.;
Klose, K.J.; Moll, R.; Burdick, A.D.; et al. Deregulation of tumor angiogenesis and blockade of tumor growth
in PPARbeta-deficient mice. EMBO J. 2007, 26, 3686–3698. [CrossRef] [PubMed]

24. Montagner, A.; Wahli, W. Contributions of peroxisome proliferator-activated receptor beta/delta to skin
health and disease. Biomol. Concepts 2013, 4, 53–64. [CrossRef] [PubMed]

25. Montagner, A.; Wahli, W.; Tan, N.S. Nuclear receptor peroxisome proliferator activated receptor (PPAR)
beta/delta in skin wound healing and cancer. Eur. J. Dermatol. 2015, 25 (Suppl. 1), 4–11. [PubMed]

26. Icre, G.; Wahli, W.; Michalik, L. Functions of the peroxisome proliferator-activated receptor (PPAR) alpha
and beta in skin homeostasis, epithelial repair, and morphogenesis. J. Investig. Dermatol. Symp. Proc. 2006,
11, 30–35. [CrossRef] [PubMed]

27. Chinetti-Gbaguidi, G.; Staels, B. PPARbeta in macrophages and atherosclerosis. Biochimie 2017, 136, 59–64.
[CrossRef] [PubMed]

28. Capozzi, M.E.; McCollum, G.W.; Savage, S.R.; Penn, J.S. Peroxisome proliferator-activated
receptor-beta/delta regulates angiogenic cell behaviors and oxygen-induced retinopathy. Investig.
Ophthalmol. Vis. Sci. 2013, 54, 4197–4207. [CrossRef] [PubMed]

29. Benedetti, E.; D’Angelo, B.; Cristiano, L.; Di Giacomo, E.; Fanelli, F.; Moreno, S.; Cecconi, F.; Fidoamore, A.;
Antonosante, A.; Falcone, R.; et al. Involvement of peroxisome proliferator-activated receptor beta/delta
(PPAR beta/delta) in BDNF signaling during aging and in Alzheimer disease: Possible role of
4-hydroxynonenal (4-HNE). Cell Cycle 2014, 13, 1335–1344. [CrossRef] [PubMed]

30. Scholtysek, C.; Katzenbeisser, J.; Fu, H.; Uderhardt, S.; Ipseiz, N.; Stoll, C.; Zaiss, M.M.; Stock, M.;
Donhauser, L.; Bohm, C.; et al. PPARbeta/delta governs Wnt signaling and bone turnover. Nat. Med.
2013, 19, 608–613. [CrossRef] [PubMed]

31. Nakamura, Y.; Nakamura, T.; Tarui, T.; Inoue, J.; Kinoshita, S. Functional role of PPARdelta in corneal
epithelial wound healing. Am. J. Pathol. 2012, 180, 583–598. [CrossRef] [PubMed]

32. Mothe-Satney, I.; Piquet, J.; Murdaca, J.; Sibille, B.; Grimaldi, P.A.; Neels, J.G.; Rousseau, A.S. Peroxisome
Proliferator Activated Receptor Beta (PPARbeta) activity increases the immune response and shortens the
early phases of skeletal muscle regeneration. Biochimie 2017, 136, 33–41. [CrossRef] [PubMed]

33. Liu, H.X.; Fang, Y.; Hu, Y.; Gonzalez, F.J.; Fang, J.; Wan, Y.J. PPARbeta Regulates Liver Regeneration by
Modulating Akt and E2f Signaling. PLoS ONE 2013, 8, e65644.

34. Gupta, M.; Mahajan, V.K.; Mehta, K.S.; Chauhan, P.S.; Rawat, R. Peroxisome proliferator-activated receptors
(PPARs) and PPAR agonists: The ‘future’ in dermatology therapeutics? Arch. Dermatol. Res. 2015, 307,
767–780. [CrossRef] [PubMed]

35. Karin, M.; Clevers, H. Reparative inflammation takes charge of tissue regeneration. Nature 2016, 529, 307–315.
[CrossRef] [PubMed]

36. Gurtner, G.C.; Werner, S.; Barrandon, Y.; Longaker, M.T. Wound repair and regeneration. Nature 2008, 453,
314–321. [CrossRef] [PubMed]

37. Heber-Katz, E. Oxygen, Metabolism, and Regeneration: Lessons from Mice. Trends Mol. Med. 2017, 23,
1024–1036. [CrossRef] [PubMed]

38. Abnave, P.; Ghigo, E. Role of the immune system in regeneration and its dynamic interplay with adult stem
cells. Semin. Cell Dev. Biol. 2018, 10849, 30200–30208. [CrossRef] [PubMed]

39. Agathocleous, M.; Harris, W.A. Metabolism in physiological cell proliferation and differentiation.
Trends Cell Biol. 2013, 23, 484–492. [CrossRef] [PubMed]

40. Eming, S.A.; Wynn, T.A.; Martin, P. Inflammation and metabolism in tissue repair and regeneration. Science
2017, 356, 1026–1030. [CrossRef] [PubMed]

41. Osuma, E.A.; Riggs, D.W.; Gibb, A.A.; Hill, B.G. High throughput measurement of metabolism in planarians
reveals activation of glycolysis during regeneration. Regeneration 2018, 5, 78–86. [CrossRef] [PubMed]

42. Wang, X.; Ha, T.; Liu, L.; Hu, Y.; Kao, R.; Kalbfleisch, J.; Williams, D.; Li, C. TLR3 Mediates Repair
and Regeneration of Damaged Neonatal Heart through Glycolysis Dependent YAP1 Regulated miR-152
Expression. Cell Death Differ. 2018, 25, 966–982. [CrossRef] [PubMed]

43. Fu, X.; Zhu, M.J.; Dodson, M.V.; Du, M. AMP-activated protein kinase stimulates Warburg-like glycolysis
and activation of satellite cells during muscle regeneration. J. Biol. Chem. 2015, 290, 26445–26456. [CrossRef]
[PubMed]

148



Int. J. Mol. Sci. 2018, 19, 2013

44. Lamichane, S.; Dahal Lamichane, B.; Kwon, S.M. Pivotal Roles of Peroxisome Proliferator-Activated
Receptors (PPARs) and Their Signal Cascade for Cellular and Whole-Body Energy Homeostasis. Int. J.
Mol. Sci. 2018, 19, 949. [CrossRef] [PubMed]

45. Fan, W.; Evans, R. PPARs and ERRs: Molecular mediators of mitochondrial metabolism. Curr. Opin. Cell Biol.
2015, 33, 49–54. [CrossRef] [PubMed]

46. Gilde, A.J.; van der Lee, K.A.; Willemsen, P.H.; Chinetti, G.; van der Leij, F.R.; van der Vusse, G.J.; Staels, B.;
van Bilsen, M. Peroxisome proliferator-activated receptor (PPAR) alpha and PPARbeta/delta, but not
PPARgamma, modulate the expression of genes involved in cardiac lipid metabolism. Circ. Res. 2003, 92,
518–524. [CrossRef] [PubMed]

47. Gan, Z.; Rumsey, J.; Hazen, B.C.; Lai, L.; Leone, T.C.; Vega, R.B.; Xie, H.; Conley, K.E.; Auwerx, J.; Smith, S.R.;
et al. Nuclear receptor/microRNA circuitry links muscle fiber type to energy metabolism. J. Clin. Investig.
2013, 123, 2564–2575. [CrossRef] [PubMed]

48. Cheng, L.; Ding, G.; Qin, Q.; Huang, Y.; Lewis, W.; He, N.; Evans, R.M.; Schneider, M.D.; Brako, F.A.;
Xiao, Y.; et al. Cardiomyocyte-restricted peroxisome proliferator-activated receptor-delta deletion perturbs
myocardial fatty acid oxidation and leads to cardiomyopathy. Nat. Med. 2004, 10, 1245–1250. [CrossRef]
[PubMed]

49. Wang, Y.X.; Lee, C.H.; Tiep, S.; Yu, R.T.; Ham, J.; Kang, H.; Evans, R.M. Peroxisome-proliferator-activated
receptor delta activates fat metabolism to prevent obesity. Cell 2003, 113, 159–170. [CrossRef]

50. Pan, D.; Fujimoto, M.; Lopes, A.; Wang, Y.X. Twist-1 is a PPARdelta-inducible, negative-feedback regulator
of PGC-1alpha in brown fat metabolism. Cell 2009, 137, 73–86. [CrossRef] [PubMed]

51. Roberts, L.D.; Murray, A.J.; Menassa, D.; Ashmore, T.; Nicholls, A.W.; Griffin, J.L. The contrasting roles of
PPARdelta and PPARgamma in regulating the metabolic switch between oxidation and storage of fats in
white adipose tissue. Genome Biol. 2011, 12, R75. [CrossRef] [PubMed]

52. Schuler, M.; Ali, F.; Chambon, C.; Duteil, D.; Bornert, J.M.; Tardivel, A.; Desvergne, B.; Wahli, W.; Chambon, P.;
Metzger, D. PGC1alpha expression is controlled in skeletal muscles by PPARbeta, whose ablation results in
fiber-type switching, obesity, and type 2 diabetes. Cell Metab. 2006, 4, 407–414. [CrossRef] [PubMed]

53. Liu, S.; Hatano, B.; Zhao, M.; Yen, C.C.; Kang, K.; Reilly, S.M.; Gangl, M.R.; Gorgun, C.; Balschi, J.A.;
Ntambi, J.M.; et al. Role of peroxisome proliferator-activated receptor {delta}/{beta} in hepatic metabolic
regulation. J. Biol. Chem. 2011, 286, 1237–1247. [CrossRef] [PubMed]

54. Burkart, E.M.; Sambandam, N.; Han, X.; Gross, R.W.; Courtois, M.; Gierasch, C.M.; Shoghi, K.; Welch, M.J.;
Kelly, D.P. Nuclear receptors PPARbeta/delta and PPARalpha direct distinct metabolic regulatory programs
in the mouse heart. J. Clin. Investig. 2007, 117, 3930–3939. [PubMed]

55. Andersen, J.L.; Kornbluth, S. The tangled circuitry of metabolism and apoptosis. Mol. Cell 2013, 49, 399–410.
[CrossRef] [PubMed]

56. Diwanji, N.; Bergmann, A. An unexpected friend-ROS in apoptosis-induced compensatory proliferation:
Implications for regeneration and cancer. Semin. Cell Dev. Biol. 2018, 80, 74–82. [CrossRef] [PubMed]

57. Schug, T.T.; Berry, D.C.; Shaw, N.S.; Travis, S.N.; Noy, N. Opposing effects of retinoic acid on cell growth
result from alternate activation of two different nuclear receptors. Cell 2007, 129, 723–733. [CrossRef]
[PubMed]

58. Di-Poi, N.; Tan, N.S.; Michalik, L.; Wahli, W.; Desvergne, B. Antiapoptotic role of PPARbeta in keratinocytes
via transcriptional control of the Akt1 signaling pathway. Mol. Cell 2002, 10, 721–733. [CrossRef]

59. Tan, N.S.; Michalik, L.; Noy, N.; Yasmin, R.; Pacot, C.; Heim, M.; Fluhmann, B.; Desvergne, B.; Wahli, W.
Critical roles of PPAR beta/delta in keratinocyte response to inflammation. Genes Dev. 2001, 15, 3263–3277.
[CrossRef] [PubMed]

60. Haffar, T.; Berube-Simard, F.A.; Bousette, N. Cardiomyocyte lipotoxicity is mediated by Il-6 and causes
down-regulation of PPARs. Biochem. Biophys. Res. Commun. 2015, 459, 54–59. [CrossRef] [PubMed]

61. Shureiqi, I.; Jiang, W.; Zuo, X.; Wu, Y.; Stimmel, J.B.; Leesnitzer, L.M.; Morris, J.S.; Fan, H.Z.; Fischer, S.M.;
Lippman, S.M. The 15-lipoxygenase-1 product 13-S-hydroxyoctadecadienoic acid down-regulates
PPAR-delta to induce apoptosis in colorectal cancer cells. Proc. Natl. Acad. Sci. USA 2003, 100, 9968–9973.
[CrossRef] [PubMed]

62. Domigan, C.K.; Warren, C.M.; Antanesian, V.; Happel, K.; Ziyad, S.; Lee, S.; Krall, A.; Duan, L.;
Torres-Collado, A.X.; Castellani, L.W.; et al. Autocrine VEGF maintains endothelial survival through
regulation of metabolism and autophagy. J. Cell Sci. 2015, 128, 2236–2248. [CrossRef] [PubMed]

149



Int. J. Mol. Sci. 2018, 19, 2013

63. Wu, T.T.; Niu, H.S.; Chen, L.J.; Cheng, J.T.; Tong, Y.C. Increase of human prostate cancer cell (DU145)
apoptosis by telmisartan through PPAR-delta pathway. Eur. J. Pharmacol. 2016, 775, 35–42. [CrossRef]
[PubMed]

64. Liou, J.Y.; Lee, S.; Ghelani, D.; Matijevic-Aleksic, N.; Wu, K.K. Protection of endothelial survival by
peroxisome proliferator-activated receptor-delta mediated 14-3-3 upregulation. Arterioscler. Thromb.
Vasc. Biol. 2006, 26, 1481–1487. [CrossRef] [PubMed]

65. Wu, K.K. Peroxisome Proliferator-Activated Receptors Protect against Apoptosis via 14-3-3. PPAR Res. 2010,
2010. [CrossRef] [PubMed]

66. Pesant, M.; Sueur, S.; Dutartre, P.; Tallandier, M.; Grimaldi, P.A.; Rochette, L.; Connat, J.L. Peroxisome
proliferator-activated receptor delta (PPARdelta) activation protects H9c2 cardiomyoblasts from oxidative
stress-induced apoptosis. Cardiovasc. Res. 2006, 69, 440–449. [CrossRef] [PubMed]

67. Barlaka, E.; Gorbe, A.; Gaspar, R.; Paloczi, J.; Ferdinandy, P.; Lazou, A. Activation of PPARbeta/delta
protects cardiac myocytes from oxidative stress-induced apoptosis by suppressing generation of reactive
oxygen/nitrogen species and expression of matrix metalloproteinases. Pharmacol. Res. 2015, 95–96, 102–110.
[CrossRef] [PubMed]

68. Clarke, S.A.; Richardson, W.J.; Holmes, J.W. Modifying the mechanics of healing infarcts: Is better the enemy
of good? J. Mol. Cell. Cardiol. 2016, 93, 115–124. [CrossRef] [PubMed]

69. Cordero-Espinoza, L.; Huch, M. The balancing act of the liver: Tissue regeneration versus fibrosis. J. Clin.
Investig. 2018, 128, 85–96. [CrossRef] [PubMed]

70. Munoz-Canoves, P.; Serrano, A.L. Macrophages decide between regeneration and fibrosis in muscle.
Trends Endocrinol. Metab. 2015, 26, 449–450. [CrossRef] [PubMed]

71. Li, J.; Tan, J.; Martino, M.M.; Lui, K.O. Regulatory T-Cells: Potential Regulator of Tissue Repair and
Regeneration. Front. Immunol. 2018, 9, 585. [CrossRef] [PubMed]

72. Wynn, T.A.; Vannella, K.M. Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity 2016, 44,
450–462. [CrossRef] [PubMed]

73. Chan, L.K.; Gerstenlauer, M.; Konukiewitz, B.; Steiger, K.; Weichert, W.; Wirth, T.; Maier, H.J. Epithelial
NEMO/IKKgamma limits fibrosis and promotes regeneration during pancreatitis. Gut 2017, 66, 1995–2007.
[CrossRef] [PubMed]

74. Gu, Y.; Li, X.; He, T.; Jiang, Z.; Hao, P.; Tang, X. The Antifibrosis Effects of Peroxisome Proliferator-Activated
Receptor delta on Rat Corneal Wound Healing after Excimer Laser Keratectomy. PPAR Res. 2014, 2014,
464935. [CrossRef] [PubMed]

75. Teunissen, B.E.; Smeets, P.J.; Willemsen, P.H.; De Windt, L.J.; Van der Vusse, G.J.; Van Bilsen, M. Activation of
PPARdelta inhibits cardiac fibroblast proliferation and the transdifferentiation into myofibroblasts. Cardiovasc.
Res. 2007, 75, 519–529. [CrossRef] [PubMed]

76. Gao, F.; Liang, Y.; Wang, X.; Lu, Z.; Li, L.; Zhu, S.; Liu, D.; Yan, Z.; Zhu, Z. TRPV1 Activation Attenuates
High-Salt Diet-Induced Cardiac Hypertrophy and Fibrosis through PPAR-delta Upregulation. PPAR Res.
2014, 2014, 491963. [CrossRef] [PubMed]

77. Nathan, C. Immunology: Oxygen and the inflammatory cell. Nature 2003, 422, 675–676. [CrossRef] [PubMed]
78. O’Neill, L.A.; Hardie, D.G. Metabolism of inflammation limited by AMPK and pseudo-starvation. Nature

2013, 493, 346–355. [CrossRef] [PubMed]
79. Mills, E.L.; Kelly, B.; Logan, A.; Costa, A.S.H.; Varma, M.; Bryant, C.E.; Tourlomousis, P.; Dabritz, J.H.M.;

Gottlieb, E.; Latorre, I.; et al. Succinate Dehydrogenase Supports Metabolic Repurposing of Mitochondria to
Drive Inflammatory Macrophages. Cell 2016, 167, 457–470. [CrossRef] [PubMed]

80. Djouad, F.; Ipseiz, N.; Luz-Crawford, P.; Scholtysek, C.; Kronke, G.; Jorgensen, C. PPARbeta/delta: A master
regulator of mesenchymal stem cell functions. Biochimie 2017, 136, 55–58. [CrossRef] [PubMed]

81. Rius, J.; Guma, M.; Schachtrup, C.; Akassoglou, K.; Zinkernagel, A.S.; Nizet, V.; Johnson, R.S.; Haddad, G.G.;
Karin, M. NF-kappaB links innate immunity to the hypoxic response through transcriptional regulation of
HIF-1alpha. Nature 2008, 453, 807–811. [CrossRef] [PubMed]

82. Inoue, T.; Kohro, T.; Tanaka, T.; Kanki, Y.; Li, G.; Poh, H.M.; Mimura, I.; Kobayashi, M.; Taguchi, A.;
Maejima, T.; et al. Cross-enhancement of ANGPTL4 transcription by HIF1 alpha and PPAR beta/delta is
the result of the conformational proximity of two response elements. Genome Biol. 2014, 15, R63. [CrossRef]
[PubMed]

150



Int. J. Mol. Sci. 2018, 19, 2013

83. Qu, B.; Hong, Z.; Gong, K.; Sheng, J.; Wu, H.H.; Deng, S.L.; Huang, G.; Ma, Z.H.; Pan, X.M. Inhibitors
of Growth 1b Suppresses Peroxisome Proliferator-Activated Receptor-beta/delta Expression through
Downregulation of Hypoxia-Inducible Factor 1alpha in Osteoblast Differentiation. DNA Cell Biol. 2016, 35,
184–191. [CrossRef] [PubMed]

84. Wagner, N.; Jehl-Pietri, C.; Lopez, P.; Murdaca, J.; Giordano, C.; Schwartz, C.; Gounon, P.; Hatem, S.N.;
Grimaldi, P.; Wagner, K.D. Peroxisome proliferator-activated receptor beta stimulation induces rapid cardiac
growth and angiogenesis via direct activation of calcineurin. Cardiovasc. Res. 2009, 83, 61–71. [CrossRef]
[PubMed]

85. Yu, J.S.; Cui, W. Proliferation, survival and metabolism: The role of PI3K/AKT/mTOR signalling in
pluripotency and cell fate determination. Development 2016, 143, 3050–3060. [CrossRef] [PubMed]

86. Han, J.K.; Lee, H.S.; Yang, H.M.; Hur, J.; Jun, S.I.; Kim, J.Y.; Cho, C.H.; Koh, G.Y.; Peters, J.M.; Park, K.W.; et al.
Peroxisome proliferator-activated receptor-delta agonist enhances vasculogenesis by regulating endothelial
progenitor cells through genomic and nongenomic activations of the phosphatidylinositol 3-kinase/Akt
pathway. Circulation 2008, 118, 1021–1033. [CrossRef] [PubMed]

87. Piqueras, L.; Reynolds, A.R.; Hodivala-Dilke, K.M.; Alfranca, A.; Redondo, J.M.; Hatae, T.; Tanabe, T.;
Warner, T.D.; Bishop-Bailey, D. Activation of PPARbeta/delta induces endothelial cell proliferation and
angiogenesis. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 63–69. [CrossRef] [PubMed]

88. He, T.; Smith, L.A.; Lu, T.; Joyner, M.J.; Katusic, Z.S. Activation of peroxisome proliferator-activated
receptor-{delta} enhances regenerative capacity of human endothelial progenitor cells by stimulating
biosynthesis of tetrahydrobiopterin. Hypertension 2011, 58, 287–294. [CrossRef] [PubMed]

89. Xu, L.; Han, C.; Lim, K.; Wu, T. Cross-talk between peroxisome proliferator-activated receptor delta and
cytosolic phospholipase A(2)alpha/cyclooxygenase-2/prostaglandin E(2) signaling pathways in human
hepatocellular carcinoma cells. Cancer Res. 2006, 66, 11859–11868. [CrossRef] [PubMed]

90. Kim, H.J.; Kim, M.Y.; Hwang, J.S.; Kim, H.J.; Lee, J.H.; Chang, K.C.; Kim, J.H.; Han, C.W.; Kim, J.H.; Seo, H.G.
PPARdelta inhibits IL-1beta-stimulated proliferation and migration of vascular smooth muscle cells via
up-regulation of IL-1Ra. Cell. Mol. Life Sci. 2010, 67, 2119–2130. [CrossRef] [PubMed]

91. Lim, H.J.; Lee, S.; Park, J.H.; Lee, K.S.; Choi, H.E.; Chung, K.S.; Lee, H.H.; Park, H.Y. PPAR delta agonist
L-165041 inhibits rat vascular smooth muscle cell proliferation and migration via inhibition of cell cycle.
Atherosclerosis 2009, 202, 446–454. [CrossRef] [PubMed]

92. Hytonen, J.; Leppanen, O.; Braesen, J.H.; Schunck, W.H.; Mueller, D.; Jung, F.; Mrowietz, C.; Jastroch, M.;
von Bergwelt-Baildon, M.; Kappert, K.; et al. Activation of Peroxisome Proliferator-Activated Receptor-delta
as Novel Therapeutic Strategy to Prevent In-Stent Restenosis and Stent Thrombosis. Arterioscler. Thromb.
Vasc. Biol. 2016, 36, 1534–1548. [CrossRef] [PubMed]

93. Borland, M.G.; Foreman, J.E.; Girroir, E.E.; Zolfaghari, R.; Sharma, A.K.; Amin, S.; Gonzalez, F.J.;
Ross, A.C.; Peters, J.M. Ligand activation of peroxisome proliferator-activated receptor-beta/delta inhibits
cell proliferation in human HaCaT keratinocytes. Mol. Pharmacol. 2008, 74, 1429–1442. [CrossRef] [PubMed]

94. Yao, P.L.; Morales, J.L.; Zhu, B.; Kang, B.H.; Gonzalez, F.J.; Peters, J.M. Activation of peroxisome
proliferator-activated receptor-beta/delta (PPAR-beta/delta) inhibits human breast cancer cell line
tumorigenicity. Mol. Cancer Ther. 2014, 13, 1008–1017. [CrossRef] [PubMed]

95. Zhang, J.; Fu, M.; Zhu, X.; Xiao, Y.; Mou, Y.; Zheng, H.; Akinbami, M.A.; Wang, Q.; Chen, Y.E. Peroxisome
proliferator-activated receptor delta is up-regulated during vascular lesion formation and promotes
post-confluent cell proliferation in vascular smooth muscle cells. J. Biol. Chem. 2002, 277, 11505–11512.
[CrossRef] [PubMed]

96. Kim, Y.H.; Han, H.J. High-glucose-induced prostaglandin E(2) and peroxisome proliferator-activated receptor
delta promote mouse embryonic stem cell proliferation. Stem Cells 2008, 26, 745–755. [CrossRef] [PubMed]

97. Yao, P.L.; Chen, L.; Hess, R.A.; Muller, R.; Gonzalez, F.J.; Peters, J.M. Peroxisome Proliferator-activated
Receptor-D (PPARD) Coordinates Mouse Spermatogenesis by Modulating Extracellular Signal-regulated
Kinase (ERK)-dependent Signaling. J. Biol. Chem. 2015, 290, 23416–23431. [CrossRef] [PubMed]

98. Zeng, L.; Geng, Y.; Tretiakova, M.; Yu, X.; Sicinski, P.; Kroll, T.G. Peroxisome proliferator-activated
receptor-delta induces cell proliferation by a cyclin E1-dependent mechanism and is up-regulated in thyroid
tumors. Cancer Res. 2008, 68, 6578–6586. [CrossRef] [PubMed]

151



Int. J. Mol. Sci. 2018, 19, 2013

99. Romanowska, M.; al Yacoub, N.; Seidel, H.; Donandt, S.; Gerken, H.; Phillip, S.; Haritonova, N.; Artuc, M.;
Schweiger, S.; Sterry, W.; et al. PPARdelta enhances keratinocyte proliferation in psoriasis and induces
heparin-binding EGF-like growth factor. J. Investig. Dermatol. 2008, 128, 110–124. [CrossRef] [PubMed]

100. Montagner, A.; Rando, G.; Degueurce, G.; Leuenberger, N.; Michalik, L.; Wahli, W. New insights into the role
of PPARs. Prostag. Leukot. Essent. Fatty Acids 2011, 85, 235–243. [CrossRef] [PubMed]

101. Jeong, A.Y.; Lee, M.Y.; Lee, S.H.; Park, J.H.; Han, H.J. PPARdelta agonist-mediated ROS stimulates mouse
embryonic stem cell proliferation through cooperation of p38 MAPK and Wnt/beta-catenin. Cell Cycle 2009,
8, 611–619. [CrossRef] [PubMed]

102. Lopaschuk, G.D.; Jaswal, J.S. Energy metabolic phenotype of the cardiomyocyte during development,
differentiation, and postnatal maturation. J. Cardiovasc. Pharmacol. 2010, 56, 130–140. [CrossRef] [PubMed]

103. Nagy, T.A.; Wroblewski, L.E.; Wang, D.; Piazuelo, M.B.; Delgado, A.; Romero-Gallo, J.; Noto, J.; Israel, D.A.;
Ogden, S.R.; Correa, P.; et al. Beta-Catenin and p120 mediate PPARdelta-dependent proliferation induced by
Helicobacter pylori in human and rodent epithelia. Gastroenterology 2011, 141, 553–564. [CrossRef] [PubMed]

104. Wagner, K.D.; Benchetrit, M.; Bianchini, L.; Michiels, J.F.; Wagner, N. Peroxisome proliferator-activated
receptor beta/delta (PPARbeta/delta) is highly expressed in liposarcoma and promotes migration and
proliferation. J. Pathol. 2011, 224, 575–588. [CrossRef] [PubMed]

105. Hwang, J.S.; Ham, S.A.; Yoo, T.; Lee, W.J.; Paek, K.S.; Lee, C.H.; Seo, H.G. Sirtuin 1 Mediates the Actions
of Peroxisome Proliferator-Activated Receptor delta on the Oxidized Low-Density Lipoprotein-Triggered
Migration and Proliferation of Vascular Smooth Muscle Cells. Mol. Pharmacol. 2016, 90, 522–529. [CrossRef]
[PubMed]

106. Chung, S.; Dzeja, P.P.; Faustino, R.S.; Perez-Terzic, C.; Behfar, A.; Terzic, A. Mitochondrial oxidative
metabolism is required for the cardiac differentiation of stem cells. Nat. Clin. Pract. Cardiovasc. Med.
2007, 4 (Suppl. 1), S60. [CrossRef] [PubMed]

107. Folmes, C.D.; Nelson, T.J.; Martinez-Fernandez, A.; Arrell, D.K.; Lindor, J.Z.; Dzeja, P.P.; Ikeda, Y.;
Perez-Terzic, C.; Terzic, A. Somatic oxidative bioenergetics transitions into pluripotency-dependent glycolysis
to facilitate nuclear reprogramming. Cell Metab. 2011, 14, 264–271. [CrossRef] [PubMed]

108. Ozbudak, E.M.; Tassy, O.; Pourquie, O. Spatiotemporal compartmentalization of key physiological processes
during muscle precursor differentiation. Proc. Natl. Acad. Sci. USA 2010, 107, 4224–4229. [CrossRef]
[PubMed]

109. De Carvalho, A.; Bassaneze, V.; Forni, M.F.; Keusseyan, A.A.; Kowaltowski, A.J.; Krieger, J.E. Early Postnatal
Cardiomyocyte Proliferation Requires High Oxidative Energy Metabolism. Sci. Rep. 2017, 7, 15434.
[CrossRef] [PubMed]

110. Han, J.K.; Kim, B.K.; Won, J.Y.; Shin, Y.; Choi, S.B.; Hwang, I.; Kang, J.; Lee, H.J.; Koh, S.J.; Lee, J.;
et al. Interaction between platelets and endothelial progenitor cells via LPA-Edg-2 axis is augmented
by PPAR-delta activation. J. Mol. Cell. Cardiol. 2016, 97, 266–277. [CrossRef] [PubMed]

111. Tan, N.S.; Shaw, N.S.; Vinckenbosch, N.; Liu, P.; Yasmin, R.; Desvergne, B.; Wahli, W.; Noy, N. Selective
cooperation between fatty acid binding proteins and peroxisome proliferator-activated receptors in regulating
transcription. Mol. Cell. Biol. 2002, 22, 5114–5127. [CrossRef] [PubMed]

112. Bastie, C.; Holst, D.; Gaillard, D.; Jehl-Pietri, C.; Grimaldi, P.A. Expression of peroxisome
proliferator-activated receptor PPARdelta promotes induction of PPARgamma and adipocyte differentiation
in 3T3C2 fibroblasts. J. Biol. Chem. 1999, 274, 21920–21925. [CrossRef] [PubMed]

113. Grimaldi, P.A. The roles of PPARs in adipocyte differentiation. Prog. Lipid Res. 2001, 40, 269–281. [CrossRef]
114. Rosenfield, R.L.; Kentsis, A.; Deplewski, D.; Ciletti, N. Rat preputial sebocyte differentiation involves

peroxisome proliferator-activated receptors. J. Investig. Dermatol. 1999, 112, 226–232. [CrossRef] [PubMed]
115. Peters, J.M.; Lee, S.S.; Li, W.; Ward, J.M.; Gavrilova, O.; Everett, C.; Reitman, M.L.; Hudson, L.D.; Gonzalez, F.J.

Growth, adipose, brain, and skin alterations resulting from targeted disruption of the mouse peroxisome
proliferator-activated receptor beta(delta). Mol. Cell. Biol. 2000, 20, 5119–5128. [CrossRef] [PubMed]

116. Saluja, I.; Granneman, J.G.; Skoff, R.P. PPAR delta agonists stimulate oligodendrocyte differentiation in tissue
culture. Glia 2001, 33, 191–204. [CrossRef]

117. Mei, Y.Q.; Pan, Z.F.; Chen, W.T.; Xu, M.H.; Zhu, D.Y.; Yu, Y.P.; Lou, Y.J. A Flavonoid Compound Promotes
Neuronal Differentiation of Embryonic Stem Cells via PPAR-beta Modulating Mitochondrial Energy
Metabolism. PLoS ONE 2016, 11, e0157747. [CrossRef] [PubMed]

152



Int. J. Mol. Sci. 2018, 19, 2013

118. Yao, P.L.; Chen, L.; Dobrzanski, T.P.; Zhu, B.; Kang, B.H.; Muller, R.; Gonzalez, F.J.; Peters, J.M. Peroxisome
proliferator-activated receptor-beta/delta inhibits human neuroblastoma cell tumorigenesis by inducing
p53- and SOX2-mediated cell differentiation. Mol. Carcinog. 2017, 56, 1472–1483. [CrossRef] [PubMed]

119. Xu, M.; Chen, X.; Chen, D.; Yu, B.; Huang, Z. FoxO1: A novel insight into its molecular mechanisms in the
regulation of skeletal muscle differentiation and fiber type specification. Oncotarget 2017, 8, 10662–10674.
[CrossRef] [PubMed]

120. Angione, A.R.; Jiang, C.; Pan, D.; Wang, Y.X.; Kuang, S. PPARdelta regulates satellite cell proliferation and
skeletal muscle regeneration. Skelet. Muscle 2011, 1, 33. [CrossRef] [PubMed]

121. Gaudel, C.; Schwartz, C.; Giordano, C.; Abumrad, N.A.; Grimaldi, P.A. Pharmacological activation of
PPARbeta promotes rapid and calcineurin-dependent fiber remodeling and angiogenesis in mouse skeletal
muscle. Am. J. Physiol. Endocrinol. Metab. 2008, 295, E297–E304. [CrossRef] [PubMed]

122. Han, J.K.; Kim, H.L.; Jeon, K.H.; Choi, Y.E.; Lee, H.S.; Kwon, Y.W.; Jang, J.J.; Cho, H.J.; Kang, H.J.; Oh, B.H.;
et al. Peroxisome proliferator-activated receptor-delta activates endothelial progenitor cells to induce
angio-myogenesis through matrix metallo-proteinase-9-mediated insulin-like growth factor-1 paracrine
networks. Eur. Heart J. 2013, 34, 1755–1765. [CrossRef] [PubMed]

123. Maccallini, C.; Mollica, A.; Amoroso, R. The Positive Regulation of eNOS Signaling by PPAR Agonists in
Cardiovascular Diseases. Am. J. Cardiovasc. Drugs 2017, 17, 273–281. [CrossRef] [PubMed]

124. Vanhoutte, P.M. Regenerated Endothelium and Its Senescent Response to Aggregating Platelets. Circ. J. 2016,
80, 783–790. [CrossRef] [PubMed]

125. Hankenson, K.D.; Gagne, K.; Shaughnessy, M. Extracellular signaling molecules to promote fracture healing
and bone regeneration. Adv. Drug Deliv. Rev. 2015, 94, 3–12. [CrossRef] [PubMed]

126. Hankenson, K.D.; Zimmerman, G.; Marcucio, R. Biological perspectives of delayed fracture healing. Injury
2014, 45 (Suppl. 2), S8–S15. [CrossRef] [PubMed]

127. Zhang, Q.; Raoof, M.; Chen, Y.; Sumi, Y.; Sursal, T.; Junger, W.; Brohi, K.; Itagaki, K.; Hauser, C.J. Circulating
mitochondrial DAMPs cause inflammatory responses to injury. Nature 2010, 464, 104–107. [CrossRef]
[PubMed]

128. Stoick-Cooper, C.L.; Moon, R.T.; Weidinger, G. Advances in signaling in vertebrate regeneration as a prelude
to regenerative medicine. Genes Dev. 2007, 21, 1292–1315. [CrossRef] [PubMed]

129. Poss, K.D.; Wilson, L.G.; Keating, M.T. Heart regeneration in zebrafish. Science 2002, 298, 2188–2190.
[CrossRef] [PubMed]

130. Vig, K.; Chaudhari, A.; Tripathi, S.; Dixit, S.; Sahu, R.; Pillai, S.; Dennis, V.A.; Singh, S.R. Advances in Skin
Regeneration Using Tissue Engineering. Int. J. Mol. Sci. 2017, 18, 789. [CrossRef] [PubMed]

131. Takeo, M.; Lee, W.; Ito, M. Wound healing and skin regeneration. Cold Spring Harb. Perspect. Med. 2015, 5,
a023267. [CrossRef] [PubMed]

132. Michalik, L.; Desvergne, B.; Tan, N.S.; Basu-Modak, S.; Escher, P.; Rieusset, J.; Peters, J.M.; Kaya, G.;
Gonzalez, F.J.; Zakany, J.; et al. Impaired skin wound healing in peroxisome proliferator-activated receptor
(PPAR)alpha and PPARbeta mutant mice. J. Cell Biol. 2001, 154, 799–814. [CrossRef] [PubMed]

133. Tan, N.S.; Icre, G.; Montagner, A.; Bordier-ten-Heggeler, B.; Wahli, W.; Michalik, L. The nuclear hormone
receptor peroxisome proliferator-activated receptor beta/delta potentiates cell chemotactism, polarization,
and migration. Mol. Cell. Biol. 2007, 27, 7161–7175. [CrossRef] [PubMed]

134. Chong, H.C.; Tan, M.J.; Philippe, V.; Tan, S.H.; Tan, C.K.; Ku, C.W.; Goh, Y.Y.; Wahli, W.; Michalik, L.; Tan, N.S.
Regulation of epithelial-mesenchymal IL-1 signaling by PPARbeta/delta is essential for skin homeostasis
and wound healing. J. Cell Biol. 2009, 184, 817–831. [CrossRef] [PubMed]

135. Baghdadi, M.B.; Tajbakhsh, S. Regulation and phylogeny of skeletal muscle regeneration. Dev. Biol. 2018,
433, 200–209. [CrossRef] [PubMed]

136. Sass, F.A.; Fuchs, M.; Pumberger, M.; Geissler, S.; Duda, G.N.; Perka, C.; Schmidt-Bleek, K. Immunology
Guides Skeletal Muscle Regeneration. Int. J. Mol. Sci. 2018, 19, 835. [CrossRef] [PubMed]

137. Batonnet-Pichon, S.; Behin, A.; Cabet, E.; Delort, F.; Vicart, P.; Lilienbaum, A. Myofibrillar Myopathies: New
Perspectives from Animal Models to Potential Therapeutic Approaches. J. Neuromuscul. Dis. 2017, 4, 1–15.
[CrossRef] [PubMed]

138. Baracos, V.E.; Martin, L.; Korc, M.; Guttridge, D.C.; Fearon, K.C.H. Cancer-associated cachexia. Nat. Rev.
Dis. Primers 2018, 4, 17105. [CrossRef] [PubMed]

153



Int. J. Mol. Sci. 2018, 19, 2013

139. Dalle, S.; Rossmeislova, L.; Koppo, K. The Role of Inflammation in Age-Related Sarcopenia. Front. Physiol.
2017, 8, 1045. [CrossRef] [PubMed]

140. Kitamura, T.; Kitamura, Y.I.; Funahashi, Y.; Shawber, C.J.; Castrillon, D.H.; Kollipara, R.; DePinho, R.A.;
Kitajewski, J.; Accili, D. A Foxo/Notch pathway controls myogenic differentiation and fiber type specification.
J. Clin. Investig. 2007, 117, 2477–2485. [CrossRef] [PubMed]

141. Giordano, C.; Rousseau, A.S.; Wagner, N.; Gaudel, C.; Murdaca, J.; Jehl-Pietri, C.; Sibille, B.; Grimaldi, P.A.;
Lopez, P. Peroxisome proliferator-activated receptor beta activation promotes myonuclear accretion in
skeletal muscle of adult and aged mice. Pflugers Arch. 2009, 458, 901–913. [CrossRef] [PubMed]

142. Lee, S.J.; Go, G.Y.; Yoo, M.; Kim, Y.K.; Seo, D.W.; Kang, J.S.; Bae, G.U. Peroxisome proliferator-activated
receptor beta/delta (PPARbeta/delta) activates promyogenic signaling pathways, thereby promoting
myoblast differentiation. Biochem. Biophys. Res. Commun. 2016, 470, 157–162. [CrossRef] [PubMed]

143. Chandrashekar, P.; Manickam, R.; Ge, X.; Bonala, S.; McFarlane, C.; Sharma, M.; Wahli, W.; Kambadur, R.
Inactivation of PPARbeta/delta adversely affects satellite cells and reduces postnatal myogenesis. Am. J.
Physiol. Endocrinol. Metab. 2015, 309, E122–E131. [CrossRef] [PubMed]

144. Haralampieva, D.; Salemi, S.; Betzel, T.; Dinulovic, I.; Kramer, S.D.; Schibli, R.; Sulser, T.; Handschin, C.;
Ametamey, S.M.; Eberli, D. Injected Human Muscle Precursor Cells Overexpressing PGC-1alpha Enhance
Functional Muscle Regeneration after Trauma. Stem Cells Int. 2018, 2018, 4658503. [CrossRef] [PubMed]

145. Fu, H.; Desvergne, B.; Ferrari, S.; Bonnet, N. Impaired musculoskeletal response to age and exercise in
PPARbeta(−/−) diabetic mice. Endocrinology 2014, 155, 4686–4696. [CrossRef] [PubMed]

146. Zebrowski, D.C.; Becker, R.; Engel, F.B. Towards regenerating the mammalian heart: Challenges in evaluating
experimentally induced adult mammalian cardiomyocyte proliferation. Am. J. Physiol. Heart Circ. Physiol.
2016, 310, H1045–H1054. [CrossRef] [PubMed]

147. Leone, M.; Magadum, A.; Engel, F.B. Cardiomyocyte proliferation in cardiac development and regeneration:
A guide to methodologies and interpretations. Am. J. Physiol. Heart Circ. Physiol. 2015, 309, H1237–H1250.
[CrossRef] [PubMed]

148. Lopaschuk, G.D.; Collins-Nakai, R.L.; Itoi, T. Developmental changes in energy substrate use by the heart.
Cardiovasc. Res. 1992, 26, 1172–1180. [CrossRef] [PubMed]

149. Oikonomou, E.; Mourouzis, K.; Fountoulakis, P.; Papamikroulis, G.A.; Siasos, G.; Antonopoulos, A.;
Vogiatzi, G.; Tsalamadris, S.; Vavuranakis, M.; Tousoulis, D. Interrelationship between diabetes mellitus and
heart failure: The role of peroxisome proliferator-activated receptors in left ventricle performance. Heart Fail.
Rev. 2018, 23, 389–408. [CrossRef] [PubMed]

150. Toral, M.; Romero, M.; Perez-Vizcaino, F.; Duarte, J.; Jimenez, R. Antihypertensive effects of peroxisome
proliferator-activated receptor-beta/delta activation. Am. J. Physiol. Heart Circ. Physiol. 2017, 312, H189–H200.
[CrossRef] [PubMed]

151. Esposito, E.; Paterniti, I.; Meli, R.; Bramanti, P.; Cuzzocrea, S. GW0742, a high-affinity PPAR-delta agonist,
mediates protection in an organotypic model of spinal cord damage. Spine 2012, 37, E73–E78. [CrossRef]
[PubMed]

152. Collino, M.; Patel, N.S.; Thiemermann, C. PPARs as new therapeutic targets for the treatment of cerebral
ischemia/reperfusion injury. Ther. Adv. Cardiovasc. Dis. 2008, 2, 179–197. [CrossRef] [PubMed]

153. Miura, P.; Chakkalakal, J.V.; Boudreault, L.; Belanger, G.; Hebert, R.L.; Renaud, J.M.; Jasmin, B.J.
Pharmacological activation of PPARbeta/delta stimulates utrophin A expression in skeletal muscle fibers
and restores sarcolemmal integrity in mature mdx mice. Hum. Mol. Genet. 2009, 18, 4640–4649. [CrossRef]
[PubMed]

154. Mandrekar-Colucci, S.; Sauerbeck, A.; Popovich, P.G.; McTigue, D.M. PPAR agonists as therapeutics for CNS
trauma and neurological diseases. ASN Neuro 2013, 5, e00129. [CrossRef] [PubMed]

155. Pauta, M.; Rotllan, N.; Fernandez-Hernando, A.; Langhi, C.; Ribera, J.; Lu, M.; Boix, L.; Bruix, J.; Jimenez, W.;
Suarez, Y.; et al. Akt-mediated foxo1 inhibition is required for liver regeneration. Hepatology 2016, 63,
1660–1674. [CrossRef] [PubMed]

156. Marshall, J.L.; Holmberg, J.; Chou, E.; Ocampo, A.C.; Oh, J.; Lee, J.; Peter, A.K.; Martin, P.T.;
Crosbie-Watson, R.H. Sarcospan-dependent Akt activation is required for utrophin expression and muscle
regeneration. J. Cell Biol. 2012, 197, 1009–1027. [CrossRef] [PubMed]

154



Int. J. Mol. Sci. 2018, 19, 2013

157. Kim, M.H.; Kay, D.I.; Rudra, R.T.; Chen, B.M.; Hsu, N.; Izumiya, Y.; Martinez, L.; Spencer, M.J.; Walsh, K.;
Grinnell, A.D.; et al. Myogenic Akt signaling attenuates muscular degeneration, promotes myofiber
regeneration and improves muscle function in dystrophin-deficient mdx mice. Hum. Mol. Genet. 2011, 20,
1324–1338. [CrossRef] [PubMed]

158. Wang, X.; Chen, H.; Tian, R.; Zhang, Y.; Drutskaya, M.S.; Wang, C.; Ge, J.; Fan, Z.; Kong, D.; Wang, X.; et al.
Macrophages induce AKT/beta-catenin-dependent Lgr5(+) stem cell activation and hair follicle regeneration
through TNF. Nat. Commun. 2017, 8, 14091. [CrossRef] [PubMed]

159. Peiris, T.H.; Ramirez, D.; Barghouth, P.G.; Oviedo, N.J. The Akt signaling pathway is required for tissue
maintenance and regeneration in planarians. BMC Dev. Biol. 2016, 16, 7. [CrossRef] [PubMed]

160. Huang, Z.R.; Chen, H.Y.; Hu, Z.Z.; Xie, P.; Liu, Q.H. PTEN knockdown with the Y444F mutant AAV2 vector
promotes axonal regeneration in the adult optic nerve. Neural Regen. Res. 2018, 13, 135–144. [PubMed]

161. Liu, K.; Lu, Y.; Lee, J.K.; Samara, R.; Willenberg, R.; Sears-Kraxberger, I.; Tedeschi, A.; Park, K.K.; Jin, D.;
Cai, B.; et al. PTEN deletion enhances the regenerative ability of adult corticospinal neurons. Nat. Neurosci.
2010, 13, 1075–1081. [CrossRef] [PubMed]

162. Park, K.K.; Liu, K.; Hu, Y.; Smith, P.D.; Wang, C.; Cai, B.; Xu, B.; Connolly, L.; Kramvis, I.; Sahin, M.; et al.
Promoting axon regeneration in the adult CNS by modulation of the PTEN/mTOR pathway. Science 2008,
322, 963–966. [CrossRef] [PubMed]

163. Keefe, M.D.; Wang, H.; De La, O.J.; Khan, A.; Firpo, M.A.; Murtaugh, L.C. Beta-catenin is selectively required
for the expansion and regeneration of mature pancreatic acinar cells in mice. Dis. Model Mech. 2012, 5,
503–514. [CrossRef] [PubMed]

164. Suh, H.N.; Kim, M.J.; Jung, Y.S.; Lien, E.M.; Jun, S.; Park, J.I. Quiescence Exit of Tert(+) Stem Cells by
Wnt/beta-Catenin Is Indispensable for Intestinal Regeneration. Cell Rep. 2017, 21, 2571–2584. [CrossRef]
[PubMed]

165. Kawakami, Y.; Rodriguez Esteban, C.; Raya, M.; Kawakami, H.; Marti, M.; Dubova, I.; Izpisua Belmonte, J.C.
Wnt/beta-catenin signaling regulates vertebrate limb regeneration. Genes Dev. 2006, 20, 3232–3237.
[CrossRef] [PubMed]

166. Ozhan, G.; Weidinger, G. Wnt/beta-catenin signaling in heart regeneration. Cell Regen. (Lond.) 2015, 4, 3.
[PubMed]

167. Pansters, N.A.; Schols, A.M.; Verhees, K.J.; de Theije, C.C.; Snepvangers, F.J.; Kelders, M.C.; Ubags, N.D.;
Haegens, A.; Langen, R.C. Muscle-specific GSK-3beta ablation accelerates regeneration of disuse-atrophied
skeletal muscle. Biochim. Biophys. Acta 2015, 1852, 490–506. [CrossRef] [PubMed]

168. Li, L.; Peng, X.; Qin, Y.; Wang, R.; Tang, J.; Cui, X.; Wang, T.; Liu, W.; Pan, H.; Li, B. Acceleration of
bone regeneration by activating Wnt/beta-catenin signalling pathway via lithium released from lithium
chloride/calcium phosphate cement in osteoporosis. Sci. Rep. 2017, 7, 45204. [CrossRef] [PubMed]

169. Tseng, A.S.; Engel, F.B.; Keating, M.T. The GSK-3 inhibitor BIO promotes proliferation in mammalian
cardiomyocytes. Chem. Biol. 2006, 13, 957–963. [CrossRef] [PubMed]

170. Guo, X.; Snider, W.D.; Chen, B. GSK3beta regulates AKT-induced central nervous system axon regeneration
via an eIF2Bepsilon-dependent, mTORC1-independent pathway. eLife 2016, 5, e11903. [CrossRef] [PubMed]

171. Artoni, F.; Kreipke, R.E.; Palmeira, O.; Dixon, C.; Goldberg, Z.; Ruohola-Baker, H. Loss of foxo rescues stem
cell aging in Drosophila germ line. eLife 2017, 6, e27842. [CrossRef] [PubMed]

172. Mori, R.; Tanaka, K.; de Kerckhove, M.; Okamoto, M.; Kashiyama, K.; Tanaka, K.; Kim, S.; Kawata, T.;
Komatsu, T.; Park, S.; et al. Reduced FOXO1 expression accelerates skin wound healing and attenuates
scarring. Am. J. Pathol. 2014, 184, 2465–2479. [CrossRef] [PubMed]

173. Lara-Pezzi, E.; Winn, N.; Paul, A.; McCullagh, K.; Slominsky, E.; Santini, M.P.; Mourkioti, F.; Sarathchandra, P.;
Fukushima, S.; Suzuki, K.; et al. A naturally occurring calcineurin variant inhibits FoxO activity and enhances
skeletal muscle regeneration. J. Cell Biol. 2007, 179, 1205–1218. [CrossRef] [PubMed]

174. Byrne, A.B.; Walradt, T.; Gardner, K.E.; Hubbert, A.; Reinke, V.; Hammarlund, M. Insulin/IGF1 signaling
inhibits age-dependent axon regeneration. Neuron 2014, 81, 561–573. [CrossRef] [PubMed]

175. Srivastava, T.; Diba, P.; Dean, J.M.; Banine, F.; Shaver, D.; Hagen, M.; Gong, X.; Su, W.; Emery, B.; Marks, D.L.;
et al. A TLR/AKT/FoxO3 immune tolerance-like pathway disrupts the repair capacity of oligodendrocyte
progenitors. J. Clin. Investig. 2018, 128, 2025–2041. [CrossRef] [PubMed]

155



Int. J. Mol. Sci. 2018, 19, 2013

176. Lu, H.; Zhang, L.H.; Yang, L.; Tang, P.F. The PI3K/Akt/FOXO3a pathway regulates regeneration following
spinal cord injury in adult rats through TNF-alpha and p27kip1 expression. Int. J. Mol. Med. 2018, 41,
2832–2838. [PubMed]

177. Dentice, M.; Marsili, A.; Ambrosio, R.; Guardiola, O.; Sibilio, A.; Paik, J.H.; Minchiotti, G.; DePinho, R.A.;
Fenzi, G.; Larsen, P.R.; et al. The FoxO3/type 2 deiodinase pathway is required for normal mouse myogenesis
and muscle regeneration. J. Clin. Investig. 2010, 120, 4021–4030. [CrossRef] [PubMed]

178. Kurinna, S.; Stratton, S.A.; Tsai, W.W.; Akdemir, K.C.; Gu, W.; Singh, P.; Goode, T.; Darlington, G.J.;
Barton, M.C. Direct activation of forkhead box O3 by tumor suppressors p53 and p73 is disrupted during
liver regeneration in mice. Hepatology 2010, 52, 1023–1032. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

156



 International Journal of 

Molecular Sciences

Article

PPARγ Controls Ectopic Adipogenesis and
Cross-Talks with Myogenesis During Skeletal
Muscle Regeneration

Gabriele Dammone 1,2,†, Sonia Karaz 1,†, Laura Lukjanenko 1,3, Carine Winkler 2,

Federico Sizzano 1, Guillaume Jacot 1, Eugenia Migliavacca 1, Alessio Palini 1,

Béatrice Desvergne 2, Federica Gilardi 2 and Jerome N. Feige 1,3,*

1 Nestle Institute of Health Sciences, EPFL Innovation Park, Building H, EPFL Campus,
1015 Lausanne, Switzerland

2 Center for Integrative Genomics, Faculty of Biology and Medicine, University of Lausanne,
1015 Lausanne, Switzerland; beatrice.desvergne@unil.ch (B.D.); Federica.Gilardi@hcuge.ch (F.G.)

3 School of Life Sciences, Ecole Polytechnique Federale de Lausanne (EPFL), 1015 Lausanne, Switzerland
* Correspondence: Jerome.Feige@rd.nestle.com
† These authors contribute equally to this work.

Received: 8 May 2018; Accepted: 9 July 2018; Published: 13 July 2018

Abstract: Skeletal muscle is a regenerative tissue which can repair damaged myofibers through
the activation of tissue-resident muscle stem cells (MuSCs). Many muscle diseases with impaired
regeneration cause excessive adipose tissue accumulation in muscle, alter the myogenic fate of
MuSCs, and deregulate the cross-talk between MuSCs and fibro/adipogenic progenitors (FAPs),
a bi-potent cell population which supports myogenesis and controls intra-muscular fibrosis and
adipocyte formation. In order to better characterize the interaction between adipogenesis and
myogenesis, we studied muscle regeneration and MuSC function in whole body Pparg null mice
generated by epiblast-specific Cre/lox deletion (PpargΔ/Δ). We demonstrate that deletion of PPARγ
completely abolishes ectopic muscle adipogenesis during regeneration and impairs MuSC expansion
and myogenesis after injury. Ex vivo assays revealed that perturbed myogenesis in PpargΔ/Δ mice
does not primarily result from intrinsic defects of MuSCs or from perturbed myogenic support from
FAPs. The immune transition from a pro- to anti-inflammatory MuSC niche during regeneration
is perturbed in PpargΔ/Δ mice and suggests that PPARγ signaling in macrophages can interact with
ectopic adipogenesis and influence muscle regeneration. Altogether, our study demonstrates that
a PPARγ-dependent adipogenic response regulates muscle fat infiltration during regeneration and
that PPARγ is required for MuSC function and efficient muscle repair.

Keywords: Skeletal muscle; regeneration; myogenesis; adipogenesis; muscle stem cells; satellite cells;
inflammation; PPARg

1. Introduction

Skeletal muscle is a highly plastic tissue, which can adapt to different metabolic or physical
challenges, such as physical activity, disuse, or injuries. When muscle fibers are damaged as
a consequence of intense exercise, trauma, surgery, or genetic diseases, complementary cellular
mechanisms allow skeletal muscle to regenerate and recover tissue architecture and functionality.
This regenerative capacity is primarily driven by muscle stem cells (MuSCs), also known as satellite
cells, which express the transcription factor paired box 7 (Pax7) [1,2]. As a consequence of injury,
MuSCs break quiescence and enter the cell cycle, undertake myogenic commitment after expansion,
and reconstitute the contractile architecture by forming fusing to damaged fibers or forming de novo
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myofibers [3,4]. Successful muscle regeneration is tightly dependent on a temporally controlled
inflammatory response. A first wave of pro-inflammatory macrophages clears cellular debris [5] and
promotes MuSC expansion while inhibiting their premature differentiation [6]. Pro-inflammatory
macrophages are then replaced by a second wave of anti-inflammatory and pro-regenerative
macrophages, which switches the muscle stem cell niche to a state permissive to fusion and
differentiation to allow regeneration to complete [5,6].

Infiltration of fat in skeletal muscle has been reported in various physiological and pathological
settings. In particular, intra-muscular adipose tissue (IMAT; [7,8]) accumulates during muscle diseases
with impaired regeneration such as sarcopenia, muscular dystrophies, and rotator cuff tears [9–13].
Genetic experiments in mice with depletion of Pax7+ MuSCs have demonstrated that MuSC failure
and impaired regeneration directly causes ectopic muscle adipogenesis and fibrosis [14,15], and other
studies have associated unsuccessful or delayed muscle regeneration with the development of muscle
ectopic fat and fibrosis [16–18]. Fibro/adipogenic progenitors (FAPs) are specific progenitor cells
residing in the stem cell niche that are distinct from MuSCs and can differentiate to adipocytes in vitro
and in vivo [3,19,20]. In response to injury, uncommitted FAPs activate and proliferate to support the
myogenic capacity of MuSCs [19–22]. The fate of FAPs is then precisely regulated during regeneration,
in particular through a cross-talk with immune cells where tumor necrosis factor α (TNFα) initially
promotes FAP amplification and survival during MuSC expansion, and transforming growth factor β1
(TGF-β1) subsequently induces FAP apoptosis in later phases of regeneration to limit uncontrolled
expansion of FAPs [23].

We and others have shown that various models of muscle injury induced by intra-muscular
injection of cardiotoxin (CTX) or glycerol lead to ectopic adipogenesis in muscle with accumulation of
fat containing cells between muscle fibers [24–27]. Under physiological conditions, this response
is transient and cleared during the terminal phases of regeneration. Given this observation,
we hypothesized that ectopic adipogenesis could be important for efficient regeneration and set-out to
test this possibility by interfering with adipogenesis through genetic modulation of the peroxisome
proliferator-activated receptor γ (PPARγ). PPARγ is a nuclear receptor activated by fatty acids and
eicosanoids and is the master regulator of the adipogenesis [28,29]. Pre-adipocytes cannot differentiate
in the absence of PPARγ, and PPARγ activation during adipocyte differentiation induces several
target genes required for cell cycle exit, adipogenic commitment, and triglyceride metabolism and
storage in lipid droplets [30–32]. During skeletal muscle regeneration, PPARγ is strongly upregulated
three days after injury [24], at the time where FAPs expand to support myogenesis. PPARγ is also
expressed in macrophages where it indirectly modulates MuSC function and regeneration via a GDF-3
mediated crosstalk in the muscle stem cell niche [33]. Total invalidation of PPARγ in mice is lethal,
and genetic studies in mice have largely focused on tissue-specific conditional knock-outs. Deletion
of PPARγ from adipose tissue caused lipodystrophy and confirmed the prominent role of PPARγ
in adipocyte differentiation and metabolism, while PPARγ deletion from skeletal muscle caused
insulin resistance [34,35]. PPARγ is also important in macrophages where it controls inflammation and
foam cell formation during atherosclerosis [36–38]. Recent work has demonstrated that the lethality of
PPARγ knock-out mice results from placental defects that can be overcome by using an epiblast-specific
Cre deleter which removes PPARγ in the entire embryo while maintaining its expression in the placenta
during pregnancy [39,40]. In the present study, we used this genetic model of whole-body PPARγ
deletion to study muscle regeneration. By analyzing histological and molecular readouts in vivo and
the cross-talk between FAPs and MuSCs in vitro, we demonstrate that the loss of PPARγ totally blunts
ectopic adipogenesis during muscle regeneration and alters MuSC function and regeneration.

158



Int. J. Mol. Sci. 2018, 19, 2044

2. Results

2.1. PPARγ Deletion Completely Abolishes Ectopic Adipogenesis During Skeletal Muscle Regeneration

Several studies have reported an upregulation of PPARγ during skeletal muscle regeneration,
which precedes the infiltration of lipid-droplet positive cells [24,26]. One open question is whether the
induction of PPARγ is the causal mechanism leading to fat infiltration, and whether this infiltration is
triggered by the adipogenic differentiation of progenitors in mature adipocytes. In order to answer the
question, we used whole-body PPARγ null mice (PpargΔ/Δ mice) which were recently generated by
epiblast-specific Cre deletion which deletes PPARγ in the entire embryo but not in the placenta [40].
Using this strategy, PpargΔ/Δ mice are viable and totally lack mature adipocytes throughout the
body [40], but have a compensatory fat accumulation in non-adipose tissues leading to increased
body weight (Figure S1A). Muscle weight is also lower in PpargΔ/Δ mice than in control littermates
(Figure S1B), most likely because of impaired metabolic homeostasis and steatosis in these mice, as
these conditions have been shown to alter insulin and anabolic signaling in other settings [41,42].
Tibialis anterior muscle of PpargΔ/Δ mice and control littermates was injected intramuscularly with
glycerol to cause fatty muscle degeneration as previously reported [19,20,24,26] and intramuscular
fat infiltration was quantified by Oil Red O staining throughout the time course of regeneration (3,
7, and 14 days post-injury (dpi)). As expected, intramuscular fat infiltration peaked at 14 dpi in
control mice. In contrast, PpargΔ/Δ mice failed to induce ectopic adipogenesis as PpargΔ/Δ muscles were
completely devoid of any intra-muscular lipid accumulation (Figure 1A). The level of fat infiltration
in PpargΔ/Δ injured muscle was blunted by 98% (Figure 1B), and did not differ from non-injured
contralateral muscles used as control. Thus, muscle ectopic adipogenesis, which develops transiently
during regeneration, is due to bona fide adipocyte formation and fully relies on the presence of PPARγ.

To confirm the impaired adipogenic signature of PpargΔ/Δ mice, we freshly isolated FAPs by flow
cytometry and induced their differentiation into adipocytes ex vivo. As expected, approximately 45%
of control FAPs differentiated in adipocytes after induction. In contrast, ex vivo adipogenesis was
completely abolished in FAPs isolated from PpargΔ/Δ muscles (reported hereafter as PpargΔ/Δ FAPs)
(Figure 1C,D). The loss of adipogenic fate of PpargΔ/Δ FAPs did not primarily result from cell death
as a large number of undifferentiated KO FAPs remained in culture after differentiation (Figure 1E)
and PpargΔ/Δ FAPs could efficiently expand and proliferate ex vivo. Nevertheless, we detected
approximately 25% less PpargΔ/Δ than control FAPs after differentiation (Figure 1E), likely because
PPARγ is known to regulate pre-adipocyte clonal expansion, a process where adipogenic cells undergo
a final cell division to exit the cell cycle and trigger adipogenic commitment and differentiation [43].
Altogether, our results confirmed the role of PPARγ as a master regulator of adipogenesis, and extended
this observation to the context of intra-muscular adipogenesis. The complete absence of adipogenesis
and ectopic fat infiltration in PpargΔ/Δ muscle prompted us to use this model to investigate the influence
of ectopic adipogenesis on muscle stem cell function, myogenesis, and muscle regeneration.
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Figure 1. Ectopic adipogenesis during muscle regeneration is abolished in PpargΔ/Δ mice. Tibialis anterior
muscles from PpargΔ/Δ and control littermates mice were injured with 50% glycerol intramuscular injection
and collected at 3, 7, and 14 days post injury (dpi), n ≥ 7 mice per group. (A) Representative image of tibialis
anterior (TA) section of control (Ctl) and PpargΔ/Δ (KO) mice stained by Oil Red O at 14 dpi. Scale bars:
200 μm. (B) Quantification of the area covered by Oil Red O in uninjured muscle and at 3, 7, and 14 dpi in
control and PpargΔ/Δ. (C–E) FAPs were isolated from control and PpargΔ/Δ muscle by flow cytometry and
cultured in adipogenic conditions, with n ≥ 24 cell culture replicates pooled from at least three mice per
genotype and replicated twice on different days. (C) Representative staining of lipid droplets by bodipy
(green) and DNA (blue). Magnification: 20× objective. (D) Percentage of differentiated Bodipy-positive
FAPs quantified by high content imaging. (E) Total number of FAPs quantified by high content imaging via
the DAPI staining. *** p < 0.001 by one-way analysis of variance (ANOVA) followed by Bonferroni’s test
(A) and by Mann–Whitney test (D,E).

2.2. Loss of PPARγ Impairs Muscle Stem Cell Function and Cross-Talks with Myogenesis In Vivo

To interrogate whether MuSC function and muscle repair are affected in PpargΔ/Δ mice, we first
quantified the expression of Pax7 and MyoD, which are expressed by regenerating cells, during
the time course of muscle repair. As expected, we observed a strong upregulation of Pax7 and
MyoD at 3 dpi, as a consequence of MuSC activation in response to injury (Figure 2A). Interestingly,
the induction of Pax7 and MyoD was impaired in PpargΔ/Δ mice during the time course of regeneration.
Similar analyses in contra-lateral (CL) muscles demonstrated that these myogenic markers were
not deregulated in non-injured PpargΔ/Δ muscles, demonstrating that lack of PPARγ specifically
impairs the myogenic activity of MuSCs after their activation in response to injury. In order to
confirm the evidence obtained at a molecular level, we next analyzed the in vivo activity of MuSCs by
immunofluorescence against Pax7. The total number of Pax7-positive MuSCs was lower in PpargΔ/Δ

than control muscle after injury (Figure 2B,C), confirming that PpargΔ/Δ mice fail to efficiently amplify
myogenic precursors during muscle regeneration. Altered amplification of PpargΔ/Δ MuSCs resulted
from impaired proliferation of MuSCs as the number of Pax7+/Ki-67+ proliferating MuSCs was
significantly reduced by approximately 45% in PpargΔ/Δ muscle (Figure 2B–D).
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Figure 2. MuSC amplification and commitment are impaired in PpargΔ/Δ mice. Tibialis anterior (TA)
muscles from PpargΔ/Δ and control littermates mice were injured with 50% glycerol intramuscular
injection and collected at 3, 7, and 14 days post injury (dpi). (A) Pax7 and MoyD mRNA quantification
by qPCR in injured (INJ) and non-injured contralateral (CL) muscles. Data are normalized to CL
muscles of control mice per timepoint, n ≥ 7 mice per group. (B) Representative images of TA sections
stained for Pax7, Ki-67, and DAPI at 7dpi. White arrows indicate Pax7+/Ki-67+ nuclei. Scale bar:
200 μm. (C,D) In vivo quantification of total Pax7+ nuclei (C) and proliferating Pax7+/Ki-67+ nuclei
(D) in injured muscles at 7dpi, with n = 4–5 mice per group. **** p < 0.0001, *** p = 0.001, ** p = 0.01,
* p < 0.05 by one-way ANOVA (A) or Mann–Whitney test (C,D). Unless otherwise indicated, statistical
comparisons relate to the CL muscle of control mice.

To investigate how the MuSC phenotype of PpargΔ/Δ mice influences myogenesis and muscle repair,
we quantified the amount of regenerating fibers with centralized nuclei as well as well their cross-sectional
area during the time course of muscle regeneration. Loss of PPARγ did not affect the size of the injured
area as the percentage of fibers with centralized nuclei was equal in control and PpargΔ/Δ mice during the
early steps of regeneration (Figure 3B). However, the muscle of PpargΔ/Δ mice failed to efficiently regenerate
as they had more fibers with centralized nuclei at late stages of regeneration (Figure 3A,B), indicating that
their recovery to fully matured fibers with peripherally located nuclei was delayed. At 7dpi when MuSCs
start to fuse with damaged or newly formed fibers, fiber size distribution was significantly impaired in
PpargΔ/Δ mice in a bimodal fashion (Figure 3C; gray arrows). The smallest fibers, which encompass the
newly formed fibers through de novo MuSC fusion, were smaller in PpargΔ/Δ mice, indicating that the
defective MuSC amplification in PpargΔ/Δ mice translates to perturbed myogenesis and altered MuSC
fusion. The largest fibers, which likely correspond to the repair of pre-existing fibers that were only mildly
damaged were larger in PpargΔ/Δ mice and this phenotype persisted at later time points of regeneration
(Figure 3C), likely indicating that PPARγ can influence myofiber growth through additional mechanisms
which are MuSC-independent. Altogether, these results demonstrate that loss of PPARγ impairs MuSC
expansion and myogenesis in vivo and cross-talks with muscle repair.
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Figure 3. Muscle regeneration is impaired in PpargΔ/Δ mice. (A) Representative images of PpargΔ/Δ and
control muscle sections stained with Laminin and DAPI at 14dpi. Scale bar: 50 μm. (B) Quantification
of the percentage of fibers possessing centralized nuclei at 7 and 14dpi, with n=7 mice per group.
(C) Cumulative distribution of cross sectional area of regenerating fibers with centralized nuclei in
regenerating muscles of PpargΔ/Δ and control littermates mice at 7dpi (left panel) and 14dpi (right
panel). Gray arrows depict the bimodal differences of PpargΔ/Δ and control cross sectional area
distributions. n = 7 mice per group. *** p = 0.001, ** p = 0.01, * p < 0.05 by Mann–Whitney test (B) or
Kolmogorov–Smirnov test (C).

2.3. PPARγ KO Does Not Directly Impair the Intrinsic Function of MuSC Function and the FAP/MuSC
Cross-Talk Ex Vivo

Since muscle regeneration is regulated by an integrated cooperation between many residing and
recruited cell types in the MuSC niche, we asked whether the in vivo MuSC phenotype of PpargΔ/Δ mice is
either due to a direct intrinsic role of PPARγ in MuSCs, or indirectly influenced by a PPARγ-dependent
paracrine signal from other cell types of the MuSC niche. As a first step, PPARγ expression in freshly
isolated MuSCs and FAPs was compared to its expression in white adipose tissue (Figure 4A). PPARγ
expression was detected in MuSCs, but at lower levels than in FAPs and much lower than in adipose tissue
(Figure 4A), thus making it unlikely that PPARγ could drive MuSC fate in a cell-autonomous fashion.
This was confirmed by demonstrating that the lower activation and proliferation of MuSCs detected in vivo
in PpargΔ/Δ mice was not reproduced in an ex vivo assay with Edu incorporation 1.5 and 3 days after
MuSCs isolation from control and PpargΔ/Δ mice (Figure 4B,C). Surprisingly, the ex vivo activation during
the first cellular division after exit of quiescence was even greater in PpargΔ/Δ cells than in control cells
(Figure 4B). Given the low expression of PPARγ in MuSCs and the fact that the proliferation of PpargΔ/Δ

MuSCs was normal and steady after 3 days of culture, higher ex vivo activation of PpargΔ/Δ MuSCs is
likely caused by indirect mechanisms. This was further confirmed by assessing the terminal differentiation
of PpargΔ/Δ MuSCs into myofibers after 6 days of ex vivo culture. Neither the number of differentiated
myosin-heavy chain (MHC)-positive cells nor the fusion index of nuclei in multi-nucleated myofibers
differed between PpargΔ/Δ and control MuSCs (Figure 4D).
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Figure 4. PpargΔ/Δ MuSCs activate faster than control MuSCs ex vivo. (A) PPARγ mRNA quantified
by qPCR in freshly isolated MuSCs, FAPs and mouse white adipose tissue (WAT). n = 4 mice (B,C)
Relative number (top panel) and percentage of EdU+ (lower panel) MuSCs cultured for 36 h (B) or
72 h (C) after FACS isolation. (D) Myogenic differentiation of PpargΔ/Δ and control MuSCs cultured
for six days after FACS isolation. Relative quantification of the total number of nuclei having fused in
MHC + myofibers is shown in the top panel, and fusion index (% nuclei in MHC + myofibers) is shown
in the lower panel. (B,D) n ≥ 24 cell culture replicates pooled from at least three mice per genotype
and replicated twice on different days. * p < 0.05; by Mann–Whitney test.

We then tested whether PPARγ could indirectly regulate MuSC function by regulating the cellular
cross-talk between MuSCs and other PPARγ-expressing accessory cells in the muscle stem cell niche.
FAPs appeared as good candidates as they support MuSC activity as progenitors [19] and possess
an adipogenic fate. We first evaluated how loss of PPARγ influences FAP expansion ex vivo using
total cell counts and EdU incorporation to reveal activated and proliferating cells 2 and 6 days after
isolation, respectively. After 2 days in culture, we did not detect any difference in the total FAP number,
highlighting that both control and PpargΔ/Δ FAPs had similar adhesion and survival (Figure 5A).
Cell cycle entry assessed by Edu incorporation was faster in PpargΔ/Δ FAPs 2 days post-isolation
(Figure 5A), but did not result in more FAPs or higher proliferation 6 days post-isolation (Figure 5B).
Thus, while PPARγ is essential for FAP differentiation to adipocytes, it does not play an intrinsic role
in the regulation of FAP expansion. We next interrogated the role of PPARγ in the cross talk between
FAPs and MuSCs through direct ex vivo co-cultures. As expected, co-culture of MuSCs with control
FAPs was beneficial for their myogenic differentiation in myosin-heavy chain positive myotubes
(Figure 5C). However, PpargΔ/Δ FAPs also supported myogenic differentiation of MuSCs to a similar
extent (Figure 5C). These results therefore revealed that in their undifferentiated precursor state, FAPs
efficiently sustain the myogenic differentiation of MuSCs through PPARγ-independent mechanisms.
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Figure 5. PPARγ deficiency does not affect the myogenic support of undifferentiated FAPs to MuSCs.
(A,B) Relative number (top panels) and percentage of Edu-positive FAPs from PpargΔ/Δ and control
littermates mice cultured for 48 h (A) and six days after isolation (B,C) Relative number of differentiated
MHC+ MuSCs, when cultured alone or co-cultured with PpargΔ/Δ and control FAPs. Data are
normalized to MuSCs monoculture. n ≥ 24 cell culture replicates pooled from at least three mice
per genotype and replicated twice on different days ** p < 0.01, * p < 0.05 by Mann–Whitney test.

2.4. Altered Inflammatory Signatures in PPARγ-KO Mice During Muscle Regeneration

Our results demonstrating that the intrinsic loss of PPARγ in MuSCs and FAPs does not directly
cause the MuSC activation and regeneration defects of PpargΔ/Δ mice prompted us to evaluate for
a role of PPARγ in other cell types that remodel the stem cell niche during regeneration. In particular,
the fact that MuSCs are normal in uninjured muscle of PpargΔ/Δ mice and only affected upon muscle
regeneration in a dynamic fashion during the early steps of muscle repair suggested a potential role of
PPARγ in a cell type recruited to damaged muscle after injury. We thus quantified the expression level
of macrophage surface markers and chemokines in control and PpargΔ/Δ mice. General inflammatory
markers such as F4/80, CD11b, and CD11c were differentially regulated in injured muscles of PpargΔ/Δ

vs control mice at various time points (Figure 6A), while the induction of IL-1, TNF and IL-6 mRNA
in response to injury did not change significantly at 3dpi between PpargΔ/Δ and control muscles
(Figure 6B). The analysis of anti-inflammatory macrophage cell surface markers revealed a defect
in regenerating muscle of PpargΔ/Δ mice, as deletion of PPARγ severely blunted the induction of
the mannose receptor (MR) and the macrophage scavenger receptor (MRS1) at 3dpi (Figure 6C),
when the regenerating niche shifts to anti-inflammatory conditions to support myogenic commitment.
Resolution of the IL-6 inflammatory cytokine production at 7dpi was also altered in PpargΔ/Δ (Figure 6B).
These observations highlight that PPARγ influences the temporal profiles of the inflammatory response
during muscle regeneration. Altogether, our study demonstrates that whole body loss of PPARγ
influences muscle regeneration by acting on MuSC function indirectly through various complementary
mechanisms in various cell types of the stem cell niche.
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Figure 6. The inflammatory response during muscle regeneration is altered in PpargΔ/Δ mice. mRNA
quantification by qPCR of immune cell marker in injured (INJ) and non-injured contra-lateral (CL)
muscles at 3, 7 and 14 dpi. Results are normalized to the non-injured CL muscles. (A) Cellular surface
macrophages markers: F4/80 = EMR1 (EGF-like module-containing mucin-like hormone receptor-like
1), CD11b = Integrin alpha M, CD11c = Integrin alpha X. (B) Cytokines: TNFα = Tumor necrosis factor
alpha, IL-1 β = Interleukin 1 beta, IL-6 = Interleukin 6. (C) Anti-inflammatory cellular macrophages
markers: MR = mannose receptor, Msr1 = Macrophage scavenger receptor 1. n ≥ 7 mice. **** p < 0.0001,
*** p < 0.001, ** p < 0.01 * p < 0.05 by one-way analysis of variance (ANOVA). Unless otherwise indicated,
statistical comparisons relate to the CL condition of the same genotype.

3. Discussion

Ectopic infiltration of adipocytes in skeletal muscle has been widely associated with altered muscle
function, mainly because adipose infiltration is observed in many muscle degenerative conditions
such as dystrophies or rotator cuff tears [9–12]. In contrast, recent studies have suggested that muscle
adipogenesis may actually be a physiological process required for muscle plasticity, which gets
deregulated and over-amplified during pathology. First, ectopic muscle adipogenesis is detected in
several models of efficient muscle regeneration [24–27], and this response is transient and cleared
during the terminal phases of muscle repair when myofibers return to homeostasis. In addition, the FAP
lineage can both support myogenesis and differentiate to intra-muscular adipocytes, with different
states of permissivity according to the patho-physiological status [19,20]. Finally, muscle adipogenesis
is blunted in response to unloading and lack of muscle contraction [25]. In the present study, we have
demonstrated that the ectopic accumulation of fat during muscle regeneration fully relies on the
adipogenic transcription factor PPARγ. PpargΔ/Δ mice are totally devoid of intra-muscular adipocytes
after muscle injury and PpargΔ/Δ FAPs completely lose the ability to differentiate to adipocytes. On top
of confirming the dominant role of PPARγ on adipogenesis [40] in skeletal muscle, this result also
highlights that muscle ectopic fat formation after injury is an active cellular process tightly regulated at
the molecular level, and not just the aspecific accumulation of cellular lipids from damaged myofibers.
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Interestingly, our results consistently demonstrate that the absence of PPARγ and ectopic
adipocyte formation alter the activation and myogenic commitment of MuSCs in vivo. The induction
of Pax7 and MyoD as well as the proliferation of Pax7-positive MuSCs are impaired in the regenerating
muscle of PpargΔ/Δ mice. PPARβ/δ another member of the PPAR nuclear receptor family, has
previously been demonstrated to control MuSC function and muscle regeneration [44–46], most
likely through a direct effect on the myogenic lineage as Myf5-Cre conditional deletion of PPARγ is
sufficient to alter MuSCs and regeneration [44]. In contrast, the alterations of muscle regeneration
in PpargΔ/Δ mice in vivo did not result from cell autonomous defects linked to the absence of PPARγ
in MuSCs as PPARγ expression is low in MuSCs and the activation and proliferation of PpargΔ/Δ

MuSCs was not impaired ex vivo. Thus, the perturbed regenerative response of PpargΔ/Δ mice support
the notion that a functional adipogenic response is required to efficiently sustain myogenesis during
physiological muscle healing. In particular, we can hypothesize that cellular and membrane lipids from
damaged myofibers are released in the muscle stem niche a few days after injury and need to be stored
intracellularly to avoid damage to regenerating fibers. Interestingly, the adipogenic lineage has also
been demonstrated to support self-renewal and regeneration in other organs. For example, adipocyte
precursors have been involved in skin epithelial stem cell activation in the hair follicle [47,48], and
the adipogenic lineage was shown to recruit fibroblasts during skin wound healing [49]. A cross-talk
between adipose-derived stem cells and chondrocytes has also recently been found in vitro, potentially
revealing similar cross-communications during cartilage repair [50].

Our study has analyzed muscle regeneration in a mouse model where PPARγ is deleted in
all cells and organs [39,40]. At the undifferentiated progenitor level, we demonstrated that control
and PpargΔ/Δ FAPs had a similar ability to support myogenesis. We also further showed that the
function of isolated PpargΔ/Δ MuSCs is not lower ex vivo. Surprisingly, PpargΔ/Δ MuSCs even activated
faster than control cells ex vivo, possibly because the lipodystrophy and metabolic phenotype of
PpargΔ/Δ mice alter MuSC quiescence in vivo and trigger earlier activation ex vivo. Given these
observations, it is therefore likely that impaired in vivo MuSC function in PpargΔ/Δ mice is indirect,
through a cross-talk with other cell types of the muscle stem cell niche or via systemic signals from
other tissues. Along this line, two mechanisms most likely cross-talk during regeneration. First,
the absence of adipogenic differentiation of PpargΔ/Δ FAPs can contribute to the in vivo phenotype by
controlling adipokine signals during adipogenic and myogenic differentiation. Second, the immune
signature is altered in the regenerating niche of PpargΔ/Δ mice, where anti-inflammatory macrophage
markers fail to get efficiently induced. Recent work has demonstrated that PPARγ in macrophages
regulates myogenesis and muscle repair via secreted paracrine signals [33]. Our results are consistent
with the indirect modulation of myogenesis via PPARγ in immune cells and fully supports the model
where macrophage PPARγ cross-talks with MuSCs through secreted cytokines. Interestingly, the fate
of FAPs is tightly controlled by inflammatory cytokines, which dynamically influence their expansion,
differentiation and apoptosis during the resolution of inflammation and the different phases of muscle
repair [23,51–53]. Thus, PPARγ most likely influences MuSCs and myogenesis indirectly via a complex
cross-talk between macrophages and FAPs.

Altogether, our work has demonstrated that PPARγ is required for ectopic adipocyte infiltration
during muscle regeneration and alters MuSC proliferation and myogenic commitment via indirect
cellular cross-talks in the stem cell niche. Genetic PPARγ invalidation in macrophages and bone
marrow transplant from PPARγ KO mice have already demonstrated that macrophages are required
for this cross-talk [33]. Further studies with cell-type specific invalidation of PPARγ, in particular
in FAPs, will be important to further refine the roles of the distinct cellular compartments of the
niche and the interactions between adipogenesis and myogenesis during muscle regeneration and
muscle diseases.
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4. Materials and Methods

4.1. Animals

Animals were housed under standard conditions and allowed to access to food and water ad
libitum. Since the whole-body Pparg null mice die during embryonic development as a result of
placental defects, we used mice obtained through an epiblast-specific Cre recombinase expression
(Sox2-Cretg/+:PpargΔ/emΔ mice, hereafter called PpargΔ/Δ mice) as it has been demonstrated that PPARγ
is necessary for placental function but not for embryo development [39]. The generation and breeding
of mice for these experiments was performed as previously described [40]. Briefly, Sox2-Cretg/+

male mice (Jackson Laboratory, Bar Harbor, ME, USA) were mated with female PpargΔ/+ mice [54]
to obtain male Sox2-Cretg/+:PpargΔ/+ mice that were next mated with Ppargfl/fl females to obtain
Sox2-Cretg/+:PpargΔ/emΔ mice (PpargΔ/Δ) and Sox2-Cre+/+:Ppargfl/+ (control). All experimental animals
were breeding littermates of a mixed C57BL6/SV129 genetic background, and control animals were
PPARgfl/+ that do not express Sox2Cre. Only female mice were used in this study since adult male
PpargΔ/Δ mice present a higher mortality. For muscle regeneration experiments, 11–15 week old mice
were anaesthetized with 2% isoflurane and 50 uL of 50% v/v glycerol was injected into the tibialis
anterior (TA) muscle. Mice received buprenorphine (Temgesic) 0.1 mg/kd/day i.p. as analgesic during
the 48h following glycerol injection. Mice were sacrificed by CO2 inhalation followed by cervical
dislocation 3, 7, 14 days post-injury (dpi), and regenerating and contra-lateral TA muscles were cut
in half and snap-frozen in liquid nitrogen for molecular analyses or frozen in liquid nitrogen cooled
isopentane for histology. All in vivo experiments were performed following the regulations of the
Swiss Animal Experimentation Ordinance and approved by the ethical committee of the canton de
Vaud under license VD2818, 01 Mar 2014.

4.2. Muscle Progenitor Cell Isolation

For the isolation of muscle stem cells, uninjured hindlimb muscles representing various fiber
types (gastrocnemius/soleus/plantaris complex, tibialis anterior/EDL complex and quadriceps) were
collected and from PpargΔ/Δ mice and their control littermates and freshly digested with dispase II
(2.5 U/mL) (Roche, Basel, Switzerland), collagenase B (0.2%) (Roche), and MgCl2 (5 mM). Cells were
then incubated at 4 ◦C for 30 min with fluorescently-coupled antibodies against CD45 (Invitrogen,
Carlsbad, CA, USA) MCD4501 or MCD4528; dilution for both 1/25), CD31 (Invitrogen, RM5201 or
RM5228; dilution for both 1/25), CD11b (Invitrogen, RM2801 or RM2828; dilution for both 1/25), CD34
(BD Biosciences, 560230 or 560238; dilution for both 1/60), Ly-6A–Ly-6E (Sca1) (BD Biosciences,
Franklin Lakes, NJ, USA) 561021; dilution 1/150), α7-integrin (R&D, FAB3518N; dilution 1/30)
and CD140a (eBioscience, San Diego, CA, USA, 12-1401-81 or 17-1401-81; dilution for both 1/30).
Cell isolation was performed on a Beckman–Coulter Astrios Cell sorter; Beckman-Coulter, Brea,
CA, USA. MuSCs isolated by flow-cytometry were CD45−CD31−CD11b−Sca1−CD34+Integrinα7+;
fibro/adipogenic progenitors (FAPs) were CD45−CD31−CD11b−Sca1+CD34+PDGFRα+.

4.3. Cell Culture

MuSCs and FAPs were sorted in 96 well plates at a density of 600 cells per well. Freshly sorted cells
were grown in growth medium: 20 mM glucose DMEM, 20% heat-inactivated FBS, 10% inactivated
horse serum, 2.5 ng/mL bFGF (Invitrogen), 1% P/S + 1% L+-Glutamine, 1% Na-pyruvate (Invitrogen).
For MuSC activation 1μM EdU (5-Ethynyl-2′-deoxyuridine) was added to the growth medium after cell
sorting. Cells were then fixed 1.5 days after with 4% paraformaldehyde (PFA) for 15 min. For MuSC
proliferation, 1 μM EdU was added to the growth medium 3 days after cell sorting, for 2.5 h. Cells were
then fixed 15 min in 4% PFA. MuSC differentiation was induced after 4 days in culture by switching
to myogenic differentiation medium (20 mM glucose DMEM, 5% inactivated horse serum, 1% P/S).
Cells were cultured in these conditions for two days and then fixed in 4% PFA for 5 min. For FAP
activation 1 μM EdU was added to the growth medium after cell sorting. Cells were then fixed
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two days after with 4% PFA for 15 min. For FAP proliferation, 1 μM EdU was added six days after cell
sorting. Cells were then incubated for 6 h and fixed in 4% PFA for 15 min. For FAP differentiation, after
six days of culture in growth medium, the medium was replaced by adipogenic differentiation medium
for an additional seven days (20 mM glucose DMEM, 20% heat-inactivated FBS, 1% P/S, 0.25 μM
dexamethasone, 1 μg/mL insulin, 5 μM troglitazone, 0.5 mM isobutylmethylxanthine). For MuCS and
FAP co-cultures, we cultured PPARγ-KO MuSCs alone, or with WT or PPARγ-KO FAPs.

4.4. Immunocytochemistry for In Vitro Studies

EdU incorporation was revealed by the Click-iT assay (Molecular Probes, Eugene, OR, USA) according
to manufacturer’s instructions. After fixation, cells were permeabilized during 20 min in PBTX 0.5%, stained
with the Click-iT reaction mix, and counterstained with DAPI. For myosin heavy vhain (MHC) staining,
after fixation, cells were permeabilized using EtOH/MetOH (v/v) for 5 min, incubated for 1 h with the
primary antibody anti-MHC 1/200 (Millipore clone A4.1025) in PBS, 1% Horse Serum at room temperature,
and incubated during 30 min with the secondary antibody Alexa488 anti-mouse IgG diluted at 1/1000
(Life Tech (Carlsbad, CA, USA) A-10680) and Hoeschst33342 in PBS, 1% horse serum at room temperature.
Fusion index was determined as the percentage of nuclei located within MHC positive fibers. Image
acquisition was performed using the ImageXpress (Molecular Devices, San Jose, CA, USA) platform.
Quantifications were done using the MetaXpress software (Molecular Devices).

4.5. Immunohistochemistry for In Vivo Studies

TA muscles were frozen in isopentane and cooled with liquid nitrogen. Sections of 10 μm were
obtained after sectioning on a cryostat. For Pax7-Ki67 staining, sections were allowed to dry for 10 min
and then fixed 10 min in 4% PFA. Tissue sections were permeabilized by applying cold methanol (−20 ◦C)
for 6 min. For the antigen revealing, slides were immersed in a glass container filled with hot acid citric
(0.01 M), and then in boiling water bath for 5 min, repeated twice. Slides were then blocked 3 h in blocking
solution (IgG-free Bovine Serum Albumin (BSA) 4% (Jackson #001-000-162), followed by 30 min incubation
with Goat-anti-mouse FAB (Jackson #115-007-003) diluted 1/50 in PBS. Rabbit anti-Ki67 polyclonal (Abcam,
Cambridge, United Kingdom, #ab15580) was used (1/200) and chicken anti-laminin (Life-Span Bioscience,
Seattle, WA, USA, #LS-C96142) antibodies were incubated 3 h in blocking solution in1/200 and 1/300
dilution, respectively. Mouse anti-Pax7 (DSHB, purified) IgG1 (2.5 μg/mL) was then incubated overnight
at 4 ◦C. Secondary antibodies (Alexa488-Goat anti-rabbit (1/1000) and Alexa647-Goat anti-chicken (1/1000)
were incubated for 1 h in blocking solution. Pax7 signal was further amplified using a goat-anti mouse
IgM1-biotin (Jackson), followed by a streptavidin (1/2000) treatment, together with Hoechst.

For Oil-Red-O staining slides were air-dried and then incubated in 50% ethanol during 30 min,
followed by 15 min incubation in 2.5 g/L oil-red-O solution in 70% ethanol and 1 min washes in 50%
ethanol and water. Finally, slides were counterstained with Mayer’s hematoxylin. Stained tissues were
imaged using an Olympus VS120 virtual microscopy slide scanning system and analyzed using the
VS-ASW FL software measurement tools. The Pax7-Ki67 double positive nuclei (DAPI positive) were
counted by randomly selecting four or more areas within the injured region. Fiber size and Oil-Red-O
area analyses were performed on an automatized software developed in house.

For BODIPY staining, BODIPY 493/503 (4,4-difluro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene,
Thermo Fisher Scientific, Waltham, MA, USA) was used according to manufacturer’s instructions.
Images were acquired with a Leica microscope (DMI4000B Leica widefield inverted microscope; Leica,
Wetzlar, Germany), at 20× magnification.

4.6. Quantitative PCR

RNA was extracted from sorted cells or muscles and white adipose tissue using RNeasy Micro Kit
(Qiagen, Hilden, Germany) or miRNeasy Mini Kit (Qiagen), respectively. According to the manufacturer’s
instruction, cells were stored in RTL buffer and frozen after the FACS sorting. RNA samples were processed
by reverse transcription (high capacity cDNA reverse transcription kits, Invitrogen) using random primers
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(High Capacity cDNA Reverse Transcription Kit, Applied Biosystems, Foster City, CA, USA. All of the
quantitative PCRs were performed using the SybR Green I master kit (Roche) on a LightCycler 480.
For sorted cells and adipose tissue, reference gene HPRT was selected. PPARγ primers were designed on
the gene region deleted in the KO mice:

Forward: AAGAGCTGACCCAATGGTTG, reverse: GCATCCTTCACAAGCATGAA. For muscles,
three reference genes (ATP5b, EIF2a, and PSMB4) were selected from previous micro-array data on the
base of their stability through the different time points of regeneration.

qPCR probes were designed as follows:

ATP5b forward: ACCTCGGTGCAGGCTATCTA

ATP5b reverse: AATAGCCCGGGACAACACAG;

EIF2a forward: CACGGTGCTTCCCAGAGAAT

EIF2a reverse: TGCAGTAGTCCCTTGTTAGCG;

PSMB4 forward: GCGAGTCAACGACAGCACTA

PSMB4 reverse: TCATCAATCACCATCTGGCCG;

Pax7 forward: AAGTTCGGGAAGAAAGAGGACGAC

Pax7 reverse: GAGGTCGGGTTCTGATTCCACATC;

MyoD forward: GCAGATGCACCACCAGAGTC

MyoD reverse: GCACCTGATAAATCGCATTGG;

F4/80 forward: CTCTTCTGGGGCTTCAGTGG

F4/80 reverse: TGTCAGTGCAGGTGGCATAA;

ITGAM (CD11b) forward: GCCTGTGAAGTACGCCATCT

ITGAM (CD11b) reverse: GCCCAGGTTGTTGAACTGGT;

ITGAX (CD11c) forward: ACACTGAGTGATGCCACTGT

ITGAX (CD11c) reverse: TTCGGAGGTCACCTAGTTGGG;

Msr1 forward and reverse: [24]

MR forward: ATGCCAAGTGGGAAAATCTG

MR reverse: TGTAGCAGTGGCCTGCATAG;

TNFα forward: AGCCGATGGGTTGTACCTTG

TNFα reverse: ATAGCAAATCGGCTGACGGT;

IL1beta forward: TGCCACCTTTTGACAGTGAATGA

IL1beta reverse: TGCCTGCCTGAAGCTCTTGT;

IL-6 forward: CCAGAAACCGCTATGAAGTTCC

IL-6 reverse: TTGTCACCAGCATCAGTCCC;
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4.7. Statistical Analysis

In vitro experiments were performed in at least three independent replicates from different mice,
using several cell culture replicates from the same isolation. All of the data are expressed as mean value
+ the standard error of the mean (s.e.m.). For statistical analysis, GraphPad Prism (GraphPad Software
Inc., La Jolla, CA, USA) was used. Statistical significance of two-group comparisons was assessed
by a non-parametric Mann–Whitney test which does not assume normal distribution, using variance
correction when required. For comparison of more than two groups, one-way ANOVA followed by
Bonferroni multiple-comparison test was used.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/7/
2044/s1.
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Abstract: Skeletal muscle comprises 30–40% of the total body mass and plays a central role in energy
homeostasis in the body. The deregulation of energy homeostasis is a common underlying characteristic
of metabolic syndrome. Over the past decades, peroxisome proliferator-activated receptors (PPARs) have
been shown to play critical regulatory roles in skeletal muscle. The three family members of PPAR have
overlapping roles that contribute to the myriad of processes in skeletal muscle. This review aims to
provide an overview of the functions of different PPAR members in energy homeostasis as well as during
skeletal muscle metabolic disorders, with a particular focus on human and relevant mouse model studies.
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1. Skeletal Muscle

Skeletal muscle is the largest metabolic organ in the human body, and it contributes ~40% of
the total human body mass in healthy non-obese adults. Beyond its well-recognized role in physical
movement and postural stabilization, the importance of skeletal muscle in the whole-body metabolism has
been increasingly acknowledged, as it can impact overall health and quality of life [1]. Skeletal muscle
is a heterogeneous tissue composed of different fiber types, and it exhibits high metabolic flexibility
when adapting to metabolic or energy demands, as well as prevailing conditions and activities. Skeletal
muscle can withstand massive and sudden changes, both mechanically and bioenergetically, from rest
to rapid contractile activity, because it has effective mechanisms for coping with ATP consumption and
re-synthesis. While skeletal muscle is anatomically fixed at birth in mammals, postnatal muscle growth can
undergo cellular changes, such as increases in length and girth, and some myofibers can experience changes
in contractile activity and humoral factors in response to the nutrient availability [2]. The mammalian
skeletal muscle can be classified across a spectrum, according to its contractile and metabolic properties,
but it is broadly classified into two categories, namely, slow-twitch type I fibers and fast-twitch type II
fibers. Slow-twitch type I fibers are rich in mitochondria and have a higher insulin sensitivity and glucose
transporter 4 (GLUT4) expression levels than the fast-twitch type II fibers [3]. The type I fibers are rich in
myoglobin, surrounded by many capillaries, and contain relatively abundant intracellular lipid levels for
oxidative metabolism. These characteristics support long-duration contractile activities, such as walking
and postural stabilization. In contrast, the fast-twitch type II fibers are large fibers with vast glycogen
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reserves that support their role in glycolytic metabolism. Type II fibers produce rapid contractions that are
used for intense activities, but these fibers are easily fatigued. In mammals, type II muscle fibers can be
further categorized into type IIa (fast-twitch oxidative), type IIb (fast-twitch glycolytic), and type IIx (an
intermediate type between IIa and IIb). However, type IIb fibers are not detectable in the human skeletal
muscle [4]. Muscle fiber type switching and tissue remodeling can occur on demand during exercise or
during obesity and metabolic-related diseases. In response to exercise training, the metabolic phenotype
of the muscle that is used changes along with the increase in size and strength. At rest, a trained muscle
uses more energy from fat and less from carbohydrates than the untrained muscle [5]. Skeletal muscle is
the predominant site of the insulin-mediated glucose uptake. The deregulation of skeletal muscle energy
homeostasis plays a major role in the pathogenesis of peripheral insulin resistance and type 2 diabetes
mellitus (T2DM). T2DM is characterized by chronic hyperglycemia, as a result of inefficient pancreatic
beta-cell insulin secretion compensation. T2DM is also characterized by a chronic increase in plasma free
fatty acid (FFA) levels and dyslipidemia. Excessive triglyceride accumulation in skeletal muscle, both
the intramuscular and intramyocellular deposition, induces lipotoxicity, reduces glucose uptake, and
ultimately leads to insulin resistance and T2DM [6]. Physiologically, the deregulation of the metabolic
homeostasis in skeletal muscle causes muscle fiber type switching, from the slow-twitch to fast-twitch, as
the disease worsens over time [7]. Understanding the changes in skeletal muscle during obesity and T2DM
development is thus crucial for elucidating the underlying causes of insulin resistance.

The peroxisome proliferator-activated receptors (PPARs) have emerged as the master regulators of both
lipid and glucose homeostasis, and are considered as valuable pharmaceutical targets for treating metabolic
dysfunctions and T2DM. PPARs are ligand-activated transcription factors that belong to the nuclear hormone
receptor superfamily, and they are activated by a variety of synthetic ligands and endogenous ligands, such
as the naturally occurring FFAs and their metabolites, arachidonic acid and eicosanoids. The synthetic ligands
of PPARs have been used successfully to treat T2DM and dyslipidemia. Specifically, thiazolidinediones
(TZDs), such as rosiglitazone and pioglitazone, are specific PPARγ activators and are used as insulin
sensitizers in order to improve insulin resistance in T2DM patients. Fibrates include fenofibrate, clofibrate,
and ciprofibrate, which exhibit a predominant PPARα activity and induce lipid uptake and oxidation.
The PPARα agonist clofibrate has been used to treat dyslipidemia. Insulin-sensitizing effects can also occur
as a consequence of PPARα and PPARβ/δ activation. Physiologically, the members of the PPAR family also
modulate basic processes, such as proliferation, differentiation, and postnatal development [8,9]. In this
review, we will focus on the metabolic regulatory roles of PPARs in the skeletal muscle during healthy and
diseased states, primarily with studies that have used human and mouse models.

2. Transcription Regulation by PPARs

Three related PPAR members, each encoded by distinct genes, have been identified and designated
as PPARα, PPARβ/δ, and PPARγ. PPARγ has two distinct isoforms, PPARγ1 and PPARγ2. PPARγ2
is predominantly expressed in adipose tissue and is 30 amino acids longer than the PPARγ1 at the
N-terminal [10]. As with most nuclear receptors, PPARs share modular structural characteristics.
The N-terminal A/B domains encode the activation function 1 (AF-1), the C-domain consisting of
the DNA binding domain (DBD), the D-domain, or the hinge domain that provides structural flexibility,
and the E-domain containing the ligand binding domain (LBD) and the ligand-dependent activation
function 2 (AF-2). Of the PPAR members, the LBDs of PPARα and PPARγ are the most similar in shape
and size, whereas the LBD of PPARβ/δ is significantly smaller [11,12]. The differences in amino acid
sequences among the PPAR members also indicate that the LBD pocket of PPARα is more lipophilic
than that of the two others. These structural differences among the PPAR LBDs suggest the influences of
the structurally distinct ligands with varying binding affinities that contribute to ligand selectivity [13].
All members of PPAR form obligate heterodimers with retinoid X receptors (RXRs) and bind as a complex
to the consensus sequences, known as peroxisome proliferator response elements (PPREs), located in the
regulatory region of their target genes.
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In addition to ligand binding, the activity of PPARs is also affected by post-translational modifications,
such as phosphorylation, SUMOylation, and ubiquitination, as well as through regulatory proteins,
such as AMP-activated protein kinase (AMPK) and cryptochrome (CRY1). Regulation by insulin and
insulin-induced PPAR phosphorylation has been reported to enhance the PPAR transcriptional activity [14].
Post-translational modification by ubiquitination has been shown to be affected by the presence of the
PPAR ligand. In the absence of the ligand, PPARα and PPARβ/δ are poly-ubiquitinated and targeted for
subsequent degradation [15,16]. The presence of PPARγ agonists, on the other hand, enhances the PPARγ
polyubiquitination, which promotes its degradation. The monoSUMOlyation of PPARα and PPARγ
has been reported, in which the transcriptional activities of both PPARs are inhibited [17]. The role of
energy metabolism and circadian regulation in skeletal muscle has recently been understood through the
modulation of the PAR protein. Recent studies by Jordan et al. (2017), on skeletal muscle circadian rhythm,
have shown that the circadian transcriptional repressors CRY1 and CRY2 function as co-repressors of
PPARβ/δ, possibly via an AMPK-dependent signaling pathway [18]. Collectively, the post-translational
regulation of the PPAR protein has a direct impact on the cellular metabolism and energy production.

PPARs are diverse regulators that fundamentally regulate the energy metabolism at the transcription
level. Each member displays distinct tissue distribution patterns and pharmacological profiles. PPARα
is highly expressed in active metabolic tissues, such as the liver, kidney, heart, and skeletal muscle [19],
whereas PPARγ is expressed in primarily the white and brown adipose tissue, where most of the free
fatty acids are deposited [20]. PPARβ/δ is ubiquitously expressed because of its importance in the
systemic and basic cellular functions, which include the energy modulation in metabolically active tissues,
inflammation, wound healing, and keratinocyte and intestinal cell differentiation [7,9]. The PPARD gene
ablation in mice results in a high embryonic lethality [21], and the PPARγ-deficient mice exhibit an
embryonic lethality by E10 [22]. These findings highlight the importance and complex physiological roles
of PPARs. All three of the PPARs are expressed in the skeletal muscle at different amounts, as follows:
PPARβ/δ has the highest expression levels, followed by PPARα and PPARγ [23–25].

3. Nutrient Sensing by PPARs

Members of the PPAR family modulate metabolic responses through sensing and responding to
fluctuations in the nutrient availability. Major dietary constituents, such as fatty acids and carbohydrates,
can regulate the gene expression of several metabolic pathways via hormones and PPARs and, in turn,
induce their utilization [26]. In a post-prandial state, the availability of metabolic precursors promotes
the synthesis of natural PPAR ligands and induces PPAR trans-regulation so as to promote anabolism
and storage. Upon nutrient scarcity, PPARs are directly activated by the release of FFAs from lipid
reserves, and they stimulate the transcription of genes that are involved in FFA uptake and fatty acid
oxidation in the skeletal muscle, as well as glycogenolysis, gluconeogenesis, and ketone body synthesis
in the liver, reviewed in [27].

Nutrient intake and energy metabolism are closely associated and are subject to hormonal
regulation. Insulin, one of the main hormones that regulates whole-body metabolism, promotes
glucose uptake in the metabolically active tissues, such as the liver, fat, and skeletal muscle. During
post-prandial state, insulin is secreted from the pancreatic beta cells into the bloodstream in response to
increased blood glucose levels. At the peripheral tissues, such as skeletal muscle, insulin binds to the
insulin receptors at the plasma membrane in order to trigger the insulin signaling cascade via insulin
receptor substrate 1 (IRS1) phosphorylation, protein kinase B (AKT/PKB) activation, and glucose
transporter type 4 (GLUT4) translocation to the plasma membrane [28]. These actions promote an
extracellular glucose clearance [29]. Skeletal muscle accounts for over 80% of the insulin-dependent
glucose uptake [30]. Glucose serves as an immediate source of energy and is subsequently converted
into acetyl-coenzyme A (acetyl-CoA), by the pyruvate dehydrogenase complex (PDC). Then, it is
channeled into the tricarboxylic acid (TCA) cycle and undergoes oxidative phosphorylation in the
mitochondria [31]. In skeletal muscle, the excess glucose is stored as glycogen or used as a precursor
for lipid synthesis [31]. As blood glucose levels drop over time, the body transits from a fed to fasted
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state, triggering the change from glucose to free fatty acids (FFAs) as the preferred fuel substrates of the
skeletal muscle and liver. This dynamic glucose-FFA cycle, also known as the Randle cycle, provides
metabolic flexibility and survival adaptation so as to conserve the whole-body glucose supply and is of
major quantitative importance in the skeletal muscle, as reviewed in [32,33].

During fasting, both PPARα and PPARβ/δ are upregulated in the skeletal muscle in rodents [34],
but only PPARβ/δ is upregulated in the human skeletal muscle [7,35]. Upon the increased FFA influx,
the FFAs are hydrolyzed into acyl-CoA complexes, which are then channeled into the mitochondria by
the carnitine palmitoyltransferase I (CPT1) for fatty acid oxidation. One of the key genes that regulates
the glucose-FFA shuttle is the pyruvate dehydrogenase kinase (PDK), which is a classical PPAR target
gene. PDK inactivates PDC, via phosphorylation, and reduces oxidation of the glycolysis-derived
pyruvate. These effects decrease the glucose utilization in order to conserve glucose. In human skeletal
muscle, all four of the PDK isozymes are PPARβ/δ target genes, and PDK2 and PDK4 are the most
abundantly expressed [35,36]. In the skeletal muscle of PPARβ/δ knockout mice, PDK4 expression is
markedly blunted [37]. Interestingly, the PDK4 expression is unaffected in the skeletal muscle of the
fasted PPARα knockout mice [25]. These findings thus suggest that PPARβ/δ is the primary PPAR
member that regulates the skeletal muscle substrate utilization.

4. Regulation of Lipid Metabolism in Skeletal Muscle by PPARs

Fat and excess calories from the diet are converted into the concentrated form of triglycerides to
store metabolic energy over extended periods of time. Triglycerides are typically stored in three main
organs (ranked in order, from the greatest to least amount stored), namely, adipose tissue, skeletal
muscle, and liver [38]. During fasting or increased energy demands, triglycerides in adipose tissue are
hydrolyzed into FFAs and delivered to tissues through the action of lipoprotein lipase (LPL), and can
be used either for fatty acid β-oxidation in the energy-converting mitochondria or as building blocks
for cellular functions and signaling.

Over the past decade of research, PPARs have emerged as master regulators of the lipid metabolism.
In humans, skeletal muscle accounts for more than 30% of the total energy expenditure, and up to
70% of this energy is derived from FFAs in resting muscle. Of the three PPAR members, PPARα and
PPARβ/δ play central roles in regulating lipid homeostasis [25]. PPARγ promotes glucose uptake in
skeletal muscle, in order to play a role in insulin-stimulated glucose metabolism [39]. In vivo, PPARα
and PPARβ/δ regulate the genes that are involved in FFA uptake, such as cluster of differentiation
36/SR-B2 (CD36) and LPL; FFA intracellular transport, such as fatty acid binding protein 3 (FABP3);
and fatty acid oxidation, such as CPT1 and stearoyl-CoA desaturase (SCD). The genes that are involved
in fatty acid oxidation and utilization are similarly regulated by PPARα and PPARβ/δ in skeletal muscle,
as shown by overexpression studies [40–42]. Skeletal muscle-specific PPARβ/δ overexpression also
induces characteristic shifts towards oxidative fibers and increased oxidative capacity [7]. Conversely,
selective PPARβ/δ ablation in skeletal muscle leads to lower oxidative capacity in the fibers, resulting
in obesity and T2DM [43]. In contrast to PPARβ/δ, PPARα overexpression promotes fiber type shifts
towards glycolytic type II fibers, and these fibers are protected from diet-induced obesity. Interestingly,
when fed a high-fat diet, PPARα-overexpressing mice have significantly higher intramuscular triglyceride
concentrations than control mice, and they develop glucose intolerance [41]. In PPARα knockout mice,
however, fatty acid oxidation is reduced during starvation despite an increase in oxidative fibers [25].

4.1. Regulation of Lipid Transport in Skeletal Muscle by PPARs

Unlike glucose, which is water soluble, circulating FFAs are usually associated with albumin or
exist as fatty esters and phospholipids in lipoproteins. On the plasma membrane surface, LPL mediates
the hydrolysis of triglyceride-rich lipoproteins. This hydrolysis releases the encapsulated lipids and is
thus considered a rate-limiting step for lipid uptake. The cellular lipid uptake was initially thought
to occur via passive diffusion because of the hydrophobic nature of the plasma membrane. However,
it is now widely recognized that FFA uptake requires a highly regulated, protein-mediated action
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by the transporter proteins. In humans and rodents, CD36, FABPs, and fatty acid transport proteins
(FATPs) are co-expressed in the skeletal muscle, which is key in facilitating FA transport, and their
expression levels are regulated predominantly by PPARβ/δ [7] (Figure 1). Approximately 70% of total
FFA uptake is mediated by CD36 [44], although the mechanisms of FFA transmembrane movement
and the binding specificity of CD36 are not understood [45]. It has been suggested that CD36 promotes
fatty acid partitioning at the outer leaflet for translocation through the lipid bilayer and that it provides
a docking site for FABPs and other enzymes at the intracellular side of the membrane, so as to facilitate
the transport of the incoming FFAs [45]. Cytoplasmic FABP (FABPc) serves as an acceptor for FFAs,
shuttles them through the cellular compartments, and protects against lipotoxic accumulation and
aggregation within the cell [46]. The fatty acid transporters in skeletal muscle exhibit different capacities
for FFA transport and metabolism. An in vivo study of CD36, plasma membrane FABP (FABPpm),
FATP1 or FATP4 overexpression in the anterior tibialis muscle of rats showed the differential effects on
FFA transport and utilization in skeletal muscle [47]. The authors have reported that CD36 and FATP4
are quantitatively the most effective in FFA transport. Interestingly, the transporter overexpression did
not alter the rates of FFA esterification into triglycerides, but it increased fatty acid oxidation that was
observed with CD36 and FABPpm overexpression [47,48] (Figure 1).

Figure 1. Schematic diagram of skeletal muscle fiber and its fatty acid handling. (A) The fate of free fatty
acid (FFA) in skeletal muscle. FFA uptake is mediated by receptors, such as CD36, at the plasma membrane.
Within the cell, FFA is transported throughout the cellular compartments, via the lipid transporter, FABPc.
FFAs can either be targeted to the lipid droplet for storage, translocated to the mitochondria for fatty
acid oxidation, or serve as a ligand for peroxisome proliferator-activated receptors (PPARs) within the
nucleus. In the skeletal muscle, PPARα and PPARβ/δ are mainly involved in lipid metabolism regulation.
PPARβ/δ is also involved in regulating mitochondria biogenesis while PPARγ is involved in skeletal muscle
insulin sensitivity and glucose regulation. (B) The spectrum of skeletal muscle fiber type characteristics.
All three of the PPAR isotypes are expressed regardless of the fiber types. Slow-twitch type I fibers are
smaller in fiber diameter, with high oxidative capacity and mitochondria density, while fast-twitch type II
fibers have a range in their fiber diameters, typically higher glycolytic capacity with lower mitochondria
density, and oxidative capacity in comparison to type I fibers. (C) Schematic diagram of PPAR protein
structure. PPARs are regulated by post-translational modifications, such as phosphorylation, SUMOylation,
and ubiquitination in the presence or absence of ligand. Activation function, AF; DNA-binding domain,
DBD; Hinge domain, HD; ligand binding domain, LBD.
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Mammalian FABPs are small skeletal muscle proteins of approximately 15 kDa and are involved
in the reversible binding of FFAs, in order to facilitate trafficking to various cellular compartments,
such as peroxisomes, mitochondria, and nuclei. In humans, there are nine FABP isoforms (FABP1-9)
that are differentially expressed in metabolically active tissues [49]. In adult skeletal muscle, FABP3 is
predominantly expressed and is more abundant in type 1 oxidative fibers than in type 2 glycolytic
fibers. FABP3 is responsible for FFA shuttling to the outer mitochondrial membrane, where FFAs are
converted into their acyl-CoA derivatives by acyl-CoA synthetase, and are subsequently channeled for
mitochondrial β-oxidation [50,51]. A small amount of acyl-CoA is converted into lipid intermediates,
such as ceramide, diacylglycerol, and phospholipids, which can function as lipid secondary messengers
or modulate membrane structures [52,53]. FABPs have been shown to interact with PPARs in the
nucleus, so as to mediate transcriptional activities. Recently, the ligand-sensitive nuclear localization
signal in FABP5 protein conformation has been described. In this conformation, FABP5 facilitates
PPARβ/δ transcriptional activation through nuclear trafficking of linoleic acid and arachidonic
acid [54]. Similar reports have shown that FABP1, FABP2, and FABP3 can increase FFA shuttling to
the nucleus and enhance ligand-mediated PPARα transactivation [51,55,56], whereas PPARγ agonists
can induce the nuclear localization of FABP4 [57,58]. However, the specificity of the lipid species
with FABP chaperone activity and the significant impact of each FABP isoform on the transcriptional
regulation in the skeletal muscle remains unclear.

4.2. Regulation of Muscle Lipolysis by PPARs

Lipolysis is the process through which FFAs are sequentially hydrolyzed. Lipolysis is first mediated
by the rate-limiting enzyme adipose triglyceride lipase (ATGL), which hydrolyzes triglyceride to
diacylglycerol and one fatty acid molecule. Diacylglycerol is then converted into monoacylglycerol, by
hormone-sensitive lipase (HSL). The final step of FFA hydrolysis by monoacylglycerol lipase (MGL)
produces glycerol and the third fatty acid molecule. In the mouse skeletal muscle, lipolysis can occur
without stimulation (basal conditions) or with hormone stimulation [59]. Under either condition,
ATGL and HSL collectively account for most of the hydrolysis activity [60]. ATGL is an evolutionarily
conserved enzyme for fat storage lipolysis [61]. It is highly expressed in type I fibers in both mice
and humans and is a reported transcriptional target of PPARα in rodents [62]. ATGL knockout mice
have a shorter life-span and exhibit defective lipolysis and increased triglyceride accumulation in
non-adipose tissues, including skeletal muscle [63,64]. These mice also show a concomitant decrease in
muscle relaxation and have an increased reliance on carbohydrates as the major fuel source at rest [65].
Interestingly, pharmacological treatment of ATGL knockout mice with PPARα agonists reversed the
excessive systemic lipid accumulation, improved metabolic flexibility in substrate switching from
glucose to fatty acids, and prevented premature death [64]. ATGL overexpression in different muscles
has varied effects on skeletal muscle fatty acid oxidation in mice. These varied effects are most likely
due to the differential expression levels of ATGL among fiber types. Increased fatty acid oxidation
was reported upon ATGL overexpression in the soleus muscle via electroporation [62]. However,
adenovirus-mediated ATGL overexpression in the tibialis anterior muscle was not sufficient to alter fatty
acid oxidation rates [66]. Similarly, mutations in the PNPLA2 gene, which encodes ATGL in humans,
can lead to neutral lipid storage diseases with myopathy. In humans, ATGL is exclusively expressed in
type I muscle fibers and plays an important role in skeletal muscle FA turnover [67]. ATGL deficiency in
young adults resulted in increased lipid accumulation in primarily type I skeletal muscle [68]. However,
treatment with a PPARα agonist was less successful in humans than in rodents [69].

4.3. Regulation of Muscle Lipid Storage by PPARs

Skeletal muscles stockpile excess FFAs in lipid droplets as an energy reservoir. These FFA stores
are commonly referred to as intramuscular triglycerides. Excess FFAs are converted in the endoplasmic
reticulum (ER) and stored in lipid droplets (LDs), which are surrounded by a phospholipid monolayer
and LD-associated surface proteins. These LDs are dynamic structures that function as more than
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temporary fuel storage. In fact, they serve as a reserve pool of intracellular signaling mediators
for ligands, such as PPAR, and are thought to have a protective mechanism against possible lipid
aggregation that leads to lipotoxicity and ER stress after the excess uptake of FFAs and sterols.
In skeletal muscle, lipid droplets are distributed between myofibrils (intermyofibrillar LDs) and
beneath the plasma membrane (subsarcolemmal LDs). These LDs serve as transport organelles between
cellular compartments and as a readily available energy pool for short-term or long-term muscular
contractions. PPAR agonists have been reported to regulate LD-associated proteins, such as perilipins
(PLIN1-5), in various organs. Perilipins, except PLIN1, are expressed in skeletal muscle in humans and
rodents [70]. PLIN2, one of the most abundantly expressed LD-coating proteins in skeletal muscle,
is thought to maintain insulin sensitivity in skeletal muscle and promote the storage of FFAs in
the form of triglycerides [71]. PLIN2 is induced upon PPARβ/δ activation by GW501516 in both
human primary myocytes and mouse skeletal muscle [72,73]. In PPARα knockout mice, PLIN2 and
PLIN5 expression levels are decreased in the soleus, whereas PLIN3 and PLIN4 expression levels
seem to be unaffected [74]. Interestingly, immunofluorescent staining of human and rodent skeletal
muscle sections have shown that PLIN2 is abundantly expressed in type I fibers, which contain more
intramuscular triglyceride contents than type II fibers [75,76]. Similarly, the direct regulation of PLIN5
by PPARβ/δ in the soleus and gastrocnemius of wild-type mice has been observed. In this study,
a conserved PPRE in humans and mice had been found in the first intron of PLIN5 [74]. However,
PLIN5 protein levels in the skeletal muscle did not seem to be altered in PPARβ/δ knockout mice.

PLIN5 has been suggested to regulate FFAs storage and to be involved in skeletal muscle adaptation
in type II fibers, in response to exercise and fasting [77]. Similarly to PLIN2, the PLIN5 expression
levels are higher in the oxidative fibers than in glycolytic fibers [78], and its protein levels are associated
with intramuscular triglyceride levels in both rodents and humans [75]. In glucose-intolerant human
subjects, it has been reported that PPARγ agonists can induce PLIN5 mRNA expression, and PLIN5
mRNA expression is negatively correlated with the body mass index (BMI) in non-diabetic subjects [79].
The role of PPAR regulation and its effects on perilipin functions in skeletal muscle physiology, however,
need further investigation, as most of the studies on PLIN5 have been performed in vitro [46].

5. Regulation of Mitochondrial Biogenesis and Function by PPARs

The members of the PPARγ-coactivator 1 (PGC-1) family, such as PGC-1α and PGC-1β,
regulate mitochondrial oxidative metabolism and biogenesis, and activate gene transcription through
coordination with PPARα, PPARβ/δ, and other nuclear receptors. PGC-1α is reported to be a direct
target of PPARβ/δ, but not PPARα, in the skeletal muscle, via agonism [43,80] and during conditions
of increased energy demands, such as cold, exercise, and fasting [43,81]. Moreover, in vivo PPARβ/δ
overexpression, via electroporation in adult rat muscle, caused an increase in PGC-1α protein levels [82].
PGC-1α thus mediates a positive feed-forward transcriptional control of the PPAR-regulated genes that
are involved in fatty acid oxidation and carbohydrate metabolism, as well as an auto-regulatory loop,
in which PGC-1α regulates its own gene expression [83]. Gene manipulation of PGC-1α and PGC-1β
in skeletal muscle produces phenotypes similar to those of PPARβ/δ transgenic mice. Conversely,
PGC-1α or PGC-1β overexpression in mouse skeletal muscle induces oxidative fiber development,
promotes fatty acid oxidation and increases the capacity to sustain physical activity in mice [84,85].
However, PPARβ/δ overexpression in mice does not increase PGC-1α mRNA levels and does not affect
mitochondrial function [42,86]. Additionally, transcription factors such as mitochondrial transcription
factor A (TFAM) and mitochondrial transcription factors B1 (TFB1M) and B2 (TFB2M), which directly
regulate mitochondrial biogenesis via nuclear respiratory factors (NRF1 and NRF2) are not known
to be classic PPARβ/δ target genes [87]. Thus, the precise regulation of PPARβ/δ and PGC-1α in
mitochondrial function and biogenesis has been a long-standing question. Recently, Koh et al. [88]
used an electroporation-mediated PPARβ/δ overexpression in mouse muscles to demonstrate that
PPARβ/δ modulates mitochondrial biogenesis and PGC-1α expression, in both a transcriptional
manner and a posttranslational manner. PPARβ/δ overexpression in adult mice increases NRF1
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and mitochondrial electron transport chain enzyme protein levels, before increasing PGC-1α protein
levels. Moreover, PPARβ/δ decreased PGC-1α degradation via ubiquitin-proteasome system, through
binding and blocking its ubiquitin-binding site. These actions led to the gradual accumulation of
the PGC-1α protein [88]. The authors also reported the auto-regulation of PPARβ/δ, suggesting a
feed-forward mechanism that is important in the mitochondrial oxidative metabolism and biogenesis.

6. Dysregulation of Lipid Metabolism and PPAR during Insulin Resistance and T2DM

Insulin resistance is the key pathophysiological feature of obesity and T2DM, and is caused by
imbalances in insulin action in peripheral tissues, insulin secretion, or both. In skeletal muscle, the major
causes of insulin resistance are thought to be the excess accumulation of intramyocellular lipid (IMCL)
and the inhibition of one or several steps in the insulin signaling cascade [89]. IMCL includes all types
of lipids within the myocytes. Myocytes are composed of mostly triglycerides, but also include the lipid
intermediates of lipid metabolism, ceramides, diacylglycerol, phospholipids, and sphingolipids [90].
The most common cause of lipid accumulation is overnutrition, which leads to an increase in FFA uptake
that exceeds the rates of fatty acid oxidation and storage [91]. High IMCL concentrations have also been
negatively associated with insulin sensitivity in non-obese adults [92], high-fat diet rodent models [93],
and lean offspring of T2DM patients [94]. Similarly, acute lipid overload in skeletal muscle decreases
peripheral insulin sensitivity in healthy individuals [5,95]. Paradoxically, it has been reported that
endurance athletes are highly insulin-sensitive, despite possessing higher IMCL concentrations than
normal healthy individuals. This phenomenon is thus called the ‘athlete’s paradox’ [96]. These trained
athletes, however, have a high capacity for fat oxidation and have high glucose disposal rates, but are not
totally immune to lipid-induced insulin resistance [5,96]. Unlike obese individuals and T2DM patients,
the turnover rates of IMCL in trained athletes is high, and this turnover is an adaptive physiological
response rather than a pathological condition [5]. Thus, endurance athletes do not bear the ascribed
toxic effects on insulin signaling.

Ceramide and diacylglycerol accumulation interfere with the insulin signaling cascade through
the direct interaction with and activation of protein kinase C (PKC) isoforms, so as to reduce glucose
uptake [91,97,98]. In the skeletal muscle, a 50% increase in endogenous ceramide levels, induced by
treatment with a high concentration of saturated FFAs, is sufficient to inhibit AKT/PKB activity [99].
In obese insulin-resistant human subjects, ceramide concentrations were found to be nearly two-fold
higher in muscle compared with lean insulin-sensitive human subjects [100]. In contrast, overexpressing
acid ceramidase, which converts ceramide into sphingosine, fully negates the inhibitory effects of high
FFA treatment on insulin signaling [101]. Additionally, ceramide has also been shown to stimulate
protein phosphatase 2A (PP2A), a phosphatase long known to negatively regulate AKT/PKB [102].
The inverse relationship between ceramide and insulin sensitivity has been reviewed [97]. Furthermore,
PKCθ activation by diacylglycerol, induces insulin resistance through inhibiting IRS1-associated
phosphatidylinositol-3 kinase (PI3K) activity [103,104]. Diacylglycerol acyltransferase 1 (DGAT1),
a downstream PPARβ/δ target gene, catalyzes the conversion of diacylglycerol and fatty acyl-CoA to
triglyceride [105]. The skeletal muscle-specific DGAT1-overexpressing mice have low diacylglycerol
concentrations and are protected from diet-induced insulin resistance, despite the increased FFAs
accumulation in their skeletal muscle [106].

PPAR agonists have been of clinical interest since the discovery of fibrates and the TZDs for
treating metabolic-related diseases. Below, we describe the impact of PPAR regulation in skeletal
muscle, during insulin resistance and T2DM.

6.1. PPARγ Agonists and Insulin Resistance and T2DM Treatment

PPARγ ligands, including TZDs, have hypoglycemic effects, reduce insulin resistance, and improve
insulin sensitivity. In the early 1980s, TZDs were reported as insulin sensitizers. Currently, pioglitazone
is the only FDA-approved TZD for treating T2DM. This drug has lipid-modifying benefits and can
reduce adverse cardiovascular outcomes. The insulin-sensitizing effects of TZDs can be attributed to the
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activation of skeletal muscle PPARγ. This activation maintains insulin signaling activity, even though
PPARγ is expressed at low levels. Given the whole-body skeletal muscle mass, the regulation of the
skeletal muscle PPARγ remains physiologically relevant. The direct action of TZDs on non-adipose
tissues has been indicated in adipose tissue-specific PPARγ-silenced mice, in which TZD treatment
improved insulin sensitivity in the skeletal muscle and the liver, despite an increase in triglyceride
deposition [107]. In obese Zucker rats, short-term treatment with rosiglitazone increases the skeletal
muscle tyrosine phosphorylation of insulin receptor and IRS-1, and induces AKT/PKB activation [108].
Similarly, muscle biopsies that were obtained from T2DM patients that were treated with either
rosiglitazone or pioglitazone showed increased insulin-stimulated IRS-1 tyrosine phosphorylation,
IRS-1-associated PI3-kinase activity, and AKT/PKB activity [109,110]. The TZD administration, however,
has been reported to stimulate skeletal muscle glucose uptake acutely and improve glucose handling
through a PPARγ-independent mechanism [111,112]. Moreover, the PPARγ-sparing TZD analogs
have similar insulin-sensitizing pharmacological effects to rosiglitazone and pioglitazone in rodent
models [113]. These results suggest that the insulin-sensitizing effects of TZDs may be independent of
PPARγ regulation, to some degree. Despite the varied pharmacological actions of TZDs via PPARγ
regulation, the role of PPARγ in the skeletal muscle in glucose homeostasis and insulin sensitivity
remains physiologically and clinically relevant. In the human skeletal muscle, PPARγ expression is
acutely regulated and increased by insulin [114]. PPARγ activation directly regulates the expression of
the glucose transporters GLUT1 and GLUT4, and promotes their translocation to the cell surface so as to
increase the cellular glucose uptake. In addition, GLUT4 regulation by PPARγ is remarkably conserved
across the vertebrate evolution, from fish to mammals [115]. In L6 muscle cells, PPARγ agonists,
but not PPARα agonist WY14643, have been shown to increase IRS1 protein expression directly [116].
Moreover, constitutive PPARγ activation in the mouse skeletal muscle decreases intramuscular lipid
accumulation, induces a shift towards the oxidative fiber type, and protects against susceptibility to
diet-induced insulin resistance [117]. Conversely, skeletal muscle-specific PPARγ knockout mice have
an increased adiposity and are glucose intolerant and insulin resistant [118,119]. However, the young
skeletal muscle of PPARγ-deficient mice remained responsive to the TZD treatment, despite a high-fat
diet-induced hepatic insulin resistance and excess adiposity [119]. These findings led to the suggestion
of age-dependent differences in TZD insulin-sensitizing effects and the potential role of tissue crosstalk
in the regulation of whole-body insulin sensitivity [120]. In humans, dominant negative PPARγ
mutations are associated with obesity [121], dyslipidemia, and severe insulin resistance [122], whereas
a common polymorphism (Pro12Ala) has been shown to decrease PPARγ receptor activity, improve
insulin sensitivity, and decrease T2DM risk [123,124].

6.2. PPARα Agonists and Insulin Resistance and T2DM Treatment

PPARα plays a pivotal role in the liver during the nutritional transitions and intricately controls
hepatic lipid metabolism and whole-body glucose homeostasis [27]. The role of skeletal muscle PPARα
in regulating the insulin signaling pathway is, however, less clear. Though PPARα has metabolic
regulatory roles, its expression in skeletal muscle remains unchanged during fasting [35]. The clinical
use of fibrates for treating hyperlipidemia in obese individuals and T2DM patients was first approved
in the late 1960s [125]. The fibrates that are commonly used for clinical treatment are bezafibrate,
fenofibrate, and gemfibrozil. Fenofibrate treatment in patients with metabolic syndrome improves lipid
profiles and increases insulin sensitivity [126,127]. Recently, bezafibrate has been reported to increase
skeletal muscle AKT/PKB phosphorylation and improve the insulin sensitivity in insulin-deficient
streptozotocin-treated mice [128]. However, bezafibrate and fenofibrate exhibit weak PPARβ/δ and/or
PPARγ agonist activity [125,129]. Therefore, the direct pharmacological activity of PPARα on human
skeletal muscle insulin sensitivity requires further investigation.
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6.3. Evidence for PPARβ/δ Agonist Treatment of Insulin Resistance and T2DM

PPARβ/δ agonists may be insulin sensitizers and have been suggested as a therapeutic approach
for treating metabolic dysfunction and T2DM. Currently, there are no PPARβ/δ agonists that are
approved for clinical treatment, but several are in the development and clinical study phases [8].
One prominent PPARβ/δ-selective agonist is seladelpar (MBX-8025), which is currently in clinical
phase 2/3 for primary biliary cirrhosis, and has previously been shown to improve the insulin
sensitivity and dyslipidemia in overweight subjects [130]. The well-known GW501516, though its
development was halted in 2007, has since served as an important PPARβ/δ-specific agonist in
the elucidation for PPARβ/δ physiological and pathophysiological functions. In animal models
of obesity and T2DM, PPARβ/δ activation, through specific agonists or genetic manipulation,
ameliorates hyperglycemia, insulin resistance, and dyslipidemia. PPARβ/δ silencing renders mice
glucose intolerant and less metabolically active [131]. Similarly, the skeletal muscle-specific PPARβ/δ
knockout mice exhibit insulin insensitivity and impaired glucose tolerance [43]. PPARβ/δ agonist
treatment improves whole-body insulin sensitivity through complementary actions in the liver and
skeletal muscle. In insulin-resistant ob/ob mice, activating PPARβ/δ through GW501516 ameliorates
hyperglycemia-mediated glycolysis, and lipogenesis increases in the liver so as to reduce hepatic
glucose output. Simultaneously, GW501516 promotes FAO in the skeletal muscle to enhance insulin
sensitivity [131]. In addition, long-term GW501516 treatment in wild-type mice reduces body weight
and circulating triglyceride levels [42].

7. Regulation of PPARs during Physical Exercise

Adopting and maintaining physical activity is by far the best intervention and prevention for
obesity and T2DM. Short-term aerobic exercise can increase glucose uptake by muscles during exercise
and can increase insulin-mediated glucose storage in muscles after exercise [132]. In addition, both
short-term exercise and endurance training have been reported to increase PPARβ/δ expression levels
in both human and rodent muscles [73,133]. In obese and overweight humans, PPARβ/δ expression
levels increase with exercise and are associated with the transcription of oxidative and lipoprotein
metabolism genes, as well as PGC-1α [133] (Figure 2). In mice, endogenous PPARβ/δ activation with
GW501516 treatment can enhance physical performance and upregulate oxidative genes, mitochondrial
biogenesis, and fiber type switching [42]. A recent study showed that GW501516 promotes running
endurance by preserving glucose. Activation of muscle PPARβ/δ coordinately reduces glucose
catabolism to prevent hypoglycemia and facilitate a progressively longer running time [105]. Similarly,
the authors also showed that overexpressing constitutively active PPARβ/δ in rodent skeletal muscle
increased the running endurance of these transgenic mice [42]. Furthermore, in the mouse model of
ischemic cardiomyopathy, the impaired exercise endurance following myocardial infarction could be
reversed by the PPARβ/δ agonist GW501516 [134]. The pharmaceutical activation of PPARβ/δ has
attracted much interest as an exercise mimetic to promote oxidative myofibers and running endurance
without exercise. Despite a lack of evidence for its clinical safety, GW501516 has become an interest
in endurance athletes because of its ability to influence energy expenditure and improve adaptations
to training. Unfortunately, this drug has added complexity to the doping dilemma in competitive
sports, which has culminated in the suspension of many athletes from the Olympics. The clinical
development of PPARβ/δ agonists has been unsuccessful to date, and GW501516 remains a banned
metabolic modulator by the World Anti-Doping Agency. Pharmaco-equivalents with better safety
profiles, however, are still heavily researched [135,136].

Similarly to PPARβ/δ in humans, the expression levels of PPARα and its downstream target
genes increase upon endurance training [133,137]. In skeletal muscle biopsies from spinal cord-injured
subjects, the fiber type switching from type 1 oxidative fibers to type II glycolytic fibers often occurs as
a result of muscle disuse, and PPARα expression is reduced [138]. In rodents, PPARα knockout mice
are less tolerant of endurance exercise, although their skeletal muscle glycogen depletion rate is similar
to their wild-type counterparts [25]. Interestingly, genetic variations in PPARα and PPARγ appear to
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play a role in athleticism. A recent study has found that PPARA gene intron 7 G/C polymorphism
correlates to an endurance ability. Athletes with high levels of performance in endurance sports have
a higher frequency of the GG genotype and G allele [139]. This genotype has also been associated
with an increased skeletal muscle fatty acid β-oxidation rate and an increased proportion of type I
slow-twitch fibers [140]. The PPARG Pro12Ala polymorphism, which is associated with an improved
glucose utilization in skeletal muscles, is prevalent in Polish athletes who are involved in sports that
involve short-term and intense exercises, such as power-lifters, weight-lifters, and throwers [141].

Figure 2. List of genes regulated by PPARα (red box), PPARβ/δ (blue box), and PPARγ (green box)
in skeletal muscle. During obesity (red arrows), increased free fatty acid flux leads to excess lipid
droplet accumulation, lipid dysregulation, and deregulation of insulin signaling and glucose uptake.
Physical exercise can prevent obesity-related disorders and T2DM. Fibroblast growth factor 21, FGF21;
malonyl-CoA decarboxylase, MCD; uncoupling protein 1, UCP1; insulin receptor, INSR; hexokinase 2,
HK2; and phosphoenolpyruvate, PEPCK.

8. Regulation of Skeletal Muscle Regeneration by PPARs

Skeletal muscle injuries are among the most common soft tissue injuries [142,143], which occur
not only during sports traumas and daily activities, but they are also a major concern of diabetic
complications, such as muscle ischemia and peripheral vascular disease—the major risk factor of limb
amputation in diabetic patients [144,145].

Skeletal muscle regeneration is initiated shortly upon injury and undergoes three main
coordinated phases of healing—destruct, repair, and remodel [142]. Upon injury, ruptured myofibres
first undergo necrosis, which induces an inflammatory reaction. The damaged tissues are then
cleared by infiltrated immune cells, such as macrophages and neutrophils, through phagocytosis [146].
The activation and infiltration of the immune cells further promote the activation of myogenic-reserve
stem cells (satellite cells), which then proliferate and differentiate to form new myofibers that
orchestrate the muscle reparation [147–149]. During the remodeling phase, angiogenesis of skeletal
muscle capillaries and the maturation of regenerated myofibres occur, restoring muscle metabolism
and contraction functions [149–152].
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8.1. Roles of PPARβ/δ Regulation in Satellite Cells during Muscle Regeneration

After an injury, satellite cells, as the main adult muscle stem cells, get activated and provide an
indispensable role during muscle regeneration [153,154]. The satellite cells and their progeny expand as
myogenic precursor cells, where most commit towards terminal differentiation and fuse with existing
myofibres, so as to regenerate and restore functional myofibers [154]. A small percentage of these
myogenic precursor cells, which do not commit into terminal differentiation, return to a quiescent state,
providing a pool of satellite cells so as to sustain the muscle’s capacity for future regeneration [155].
Satellite cells are notoriously difficult to study, because of their low abundance under the basal lamina
of skeletal muscle. Currently, knowledge of human satellite cells is limited, and most of the studies of
satellite cells are performed using mice models [155].

PPARβ/δ has been shown to be important for the proper maintenance of satellite cells, as well as
postnatal muscle myogenesis, and it is better studied among the PPAR proteins, because of its abundant
expression in skeletal muscle. The specific ablation of PPARβ/δ in the mouse satellite cells has been
reported, with approximately 40% fewer satellite cells than their wild-type littermates [156]. A similar
observation was also reported in total PPARβ/δ-knock out mice [157]. Mice with PPARβ/δ-deficient
muscle progenitor cells exhibited impaired muscle regeneration after cardiotoxin-induced injury and
exhibited reduced growth kinetics and proliferation in primary cultures [156]. Furthermore, these
mice developed metabolic syndrome upon aging, similar to the PPARβ/δ knockout mice [43,156,157].
The authors found reduced foxhead box protein (FOXO1) expression in quiescent PPARβ/δ-deficient
satellite cells, which impaired the proliferation and differentiation ability of these satellite cells during
muscle regeneration, thus suggesting that PPARβ/δ regulates the regenerative capability of skeletal
muscle through FOXO1 [156]. In addition, CPT1β expression was also found to be reduced during
quiescence , but the differences were abolished on day 5 of muscle regeneration [156], suggesting a
possible PPARβ/δ-regulated metabolic role during quiescence [156].

Recent findings on the role of the lipid and glucose metabolism in stem cell cellular homeostasis
have been increasingly postulated to be vital in stem cell maintenance and their proliferative
activity [158,159]. Delineation of cellular metabolism in satellite cell fate could potentially offer
pharmacological strategies in the treatment of degenerative muscle diseases, such as Duchenne
muscular dystrophy (DMD). PPARβ/δ has been suggested as a direct transcriptional regulator of
utrophin A, a key member of the dystrophin-associated protein complex [160,161]. The expression of
utrophin A, stimulated by the PPARβ/δ agonist, GW501516, in the mdx mouse model of DMD has been
shown to improve sarcolemma integrity, protect muscles from contraction-induced damage, and help
to alleviate muscle wasting, which ultimately slowed down the disease progression [161]. Therefore,
understanding the function of PPARβ/δ, and potentially the two other PPAR members, in skeletal
muscle progenitor cells has important implications for muscle regeneration and the treatment of
degenerative muscle diseases.

8.2. PPAR-Regulated Paracrine Networks between Muscle and Other Cell Types

Inflammation, specifically the infiltration of macrophages during early phases of muscle
regeneration, is a major component for efficient healing and repair. Varga et al. [162] showed
that myeloid-specific conditional PPARγ knockout mice exhibited a pronounced delay in muscle
regeneration following a toxin-induced injury, compared with their wild-type counterparts. The injured
muscle in these mice displayed a reduced muscle differentiation without differences in macrophage
infiltration and phagocytic activity. They determined that the macrophage secretion of growth
differentiation factor 3 (GDF3), through a direct PPARγ regulation, is a potent inducer of myotube
formation, demonstrating the role of PPARγ-dependent paracrine signaling between the infiltrated
macrophages and regenerating muscle [162].

Skeletal muscle is known to be highly vascularised, and numerous studies have demonstrated
the importance of myogenesis and angiogenesis during skeletal muscle regeneration [163–165].
Recent findings on the PPARβ/δ-modulated paracrine network between the endothelial progenitor
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cells and regenerating myofibers, have been reported to promote both myogenesis and capillary
angiogenesis [165]. PPARβ/δ activation in endothelial progenitor cells promotes insulin-like growth
factor 1 (IGF1) signaling pathway in both the skeletal muscle and endothelial cells, via a direct
PPARβ/δ induced transcriptional activation of matrix metalloproteinase 9 (MMP9) [165]. Matrix
metalloproteinases are well known for their proteolytic activities in the extracellular matrix and they
promote angiogenesis [166]. The increased MMP9 secretion from PPARβ/δ agonist-treated endothelial
progenitor cells, promotes the (MMP9)-mediated insulin-like growth factor-binding protein 3 (IGFBP3)
proteolysis, and thereby modulates the IGF1 activity [165,167]. The MMP9-dependent increase in
IGF1 signaling was further demonstrated via the transplantation of PPARβ/δ-activated endothelial
progenitor cells to a hindlimb ischaemic mice model. These mice showed an increase in regenerating
the myofiber numbers and an enhanced capillary-to-myocyte ratio. The enhanced muscle regeneration
and increased angiogenesis promoted a better muscle architecture with reduced fibrosis, and thereby
protected the ischaemic limb from hypoxic damage [165].

Interestingly, recent reports on adiponectin produced by skeletal muscle as a myokine,
exert anti-diabetic metabolic effects similar to PPAR activation [168]. The skeletal muscle-derived
adiponectin has been demonstrated to regulate the fatty acid metabolism, increase glucose uptake,
and induce mitochondrial biogenesis, through human skeletal muscle primary culture, muscle biopsies,
and gain/loss function studies in rodent models [169–172]. Adiponectin promotes fatty acid uptake
and oxidation through a series of sequential activation, involving AMPK, p38 mitogen-activated
protein kinase (MAPK), and PPARα. In skeletal muscle, the activation of AMPK has been known
to inhibit lipid biosynthesis through the phosphorylation of acetyl-CoA carboxylase (ACC) [173,174].
Indeed, adiponectin treatment in mouse myotube inhibited ACC phosphorylation in a time-dependent
manner [170]. The PPARγ agonist, rosiglitazone, has been shown to induce adiponectin production
and secretion directly [175], and is directly correlated with the rosiglitazone-mediated improvement
in insulin sensitivity [176]. The overexpression of PPARγ in the mouse skeletal muscle also increased
adiponectin expression, which protected these mice from high-fat diet induced insulin resistance [117].

9. Regulation of PPARs during Aging

Both physical exercise and aging are two physiological situations that have marked, but opposite,
effects on muscle mass. Aging is a complex and multifactorial process that is characterized by
progressive, endogenous, and irreversible alterations in cellular signaling, and it is associated with
the slow and concerted decline of physiological functions [177]. Moreover, age is the single most
significant risk factor for metabolic disorders, such as obesity, T2DM, and other major debilitating
and life-threatening conditions [178]. In humans, aging leads to a loss of muscle mass, though the
magnitude of loss varies substantially among individuals [179]. Age-related muscle loss is also
accompanied by fiber type transformation, metabolic changes, and ectopic fat accumulation over
time [180]. In aged muscles, type II glycolytic fibers, particularly type IIx, are susceptible to both
atrophy and fiber type switching [180]. Compared to the percentage of glycolytic fibers, an increased
percentage of oxidative fibers has been reported in the elderly [181]. Although type I muscle fiber
size is largely unaffected [182,183], lower maximal force generation by type I and type IIa fibers was
observed in older men, in comparison to that of the similar fibers in younger men [184].

Evidence for the Involvement of PPARs during Aging

In aged muscles, all three PPAR expression levels are decreased and contribute to carbohydrate-
lipid metabolism dysregulation, reduced muscle regeneration, and fiber remodeling [185–187].
In addition, the PGC-1α expression levels, as well as both the oxidative and glycolytic enzymatic
capacity, are compromised in the aged skeletal muscle. The age-related decreases in fat oxidation
have been consistently associated with reductions in both the quantity and the oxidative capacity
to metabolize fats [188]. Lipid metabolism may be further impaired because of the increased lipid
accumulation in aged muscle [189]. The decrease in both myonuclear density and mitochondria
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numbers in aged muscle has been associated with PPARβ/δ deficiency [43,186]. In rodents, PPARβ/δ
overexpression and pharmacological activation stimulate nuclei accretion through the fusion of
pre-existing muscle precursor cells to myofibers [186,190]. PPARβ/δ agonist treatment in aged mice
restores the muscle fiber distribution profile and the oxidative capacity of the fast-twitch fibers, similar
to those of the young untreated counterparts [186].

PPARα may play a role in glucose utilization in aged muscle. In PPARα knockout mice,
an age-dependent reduction in glycolysis has been observed in the soleus muscle, which comprises
mainly of slow-twitch type I fibers [185]. In addition, decreased muscle glycogen concentrations have
been detected in aged PPARα-deficient mice. This suggests a role for PPARα in modulating metabolic
changes during the normal aging process. Interestingly, the clinical use of fibrates may cause muscle
weakness and pain (myopathy), or rhabdomyolysis in rare cases [191]. The exact mechanism of PPARα
activation in diseased and aged skeletal muscle remains unclear. However, the mechanism may be
partly mediated by the increased oxidative stress and tissue damage associated with PPARα-induced
activity [192,193].

Aging is associated with progressive declines in both insulin sensitivity and glucose
tolerance [194,195]. These effects are partly caused by decreased insulin production by the pancreatic
islets and deregulated insulin signaling in muscle [196]. The PPARγ and GLUT4 expression levels
are reduced in the skeletal muscle of aged rodents and humans [187,197,198]. In middle-aged adults
with both diabetic and non-diabetic histories, insulin-sensitizing TZD compounds improve insulin
sensitivity and glucose tolerance, and increase the likelihood of regression from pre-diabetes to normal
glucose regulation [199,200]. In aged rodents, rosiglitazone treatment reverses age-related alterations
in plasma triglyceride and glucose levels [201]. Paradoxically, in aged animals, mice that were
heterogenous for PPARγ displayed greater insulin sensitivity than their wild-type counterparts [202].
This increased insulin sensitivity was lost upon TZD treatment or high-fat diet administration [203].
The authors suggest that PPARγ deficiency partially protects from normal physiological age-induced
decreases in insulin sensitivity. In short, the physiological impact and role of diminished PPARγ
expression in insulin resistance during the aging process are not clearly understood.

Although PPAR activation has beneficial effects on various metabolic dysfunctions, its beneficial
effects on the aging process are not fully understood. More importantly, given the complexity of aging,
there are other factors that contribute to aging that have not been discussed here. However, increasing
evidence demonstrates that countermeasures can improve age-related metabolic syndromes and muscle
loss, partially through modulating endogenous PPAR expression. In addition to pharmacological PPAR
activation, interventions such as exercise have been shown to preserve muscle integrity in both aging
humans and rodent models. The molecular changes in both lipid and glucose metabolism, after a single
bout of exercise in aged humans, have been reported to increase skeletal muscle insulin action [204].
The loss of muscle mass not only reduces mobility and functional capacities which affect the quality of
life, but also increases the risks associated with falls and age-related diseases. Developing treatments
for age-related and disease-related muscle loss may improve the active life expectancy of older adults,
thus leading to substantial health-care savings and an improved quality of life.

10. Concluding Remarks and Perspectives

Numerous studies have provided compelling evidence for important roles of PPAR in skeletal
muscle physiology. The capacity to modulate PPAR activity with appropriate agonists or antagonist,
further underscores their potential as therapeutic targets. However, the widespread use of these
ligands is plagued by their accompanying side effects. Beside myopathy, fibrates are also known to
increase the risk for gallstones formation [205] and renal failure [206]. The safety reputation of TZDs
suffered as well when the extended use of rosiglitazone and pioglitazone were associated with an
increased risk of heart attack/stroke and bladder cancer [207,208]. Although drugs for PPARβ/δ have
not been clinically approved, the selective agonist GW501516 has been sold illegally as an endurance
booster by its online supplement name, endurobol. GW501516 has been included in the banned
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substance list since 2009 by the World Anti-Doping Agency, and was re-categorized as a ‘hormone and
metabolic modulator’ drug in 2012. The clinical development of GW501516 was halted in 2007 after
increased incidences of several cancer types were observed in rodents [209]. Recent developments in
dual- and pan-PPAR agonists displayed therapeutic benefits for the complex and wide-range metabolic
disorders [8]. One example is saroglitazar, a dual PPARα/γ agonist, currently approved in India for
the treatment of T2DM and dyslipidemia. Thus, the pharmacological effort in the development of
combined PPARs therapeutic effects, with reduced side effects, will be crucial for next-generation drug
candidates for metabolic disorders.

Skeletal muscle has been identified as an endocrine organ that expresses and releases myokines
as messengers among different organs, as well as within the muscle itself. There are limited studies
on the effect of PPAR on the expression of myokines, and even fewer studies on the reciprocal effect
of myokines on PPAR expression and activity. For example, the expression of angiopoietin-like
4 (ANGPTL4) is an exercise-responsive myokine and is regulated by PPARs [210,211]. ANGPTL4
may regulate the lipoprotein lipase-dependent plasma clearance of triglyceride from the skeletal
muscle during exercise. Another prominent PPAR-regulated myokine is interleukin-6 (IL6), whose
expression can be paradoxically exercised-induced or increased during obesity and T2DM [212].
The exact mechanistic involvement of muscle-derived IL6 in health and disease, however, remains
elusive, and almost nothing for the IL6 autocrine feedback regulation on PPAR. It is conceivable that
pharmacological compounds that mimic the benefits of exercises will also be helpful for elderly adults,
as well as for individuals with poignant mobility impairment [213].

The impact of gut microbiota on the whole-body physiology is beginning to be recognized.
The bidirectional signaling between the gut microbiota and the brain has been shown to influence
neurotransmission and alter behavioral responses through the changes of microbiota-derived
metabolites composition. One of the dominant gut-derived metabolites are the short chains fatty
acids, such as acetate and propionate, which have been shown to strongly exhibit anti-lipolysis activity
in the adipose tissue [214,215].

The gut microbiota and their metabolites or components can modulate the immune system, based
on their translocation into tissues and the circulatory system [216]. In recent years, the gut microbiota
has been implicated in altered skeletal muscle fiber type proportions in obese porcine, offering a new
perspective on the development of dietary supplements for muscle maintenance and regeneration [217].
However, the biological impact, as well as the cause and effect of this gut-muscle connection, remains
to be fully understood.

In conclusion, it is clear that PPARs play an essential role in regulating energy homeostasis in skeletal
muscle. It is foreseeable that, with a new development in drug design and a better understanding of
PPAR’s relationship with myokines, among others, PPARs remain important pharmaceutical targets for
the therapeutic strategies in order to combat different facets of metabolic syndrome.
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acetyl-CoA acetyl-coenzyme A
AF1 activation function 1
AF2 activation function 2
AKT/PKB protein kinase B
AMPK AMP-activated protein kinase
ANGPTL4 angiopoietin-like 4
ATGL adipose triglyceride lipase
BMI body mass index
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CD36 cluster of differentiation 36/SR-B2
CPT1 carnitine palmitoyltransferase I
CRY1 Cryptochrome 1
DBD DNA binding domain
DGAT1 diacylglycerol acyltransferase 1
ER endoplasmic reticulum
FABP3 fatty acid binding protein 3
FATP fatty acid transport protein
FATPc cytoplasmic FABP
FATPpm plasma membrane FABP
GLUT4 glucose transporter 4
HSL hormone-sensitive lipase
IGFBP3 insulin-like growth factor-binding protein 3
IL6 interleukin-6
IMCL intramyocellular lipid
IRS1 insulin receptor substrate 1
LBD ligand binding domain
LD lipid droplets
LPL lipoprotein lipase
MAG monoacylglycerol
MAPK mitogen-activated protein kinase
MGL monoacylglycerol lipase
NRF nuclear respiratory factor
PDC pyruvate dehydrogenase complex
PDK pyruvate dehydrogenase kinase
PGC-1 PPARγ-coactivator 1
PI3K phosphatidylinositol-3 kinase
PKC protein kinase C
PLIN perilipin
PP2A protein phosphatase 2A
PPAR peroxisome proliferator-activated receptor
PPRE peroxisome proliferator response element
RXR retinoid X receptors
SCD stearoyl-CoA desaturase
T2DM type 2 diabetes mellitus
TA tibialis anterior
TCA tricarboxylic acid
TFAM mitochondrial transcription factor A
TFB1M mitochondrial transcription factors B1
TFB2M mitochondrial transcription factors B2
TZD Thiazolidinediones
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Abstract: PIMT/NCOA6IP, a transcriptional coactivator PRIP/NCOA6 binding protein, enhances
nuclear receptor transcriptional activity. Germline disruption of PIMT results in early embryonic
lethality due to impairment of development around blastocyst and uterine implantation stages. We
now generated mice with Cre-mediated cardiac-specific deletion of PIMT (csPIMT−/−) in adult
mice. These mice manifest enlargement of heart, with nearly 100% mortality by 7.5 months of age
due to dilated cardiomyopathy. Significant reductions in the expression of genes (i) pertaining to
mitochondrial respiratory chain complexes I to IV; (ii) calcium cycling cardiac muscle contraction
(Atp2a1, Atp2a2, Ryr2); and (iii) nuclear receptor PPAR- regulated genes involved in glucose and
fatty acid energy metabolism were found in csPIMT−/− mouse heart. Elevated levels of Nppa
and Nppb mRNAs were noted in csPIMT−/− heart indicative of myocardial damage. These hearts
revealed increased reparative fibrosis associated with enhanced expression of Tgfβ2 and Ctgf.
Furthermore, cardiac-specific deletion of PIMT in adult mice, using tamoxifen-inducible Cre-approach
(TmcsPIMT−/−), results in the development of cardiomyopathy. Thus, cumulative evidence suggests
that PIMT functions in cardiac energy metabolism by interacting with nuclear receptor coactivators
and this property could be useful in the management of heart failure.

Keywords: PIMT/NCOA6IP; PRIP/NCOA6; PPARα; dilated cardiomyopathy; cardiac fibrosis;
energy metabolism

1. Introduction

The nuclear receptor coactivators, as exemplified by some components of Mediator complex
and others such as PRIP/NCOA6, (proliferator-activated receptor (PPAR) interacting protein
(PRIP)/Nuclear receptor coactivator 6) participate in the transcriptional activation of specific
genes regulated by nuclear receptors and other transcription factors [1–5]. In an effort to
understand the role of coactivator PRIP (NCOA6), we previously isolated a PRIP-interacting
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protein, designated PIMT/NCOA6IP/TGS1 (PRIP-interacting protein with methyltransferase domain
(PIMT)/NCOA6-interacting protein (NCOA6IP)/Trimethylguanosine Synthase1 (TGS1)) an RNA
binding protein with RNA methyltransferase activity [1]. PIMT is expressed ubiquitously including
in liver, kidney and skeletal muscle. The methyltransferase activity of PIMT hypermethylates
2,2,7-trimethylguanosine cap structures of small nuclear RNA (snRNA), and small nucleolar RNA
(snoRNA), that are important in RNA splicing [6,7]. PIMT binds to PRIP under in vivo and
in vitro conditions and may serve as a bridge to transduce signals from upstream transcription
factor-coactivator complex to the Mediator complex to drive RNA polymerase II mediated gene
transcription [8]. Thus, available evidence suggests that coactivators PIMT, PRIP and Med1 are
important in nuclear receptor PPARα controlled fatty acid β-oxidation [3].

Because heart derives the bulk of its functional energy from fatty acid β-oxidation, we asked
whether PIMT is essential for normal cardiac functions and if cardiac-specific ablation of this gene
causes dilated cardiomyopathy (DCM) similar to that noted with ablation of coactivators Med1
and PRIP [9,10]. First, we used a mouse model in which cardiomyocyte-specific deletion of PIMT
(csPIMT−/−) was carried out during late gestational and early postnatal development by intercrossing
PIMTfl/fl mice with α-MyHC-Cre transgenic mice [11]. In this csPIMT−/− mouse model, hearts develop
lethal DCM between four to eight months after birth. The csPIMT−/− mouse heart showed severe
mitochondrial damage, reduced expression of several genes related to energy metabolism, and calcium
signaling related cardiac muscle contraction. Some of the essential findings noted in csPIMT−/−

mouse were independently confirmed using another mouse model in which cardiac-specific deletion
of PIMT in adult mice was accomplished by using tamoxifen-inducible Cre-approach [9]. Many of the
cardiac-specific changes noted in csPIMT−/− mice we report here bear resemblance to that reported
recently for the cardiac-specific ablation of coactivators Med1 and Ncoa6 [9,10]. Collectively, these
observations lead us to propose a model in which a protein complex consisting of PIMT, NCOA6, and
MED1 (Mediator1) interact with other chromatin modifiers such as p300/CBP to target a common set
of transcription factors to regulate metabolic pathways critical for cardiac functions.

2. Results

2.1. Generation of Cardiomyocyte-Specific PIMT Heart Knockout Mice

Previously, we reported that global disruption of PIMT gene in mice results in early embryonic
lethality by affecting development around blastocyst and uterine implantation stages [11]. To evaluate
the heart-specific function of PIMT, we generated mice with cardiomyocyte-specific disruption of
PIMT gene (csPIMT−/−). We crossed mice with a loxP flanked allele targeting exons 3–4 of PIMT
gene (PIMTfl/fl) with α-MyHC-Cre recombinase transgenic mice that express Cre-recombinase in
cardiomyocytes under the control of α-myosin heavy chain (α-MyHC) gene promoter to yield
csPIMT−/− mice following protocols as described in our recent paper [9]. Disruption of the PIMT gene
in cardiomyocytes was confirmed by PCR genotyping and by q-PCR analysis of RNA from mouse
heart (Figure 1A). PIMT mRNA levels greatly decreased in csPIMT−/− hearts but not in the liver,
kidney or skeletal muscle, confirming heart-specific PIMT deletion (Figure 1A). Immunohistochemical
localization of PIMT revealed prominent cardiomyocyte nuclear staining in PIMTfl/fl mouse heart but
not in the myocardium of csPIMT−/− mouse littermates (Figure 1B). Furthermore, on Western blot
analysis, PIMT was barely detectable at the protein level in csPIMT−/− mouse hearts (Figure 1C).

2.2. Cardiomyocyte-Specific Disruption of PIMT Causes Dilated Cardiomyopathy in Mice

csPIMT−/− mice are viable at birth with no grossly appreciable morphological abnormalities.
There was no significant change in the heart size at two months of age in these csPIMT−/− mice
but sectioning revealed mild degree of heart dilation as evidenced by thinning of the walls of left
ventricular chamber (Figure 1D,E). The csPIMT−/− mice continued to show myocardial damage,
with dilated heart associated with thinning of heart walls. At age six months, csPIMT−/− mice
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showed significant increase in heart size and they were increasingly flaccid when compared to that
of littermate controls (Figure 1E). To further assess the heart damage, we assayed the mRNA levels
of heart failure indicators atrial natriuretic peptide (ANP, gene Nppa) and brain natriuretic peptide
(BNP, gene Nppb) [12]. Both Nppa and Nppb RNA levels increase in heart failure as ventricular cells are
recruited to secrete both these peptides in response to left ventricular dysfunction [12]. Both Nppa and
Nppb RNA levels increased dramatically in csPIMT−/− hearts at two months and the levels continued
to remain high until six months (Figure 1G,F). Nearly 100% of csPIMT−/− mice died within 7.5 months
after weaning due to dilated cardiomyopathy-related atrial and ventricular dilatation and heart failure
(Figure 1H).

Figure 1. Cardiac-specific ablation of PIMT expression causes dilated cardiomyopathy.
(A) Quantification of PIMT mRNA relative to 18S ribosomal RNA by RT-qPCR in PIMTfl/fl (WT)
and csPIMT−/− (KO) mouse heart, muscle, liver and kidney;(B) Immunohistochemical localization of
PIMT in 2-month-old PIMTfl/fl (WT) and csPIMT−/− (KO) mouse hearts. Nuclear localization of PIMT
is evident in WT but not in KO hearts; compare DAPI stained images shown in right; (C) Western
blot analysis for detecting PIMT protein level in PIMTfl/fl and csPIMT−/− mouse heart homogenates;
(D) Representative photographs of heart of 1-, 2-, 4-, and 6-month-old csPIMT−/− mice and their
PIMTfl/fl littermate controls. Six-month-old csPIMT−/− mouse hearts were flaccid and flabby; (E) Cross
sections of hearts shown in Figure 1D were stained with H&E to reveal thinning of ventricular walls
and dilation of chambers in csPIMT−/− mouse hearts (right panel); (F,G) Nppa and Nppb mRNA levels,
respectively, in PIMTfl/fl and csPIMT−/− mouse hearts obtained at indicated ages. Each group was
analyzed using 5 different mice (each mouse was assayed separately) and the values were expressed
as the mean ± SD. * p < 0.05, ** p < 0.01, NS: not significant; (H) Survival curve showing lethality of
mice with csPIMT−/− hearts. 36 mice for each group of PIMTfl/fl and csPIMT−/− were used for the
generation of survival curve. Kaplan-Meier method was used to determine the survival rates and data
were compared using log rank test. Each group was analyzed using 5 different mice and the values
were expressed as the mean ± SD. * p < 0.05, ** p < 0.01, NS: not significant.
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2.3. Echocardiographic Observations of csPIMT−/− Mouse Heart Indicate Poor Contractility

The effects of PIMT deletion on cardiac function were evaluated by obtaining the 2D and
M-mode echocardiographic images (Figure 2A). Echocardiographic analysis of two-, four-, and
six-month-old csPIMT−/− mice revealed increased left ventricular end-diastolic internal dimension
(LVID-d), decreased fractional shortening and also decreased ejection fraction (see Figure 2B for
quantification of these changes). At six months of age, the contractility of csPIMT−/− mouse heart was
diminished with a fractional shortening of 18% vs. 67% for littermate controls. Likewise, the ejection
fraction in four- and six-month-old csPIMT−/− mouse was 57% and 41%, respectively vs. 79% and
73%, respectively, for the floxed littermate controls. These values suggest poor contractility of PIMT
null hearts and support the conclusion that PIMT deficient mice die of heart failure.

Figure 2. Echocardiographic results showing poor contractility of csPIMT−/− hearts.
(A) Representative profiles of M-mode echocardiographic analyses of 2-, 4-, and 6-month-old PIMTfl/fl

(WT, upper panel) and csPIMT−/− (KO, lower panel) mice; (B) Quantification of left ventricular
dimension (upper panel), and fractional shortening (middle panel) and ejection fraction (lower
panel) are shown below for 2-, 4-, and 6-month PIMTfl/fl and csPIMT−/− echocardiographic images.
Values were expressed as the mean ± SD. * p < 0.05, ** p < 0.01, NS: not significant.
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2.4. Global RNA Sequence Analysis of csPIMT−/− Hearts Suggests that Loss of PIMT Affects Multiple
Pathways That Are Critical for Heart Function

The structural and functional changes observed so far in the heart of csPIMT−/− mice prompted
us to evaluate the alterations in myocardial gene expression. First, we carried out expression profile
analysis of PIMT−/− heart tissue for two- and six-month-old mice using the RNA-seq approach to
obtain a global view of changes in gene expression. Heart RNA samples from five controls and five
csPIMT−/− mice (two- and six-month-old) were pooled then subjected to RNA-seq protocol [9]. For
the two-month-old mice, the RNA analysis identified a total of 708 genes with greater than two-fold
expression difference between control and PIMT−/− heart RNA samples. Of these, 635 genes showed
decreased expression, whereas expression of the rest of the genes was elevated. The down- and
up-regulated genes at two months time point are presented in Supplemental section (Tables S1 and S2,
respectively). Similarly, for the six-month-old mice, 600 genes showed a greater than two-fold
expression difference between control and csPIMT−/− heart RNA samples. These include 417
downregulated genes and 183 upregulated genes; shown in Tables S3 and S4, respectively, in
Supplemental section. Some of the down- and upregulated genes classified according to KEGG
pathway and their role in some of the pathways related to heart function are shown in Table 1.

Table 1. Gene expression changes in csPIMT−/− relative to PIMTfl/fl mouse heart.

Function Gene KO/WT KO/WT KO/WT KO/WT

2 M, qPCR 2 M RNA-Seq 6 M, qPCR 6 M, RNA-Seq

OXPHOS

Ndufaf4 0.35 * 0.21 0.18 ** 0.20
Ndufaf5 0.29 * 0.33 0.21 ** 0.17
Ndufs4 0.51 * 0.42 0.27 ** 0.24
Cox7b 0.32 * 0.27 0.36 * 0.41
Cox10 0.59 0.27 0.25 ** 0.28
Sdha 0.63 0.52 0.41 * 0.37

Sucla2 0.24 * 0.12 0.12 ** 0.08

Energy metabolism/fatty acid

Pparα 0.54 0.66 0.49 0.57
Ppargc1a 0.51 0.36 0.55 0.45
Acadm 0.36 * 0.39 0.12 ** 0.27
Ucp3 0.63 0.61 0.15 ** 0.24
Abcc9 0.61 0.67 0.16 * 0.49

Glucose metabolism

Gck(GK) 3.93 * 1.97 2.46 * 3.87
Pck1 1.88 4.23 0.51 0.63
Pdk4 0.38 * 0.37 0.24 * 0.99
HK2 0.74 0.97 0.45 * 0.83
Glut4 0.59 0.92 0.36 * 0.78

Transcription factor, coactivator

Med1 0.64 0.51 0.66 0.48
NcoA6 0.69 0.66 0.57 0.62
Tfam 0.47 0.25 0.19 ** 0.48

Mitophagy/mitochondria fission

Pink1 2.16 * 1.93 1.57 1.65
Drp1 0.58 0.41 0.39 * 0.46

Cardiomyopathy/Fibrosis

Tgfb2 0.66 0.91 9.41 ** 5.23
Ctgf 1.16 2.83 6.42 ** 7.71

Col9a2 3.24 * 6.42 8.33 ** 26.06
Fgf6 1.86 2.37 10.92 ** 17.65

Fgf21 2.35 * 3.08 5.18 ** 6.22
Mmp3 3.92 * 2.37 10.86 ** 7.61
Timp1 4.58 ** 4.97 4.63 ** 6.18

206



Int. J. Mol. Sci. 2018, 19, 1485

Table 1. Cont.

Function Gene KO/WT KO/WT KO/WT KO/WT

2 M, qPCR 2 M RNA-Seq 6 M, qPCR 6 M, RNA-Seq

Hypertrophy/dilation

Atf3 1.19 1.57 3.91 * 3.02
Ace 2.69 * 2.23 3.78 * 6.48

Wisp2 4.72 ** 3.62 11.61 ** 8.74
Thbs4 5.91 ** 6.68 9.34 ** 8.56

Calcium homeostasis and
signaling pathway

Atp2b1 0.34 * 0.22 0.31 * 0.25
Atp2a1 0.53 0.52 0.23 * 0.43
Ryr2 0.65 0.53 0.14 ** 0.54

Map3k6 2.14 3.07 3.01 * 8.01
Cacnb1 2.49 * 1.98 3.72 * 5.12
Pde1c 0.38 0.21 0.21 ** 0.14

Cacna1h 0.29 * 0.23 0.19 ** 0.01
Mapk8 0.27 * 0.21 0.33 * 0.18

* p < 0.05, ** p < 0.01. KO, csPIMT−/−; WT, PIMT fl/fl; M, months.

The entire list of genes analyzed by RNA-seq that showed significant difference in expression
levels at two months and six months has been deposited in Gene Expression Omnibus (GEO number
is GSE111862). Overall, these results indicate significant changes in the expression levels of several
important genes that would impact on multiple pathways critical for heart function. These include
mitochondrial oxidative phosphorylation, energy metabolism, mitophagy, calcium signaling, cardiac
muscle contraction, cardiac hypertrophy and myocardial fibrosis. Changes in expression of several of
these genes were also confirmed by RT-qPCR. As expected, RT-qPCR analysis validated the changes of
gene expression levels observed by RNA-seq analysis (Table 1).

2.5. Reduced Expression of Genes Related to Mitochondrial Functions in csPIMT−/− Hearts

Genes involved in mitochondrial gene expression and mitochondrial biogenesis are
downregulated: Mitochondrial transcription factor A (Tfam), is a nuclear encoded gene whose function
is to transcribe mitochondrial DNA, and maintain mitochondrial genome copy number [13]. Tfam
is also necessary for energy generation from oxidative phosphorylation [14]. A 60 to 70% decrease
in Tfam gene expression was noted in csPIMT−/− mouse heart (Table 1 and Figure 3A) which could
explain the reduced population of mitochondria in cardiomyocytes.

Genes involved in oxidative phosphorylation and respiratory chain complexes and fatty acid
β-oxidation pathway are expressed at lower levels: In mitochondria, ATP is generated in inner
mitochondrial membrane by five respiratory complexes (Complexes I, II, III, IV and V) through
coupled electron transport and oxidative phosphorylation [15,16]. Reduced expression of any one
of the genes related to these subunits would affect oxidative phosphorylation and ATP production.
Examples of genes whose expression levels decreased include Ndufs4, Ndufaf4, Ndufaf5, Cox7b and
Cox10, Sucla2 and Sdha [17], (Table 1). Expression of the mitochondrial genes were also assayed
using Western blots which showed a significant reduction in the protein levels for Complex II, which
catalyzes three out of the four steps in β-oxidation [17] (Figures 3 and 4).

Expression of mitochondrial calcium homeostasis related genes is reduced: RNA-seq data of
csPIMT−/− hearts, which, in several cases were confirmed by RT-qPCR show significant changes
in the expression levels of key genes, namely Atp2b1, Atp2a1, Ryr2, Cacnb1, and Pde1c that are
involved in calcium signaling pathway and cardiac muscle contraction (Table 1). These changes in gene
expression could contribute to the development of DCM and are consistent with the echocardiographic
observations shown in Figure 2, which indicated poor contractility of PIMT null hearts.

Electron microscopic analysis of csPIMT−/− heart reveal structural damage to mitochondria:
Gene expression data suggest dramatic changes in mitochondrial functions in csPIMT−/− mouse
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heart. To further analyze the damage occurred in mitochondria of csPIMT−/− myocardial cells, we
carried out electron microscopic analysis of six-month-old csPIMT−/− heart tissue. Results shown
in Figure 3D indicate the presence of lipid vacuoles of differing sizes in cardiomyocytes (Figure 3D).
Some mitochondria contained lipid droplets and membranous swirls (yellow arrows). Irregularities in
Z band pattern were also noted (red arrows). These observations combined with the changes in gene
expressions described above strongly argues that loss of PIMT leads to damage in mitochondria.

Figure 3. csPIMT−/− hearts show significant mitochondrial damage. (A) Quantification of mRNA
levels of Atp1a2, Atp2a1, Ryr2 and Tfam genes. Each group was analyzed using 5 different mice
(assayed individually) and the values are expressed as the mean ± SD. * p < 0.05, ** p < 001, NS:
not significant; (B) Western blot showing protein levels for PCS (palmitoyl-CoA synthetase; 62 Kda),
complex II30 and 70, MH/ECHS1 (mitochondrial enoyl-CoA hydratase; 31 Kda), MTP (mitochondrial
trifunctional protein; 100 Kda) and CPT1α (carnitine palmitoyltransferase; 88 Kda)). The protein
extracts were prepared from 5 hearts pooled together. The protein expression of each gene was
normalized to GAPDH. Percent decrease as compared WT controls were as follows: PCS, 67%; complex
II30 and 70, 28% and 38%; MTP, 26%, and CPT, 42%; (C,D) display the electron micrographs of 6-month
csPIMTfl/fl and csPIMT−/− mouse hearts. Red arrows in D indicate abnormal sarcomeres and H zone
absent. Yellow arrows point to lipid droplets and damage in mitochondria.

csPIMT−/− cardiomyocytes undergo increased mitophagy. Because we observed severe
mitochondrial damage in csPIMT−/− cardiomyocytes, we ascertained whether csPIMT−/−

cardiomyocytes display increased mitophagy. Examination of RNA-seq data revealed changes in the
expression of several key genes related to mitophagy including Pink1 (PTEN-induced putative kinase
1), and Drp1 (dynamin-related protein 1) [18–21]. These genes play important roles in maintaining
mitochondrial homeostasis through complex mechanisms. As shown in Table 1, Pink1 RNA levels
increased between two- to three-fold and Drp1 RNA levels decreased two-fold. The changes in the
expression of these genes were also confirmed by Western blots (Figure 4C). In agreement with RNA
data, PINK levels increased at least two-fold whereas DRP1 levels decreased two-fold. To sum up,
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these results suggest that csPIMT−/− heart cells undergo increased mitophagy, and also possibly
decreased fission due to increased mitochondrial damage.

Figure 4. Expression of fatty acid metabolism genes is decreased in csPIMT−/− hearts.
(A) Quantification of mRNA levels of Lcad (Long chain acly-CoA dehydrogenase), Mcad (medium-chain
acyl-CoA dehydrogenase), Scad (short-chain acyl-CoA dehydrogenase) and Ucp3 (uncoupling protein
3) genes. * p < 0.05, ** p < 0.01, NS: not significant; (B) Western blot showing protein levels
of LCAD (47 Kda), MCAD (46 Kda), SCAD (44 Kda) and L-PBE (78 Kda; Enoyl-CoA hydratase
/L-3-hydroxyacyl-CoA dehydrogenase). Percent reduction (KO vs. WT) for LCAD, 40%; MCAD, 39%;
SCAD, 45%, and L-PBE, 27% for 6-month time point. Each group was analyzed using 5 different mice
and the values were expressed as the mean ± SD; (C) Western blot showing the protein levels of DRP1
(78 Kda) and PINK1 (60 Kda). Details of same as in (A). See Materials and Methods for antibody
sources and dilutions.

Genes involved in the β-oxidation process are expressed at lower levels: Heart muscle cells
contract constantly in a coordinated fashion. Therefore, to maintain its contractile function, heart cells
must receive constant supply of metabolic substrates to generate ATP. The major source (about 70%) of
the energy for cardiac muscle cells come from fatty acids, especially long chain fatty acids [22]. The
remainder of the energy in myocardial cells is derived from glucose and lactose [22]. β-Oxidation, a
catabolic process by which fatty acid molecules are oxidized, is primarily facilitated by an enzyme
complex (mitochondrial trifunctional protein, MTP) that is associated with the inner mitochondrial
membrane. Therefore, we assessed the expression levels of genes related to fatty acid oxidation. Data
presented in Table 1 show a reduced expression of several genes involved in fatty acid oxidation
including Pparα, Pgc1α, Mtp, Mcad, Ucp3 and Abcc9 [23,24]. Decreased expression of several of these
genes was also confirmed at the protein level by analyzing key mitochondrial and peroxisomal fatty
acid β-oxidation enzymes. Western blots from total cell extracts derived from two- and six-month-old
csPIMT−/− hearts along with that of csPIMTfl/fl hearts reveal that protein levels for mitochondrial
enoyl-CoA hydratase (ECHS1), MTP, MCAD, SCAD and peroxisomal EHHADH/L-PBE are decreased
two- to five-fold as compared to that of control heart extracts (Figures 3 and 4). These data are
consistent with the decreased RNA levels shown in Table 1.

2.6. csPIMT−/− Mice Develop Cardiac Fibrosis

Cardiac fibrosis is an important complication in all types of heart diseases including DCM and
it is associated with excessive accumulation of extra cellular matrix. To determine whether DCM
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in csPIMT−/− heart is associated with cardiac fibrosis, we examined the heart tissue for fibrosis by
staining paraffin sections of heart with Masson’s trichrome staining. Figure 5A shows significant
fibrosis in csPIMT−/− heart as compared to the normal hearts at six months of age. Gene expression
analysis supported this observation. At six months of age both RNA-seq and RT-qPCR data showed
elevated levels of Tgfβ2, Ctgf, Col9a2, Mmp3 and Timp1 RNAs that stimulate signaling mechanisms
involved in the regulation of extracellular matrix and promote fibrosis [25,26] (Table 1 and Figure 5B).

Figure 5. Myocardial fibrosis in csPIMT−/− mouse hearts. (A) Images of Masson trichrome staining
patterns of a representative PIMTfl/fl and csPIMT−/− hearts of 2, 4 and 6 months are shown
(magnification 400×). Note the intensely stained (blue color) interstitial fibrous strands in 6-month-old
csPIMT−/− hearts; (B) Quantification of mRNA levels for Tgfβ2, Ctgf and Col9a2 in csPIMTfl/fl and
csPIMT−/− hearts of 2, 4 and 6 months of age. mRNA levels were quantified by RT-qPCR assays. Each
group was analyzed using 5 different mice and the values were expressed as the mean ± SD. * p < 0.05,
** p < 0.01.

2.7. Genes Related to Glucose Metabolism Are Downregulated in csPIMT−/− Heart Leading to
Glycogen Storage

As stated above, glucose and lactose also serve as significant energy source for myocardial cells.
Glucose transporters (GLUT) are a family of proteins which mediate entry of glucose into cells [27,28].
Of these, GLUT4 is the most abundant glucose transporter in heart [29]. We observed a three-fold
reduced expression of Glut4 and hexokinase 2 (Hk2, ref [30]) in csPIMT−/− heart as compared to that
of PIMTfl/fl heart (Table 1) that potentially could reduce uptake of glucose by myocardial cells (Glut4),
phosphorylation of glucose (Hk2) and curtail the energy source from glucose and lactose for heart cells
(Table 1). A likely consequence of reduced expression of these genes is that glucose is not properly
utilized in csPIMT−/− myocardial cells and stored as glycogen. We also noted significant reduction in
the Pdk4 mRNA level in the myocardium of csPIMT−/− mice (Figure S1). This enzyme plays a key role
in the regulation of glucose and fatty acid metabolism via phosphorylation [31]. Glucokinase (Gck1,2)
provides G6P for the synthesis of glycogen [32]. GK mRNA level is increased in PIMT−/− heart, as
compared to that of PIMTfl/fl heart (Figure S1).

2.8. Tamoxifen-Inducible Heart-Specific Cre-Recombinase to Disrupt PIMT Gene (TmcsPIMT−/−) in
Adult Mouse

To further validate the findings that lack of PIMT expression is solely responsible for the heart
abnormalities and associated heart failure observed in csPIMT−/− mice, we used tamoxifen-inducible
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heart-specific Cre (Myh6-MCM)/PIMTfl/fl mouse model (TmcsPIMT−/−). The tamoxifen-inducible
gene knockout approach has clear advantages in that expression of a selected gene can be ablated
in adult mice, as necessary, in a tissue-specific manner [33]. The Myh6-MCM/PIMTfl/f mice were
given daily intraperitoneal injection of tamoxifen for five days. By 14 days after the first tamoxifen
injection, the size of the heart increased dramatically as compared to that of littermate controls
(Figure 6A, upper panel). Figure 6A also shows (lower panel) dilatation of the left ventricular chambers
with thinning of the walls. PIMT RNA levels become almost non-detectable in heart (Figure 6B).
PIMT expression was also evaluated using Western blot method. Figure 6C shows that PIMT
expression was negligible in TmcsPIMT−/− hearts as compared to control hearts. Immunostaining
of TmcsPIMT−/− heart tissue confirmed the absence of PIMT in nuclei of TmcsPIMT−/− mouse
cardiomyocytes Echocardiographic analysis of TmcsPIMT−/− mice heart revealed increased left
ventricular end-diastolic internal dimension (LVID-d), decreased fractional shortening and also
decreased ejection fraction (Figure 6D,E). The contractility of TmcsPIMT−/− mouse heart was
diminished with the ejection fraction in TmcsPIMT−/− mouse was 45% vs. 78% for floxed littermate
controls (Figure 6F). Likewise, a fractional shortening of 21% vs. 43% for littermate controls was
also observed (Figure 6G). These values suggest poor contractility of PIMT null hearts and support
the conclusion that PIMT deficient mice die of DCM. Accordingly, the mRNA levels of heart failure
indicator BNP were significantly elevated in TmcsPIMT−/− mouse heart (Figure 6H).

Figure 6. Tamoxifen-inducible cardiac-specific disruption of PIMT (TmcsPIMT−/−) in adult mice
causes dilated cardiomyopathy. Mice were killed 14 days after first tamoxifen injection in the
experiments. (A) Representative photographs of adult hearts after tamoxifen-inducible heart-specific
Cre mediated PIMT deletion. It is evident that TmcsPIMT−/− mouse heart is bigger than that
of TmcsPIMTfl/fl mouse. Lower panel in (A) shows H&E cross sections of TmcsPIMT−/− and
TmcsPIMTfl/fl hearts; (B) Relative PIMT mRNA expression in TmcsPIMTfl/fl (WT) and TmcsPIMT−/−

(KO) mouse heart. (C) Western blot analysis of PIMT in TmcsPIMTfl/fl and TmcsPIMT−/− hearts.
Total proteins from the heart tissues of appropriate mice were prepared as described (see Materials
and Methods). They were then Western immunoblotted and probed with an anti-PIMT antibody
(Bethyl IHC-00467, 1:1000); (D,E) Representative profiles of M-mode echocardiographic analyses of
TmcsPIMT−/− and littermate control mice; (F,G) represent ejection fraction and fractional shortening
respectively. Data were derived from (D,E); (H) Relative mRNA levels of BNP (Nppb) in TmcsPIMTfl/fl

and TmcsPIMT−/− mouse hearts. The day of initial injection of Tamoxifen was counted as day 1.
Results are expressed as the mean ± SD. * p < 0.05, ** p < 0.01.

We also examined whether TmcsPIMT−/− hearts develop cardiac fibrosis. As shown in Figure
S2, Masson Trichrome staining indicated significant cardiac fibrosis in PIMT null hearts in Tamoxifen
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inducible model (shown by arrows) which is in agreement with the development of cardiac fibrosis
in csPIMT−/− hearts. There was also significant increase in the RNA levels of Ctgf and Tgfβ2 genes
(Figure S2C,D).

3. Discussion

The molecular mechanisms that lead to the development of DCM are not well understood. We
now report the role played by PIMT in mouse heart functions. PIMT, an RNA binding protein with
methyl transferase activity, participates in the formation of 2,2,7-trimethylguanosine cap structures
of small nuclear and nucleolar RNAs that are important in RNA splicing [1]. Furthermore, PIMT
interacts with nuclear receptor coactivators NCOA6, p300/CBP histone acetyltransferases, and the
MED1 subunit of the Mediator complex and these interactions appear to influence energy metabolism
in heart [8]. Mice with germ line deletion of Pimt gene, manifest early embryonic lethality by affecting
development during preimplantation stage [11]. These and other results suggest that PIMT has the
potential to control metabolic pathways at the chromatin level by influencing fatty acid oxidation and
gluconeogenesis-related genes on its own merit and in concert with other transcription factors.

The results presented in this paper clearly demonstrate that PIMT is an essential gene for
normal heart function and that heart-specific ablation of PIMT results in DCM (Figures 2 and 6).
Cardiomyocyte-specific conditional PIMT deleted mice (csPIMT−/− mice) died by 7.5 months of age
(this manuscript) whereas csMed1−/− mice died at age of one month [9]. It is also worth noting that
deletion of the Mediator subunit genes including Med1, Med12 or Med30 in heart is more damaging
in causing DCM [9,34–36]. It is not surprising because Med1 is necessary for the completion of
transcriptional signaling of PPAR subfamily nuclear receptors [3].

The heart sections of two-month-old csPIMT−/− mice showed detectable thinning of the
ventricular walls with considerable ventricular enlargement (Figure 1). That the two-month-old
csPIMT−/− hearts suffer with DCM is supported by the data showing elevated levels of mRNAs
coding for the BNP and ANP proteins. Both BNP and ANP levels increase during heart failure as
ventricular cells secrete both these peptides in response to left ventricular dysfunction [12]. Left
ventricular dilation increases progressively in csPIMT−/− hearts as evidenced by the images of
H&E stained heart cross sections and sustained increase of ANP and BNP RNA levels (Figure 1).
Other evidence including diminished contractility of csPIMT−/− hearts, loss of structural integrity of
mitochondria and reduced expression of most of the genes related to oxidative phosphorylation and
the fatty acid β-oxidation. Evidence supports the assertion that mitochondrial damage significantly
contributes to the development of DCM and myocardial dysfunction. Cardiac myocytes are a type
of muscle cells that contract and expand continuously, and this contractility is dependent on the
constant supply of ATP generated by mitochondria through a complex interaction between oxidative
phosphorylation and electron transport chain systems and both mitochondrial and peroxisomal fatty
acid β-oxidation systems. Our gene expression analysis showed that the majority of the genes related
to both these β-oxidation systems are expressed at lower levels in csPIMT−/− hearts at four and six
months of age. For example, expression of several genes related to mitochondrial complexes I to
IV and the mitochondrial uncoupling protein UCP3 decreased by about two- to five-fold. Similarly,
expression of genes such as Pparα, Pargc1a, Acadm that are involved in energy homeostasis is also
reduced about two- to six-fold. Another important gene Tfam, involved in mitochondrial DNA
replication and transcription is also expressed at six-fold reduced levels that correlates with decreased
mitochondrial copy number in csPIMT−/− hearts. TFAM is a multifunctional transcriptional factor that
is critical for the mitochondrial DNA transcription and maintenance of mitochondrial genome copy
number [13]. The mitochondria of csPIMT−/− heart cells also suffer structural damage as evidenced
by the presence of lipid droplets and membranous swirls and irregularities in Z band pattern (Figure 3).
In addition, evidence indicates that csPIMT−/− cardiomyocytes display increased mitophagy. In
summary, mitochondria of csPIMT−/− hearts are unable to perform their normal functions and thus
contribute to DCM and heart failure.
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The role played by the peroxisomal and mitochondrial β-oxidation in the pathogenesis of
cardiomyocyte and mitochondrial damage leading to the development of DCM is that both inhibition
and profound elevation of fatty acid β oxidation can be pathogenic [37]. Diminished fatty acid
β-oxidation can occur in the absence of PPARα and this causes toxic lipid injury due to un-metabolized
very long chain fatty acids and fatty acyl CoAs and other intermediate metabolic products [37].
Likewise, excess fatty acid β-oxidation resulting from PPARα activation can also be deleterious [37,38].

Proper transport of calcium in and out of cardiac myocytes and coordination between calcium
channel function and ATP production are critical for normal heart functions. Defects in calcium
regulation and energy production are hallmarks of heart failure [39]. Global RNA analysis of
csPIMT−/− heart tissue showed downregulation of several genes related to calcium channel structure
and function, cardiac muscle contraction and calcium homeostasis. For example, Atp2a2 (also known
as Serca-2a) which encodes Ca2β ATPase isoform 2a protein and Cacna1h encodes a structural protein
of voltage gated calcium channel are involved in calcium mediated changes in cardiomyocyte
contractility [39]. Similarly, ryanodine receptor 2 gene (Ryr2), which encodes Ryr2 protein initiates
cardiac muscle contraction by calcium channeling [29]. Ryr2 regulates mitochondrial Ca2+ and ATP
levels as well as a cascade of transcription factors that modulate metabolism and survival [39,40].
Overall, these results suggest that calcium regulation is defective in myocardial cells of csPIMT−/−

hearts owing to reduced expression of the relevant genes described above. Thus, PIMT along with
Med1 and Med12 contribute to the regulation of calcium handling genes [9,36].

We also observed significant myocardial fibrosis in csPIMT−/− heart at six months of age.
In normal heart, the fibroblasts form a network throughout myocardium and contribute in part
to the mechanical and structural maintenance of heart [41]. When there is cardiac injury, myocardial
fibroblasts are activated due to cytokine and neurohumoral factors released by the heart tissue which
deregulate the extracellular matrix leading to the development of fibrosis [26]. The fibrosis process
involves activation of a number of genes related to formation of extracellular matrix including Tgfβ,
connective tissue growth factor (Ctgf ), matrix metalloprotease Mmp3, alpha 2 type IX collagen (Col9a2),
and the tissue inhibitor of metalloproteinase-1 Timp1 [26]. Our RNAseq and RT-qPCR data confirmed
the upregulation of these genes beginning two months after birth, with the expression levels ranging
from 1.5- to eight-fold depending on the type of the gene. Sustained upregulation of these genes
was observed at the age of six months that could explain the development of the cardiac fibrosis in
csPIMT−/− hearts.

At present, we do not know the molecular mechanisms by which PIMT affects gene expression
except that it occurs at the chromatin level. We showed earlier that PIMT physically interacts with
NCOA6, p300/CBP, and MED1 to transcriptionally stimulate reporter genes [8]. Based on these
observations, we propose a model in which PIMT forms a complex with NCOA6 and cooperates with
histone acetyl transferases p300/CBP, MED1 and perhaps with other unknown chromatin factors to
affect transcription of a group of genes specific for cardiac functions [8] (see Figure 7). This model
at least in part can explain the broad effects we observed about PIMT deletion in PIMT−/− hearts.
However, additional studies are needed to address many of the issues raised in this study.
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Figure 7. A model showing the interactions of PIMT with PRIP/NCOA6, histone acetyl transferases
p300/CBP, and MED1 of the Mediator complex in the regulation of transcription of PPAR regulated
genes. Note that in addition to Med1 subunit of the Mediator complex MED30 and MED12 also
modulate genes involved in energy metabolism. See Discussion for further details. See Discussion for
further details.

In summary, we have for the first time, reported here an essential function for PIMT gene in heart
function and consequences of ablation of PIMT gene in heart including the development of DCM and
heart failure. Thus, PIMT is a member of a growing list of essential genes that are critical for heart
function and understanding the PIMT functions in heart will aid in the efforts to develop novel drugs
and other therapeutic strategies in the management of heart failure.

4. Materials and Methods

4.1. Animals

PIMT conditional knock-out mice were generated using the two-loxP, two-frt recombination
system [42]. PIMTfl/fl mice were crossbred with cardiac α-myosin heavy chain promoter driven Cre
(α-MyHC-Cre) transgenic mice [11] to generate cardiomyocyte-specific PIMT null mice (csPIMT−/−)
with deletion of exons 3 and 4 of PIMT gene commencing during late embryonic period. PCR
genotyping was performed using the primers P4: 5′-CTGCATGTATGAATCTTGGGAG-3′, P5:
5′-GCATCAAGAATATACAGAACAGAGA CTC-3′ and P6: 5′-CTCCTTCCTTCTGTACCTCTGTAGC-3′.
Primers P6/P5 yielded a 376 bp Wild-type PIMT allele in PIMT+/+ mice; primers P4/P5 yielded a 298
bp PIMTfl/fl allele. Cre-specific primers used included: 5′-AGGTGTAGAGAAGGCACTCAGC-3′ and
5′-CTAATCGCCATCTTCCAGCAGG-3′.

To generate mice with tamoxifen-inducible heart-specific PIMT deletion (TmcsPIMT−/−),
PIMTfl/fl mice were cross-bred with Myh6-MCM (tamoxifen-inducible heart-specific Cre) transgenic
mice purchased from the Jackson Laboratory [33]. TmcsPIMT−/− mice and their littermate controls
were administered tamoxifen intraperitoneally at seven weeks of age at a daily dose of 65 mg/kg
body weight for five days and then killed at selected intervals. Survival curves were obtained by
following 36 csPIMT−/− mice and the same number of csPIMTfl/fl genotype. The criteria used for
animal euthanasia were as listed previously [5], and included absence of food and water consumption,
diminished or absence of mobility, absence of heart beat and respiratory movement. Pentobarbital was
injected intraperitoneally at the dose of 150 mg/kg body weight to minimize suffering. Animals had
access to food and water ad libitum and maintained on a 12-h light-dark cycle. All procedures were
performed in accordance with the National Institutes of Health Guide for Care and Use of Laboratory
Animals. The animal protocols were reviewed and approved by the Institutional Animal Care and Use
Committee of Northwestern University (protocol number 2013–3198, 1 July 2013).
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4.2. Echocardiography

Echocardiography was performed as described previously using a VisualSonics Vevo 770
high-resolution noninvasive transthoracic imaging system with a 30 MHz scanhead [5]. Short- and
long-axis parasternal views were used to obtain 2D and M-mode images which facilitated examination
of the septum, posterior wall and left ventricular outflow tract. We recorded at least eight independent
cardiac cycles per experiment.

4.3. Histological Analysis

Heart tissues from csPIMT−/− and PIMTfl/fl and also from TmcsPIMT−/− and the corresponding
control mice were fixed in 4% paraformaldehyde for 48 h and processed for embedding in paraffin.
Sections, 4-μm thick, were stained with hematoxylin and eosin (H&E). Immunohistochemical
localization of PIMT was carried out using anti-PIMT antibody (catalog number IHC-00467, Bethyl,
Montgomery, TX, USA). Masson’s trichrome staining was used for the visualization of cardiac fibrosis.
Heart specimens were also embedded in O.C.T. compound (Tissue-TeK, Torrance City, CA, USA), and
6-um thick sections were stained with Oil Red O for the visualization of neutral lipid.

4.4. Electron Microscopy

Heart tissue samples obtained from the left ventricle were fixed overnight at 4 ◦C with 3%
glutaraldehyde in sodium cacodylate buffer. The tissue was then post-fixed in 1% osmium tetroxide in
cacodylate buffer (pH 7.4) for 2 h at 4 ◦C and embedded in Epon [9]. Ultra-thin sections were cut with
a Leica UC6 ultramicrotome and examined with a FEI Tecnai Spirit transmission electron microscope
(FEI, Hilsboro City, OR, USA).

4.5. Library Construction and Sequencing

Library construction and sequencing were carried out at the Genomics Core facility of University
of Chicago. To generate single-end 50 bp (SR50) RNA sequencing libraries, RNA quality and quantity
were determined with Agilent Bioanalyzer 2100, selecting RNA integrity numbers (RIN) of >7
and quantities of 100 nanograms or more per sample. Directional mRNA libraries were generated
using Illumina TruSeq mRNA Sample Preparation Kits (Illumina, San Diego, CA, USA). Briefly,
polyadenylated mRNAs were captured from total RNA using oligo-dT selection and then converted to
cDNA by reverse transcription. They were then ligated to Illumina sequencing adapters containing
unique barcode sequences. These were then amplified by PCR and the resulting cDNA libraries
quantified using RT-RT-qPCR. Finally, equimolar concentrations of ach cDNA library were pooled and
sequenced on the Illumina HiSeq2500 (Illumina, San Diego, CA, USA).

4.6. Transcriptome Analysis

The quality of DNA reads, in fastq format, was evaluated using FastQC. Adapters were trimmed
and reads of poor quality or aligning to rRNA sequences were filtered. The cleaned reads were
aligned to the Mus musculus genome (mm10) using STAR [43]. Read counts for each gene were
calculated using htseq-count [44] in conjunction with a gene annotation file for mm10 obtained from
UCSC (University of California Santa Cruz; http://genome.ucsc.edu). Differential expression was
determined using DESeq2 [45]. The cutoff for determining significantly differentially expressed genes
was an FDR-adjusted p-value less than 0.05. A pathway analysis was performed on both upregulated
and downregulated gene lists using GeneCoDis [46,47].

4.7. Quantitative Real-Time PCR

Total RNA was extracted from the csPIMT−/− and TmcPIMT−/− and the corresponding control
mice using TRIzol® reagent (Life Technology, Carlsbad, CA, USA). RNA was further purified using
Qiagen RNeasy columns (Life Technology, Carlsbad, CA, USA). cDNA was prepared with 2 μg of
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total RNA using SuperScript VILO First-Strand Synthesis System (Life Technology, Carlsbad, CA,
USA). Expression of specific genes was verified using SYBR Green (Life Technologies) in triplicates
and normalized with 18S ribosomal RNA. Each PCR reaction contained 1 μL (100 pmol) of forward
and reverse primers and 10 μL of 2× SYBR Green PCR Master Mix to make a final volume of 20 μL.
The reaction was run by using an ABI 7300 (Applied Biosystems, Foster City, CA, USA)). The relative
gene expression changes were measured using the comparative Ct method, X = 2−ΔΔCt. Sequences of
all primers are shown in Table S5.

4.8. Western Blot Analysis

Total proteins were extracted from the heart tissue of csPIMT−/− mice and corresponding
littermates and subjected to 4–20% SDS-PAGE. Samples were analyzed in duplicates for each time
point. Protein extracts were prepared from pooled samples using five animals. Same pooled hearts
were used for protein extracts and for RT-qPCR assays, as well as for RNA-seq analysis. They were then
transferred to a nitrocellulose membrane (Invitrogen). Immunoblotting was performed using relevant
antibodies as described with GAPDH as loading control. The protein bands were developed with an
enhanced chemiluminescence substrate. Quantification of blots was performed using ImageJ software
(NIH). Sources of antibodies and dilutions: Complex II30, Invitrogen cat# 459230; ComplexII70,
Invitrogen cat#459200; DRP1, Cell Signaling, cat#8570; Pink1, Cell Signaling cat#6946. All antibodies
mentioned above were diluted 1:1000. GAPDH, Cell Signaling cat# 5174, dilution 1:1500. PCS, MH,
MTP, CPT, LCAD, MCAD, SCAD, L-PBE antibodies (dilution 1:2000) are rabbit polyclonal antibodies,
kind gifts of Dr. T. Hashimoto, Department of Pediatrics, Gifu University School of Medicine, Japan.

4.9. Mitochondrial DNA Content

To determine the mitochondrial DNA copy number, total DNA from heart tissue was first isolated.
The quantity of nuclear-encoded 18S ribosomal RNA (rRNA) and the mitochondrial encoded gene
cytochrome c oxidase subunit 1 (CO1) were estimated by RT-qPCR. Mitochondrial DNA copy number
was expressed as the ratio of CO1 to 18S rRNA as described [9,48].

4.10. Statistical Analysis

Student’s t test was used to determine whether the sample was significantly different from the
control. Differences were considered statistically significant at p < 0.05, while p < 0.01 represented
more significant change.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/5/1485/s1.
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Abstract: Peroxisome proliferator-activated receptors (PPARs) are nuclear hormone receptors that
bind to DNA and regulate transcription of genes involved in lipid and glucose metabolism. A growing
number of studies provide strong evidence that PPARs are the promising pharmacological targets
for therapeutic intervention in various diseases including cardiovascular disorders caused by
compromised energy metabolism. PPAR agonists have been widely used for decades as lipid-lowering
and anti-inflammatory drugs. Existing studies are mainly focused on the anti-atherosclerotic effects
of PPAR agonists; however, their role in the maintenance of cellular bioenergetics remains unclear.
Recent studies on animal models and patients suggest that PPAR agonists can normalize lipid
metabolism by stimulating fatty acid oxidation. These studies indicate the importance of elucidation
of PPAR agonists as potential pharmacological agents for protection of the heart from energy
deprivation. Here, we summarize and provide a comprehensive analysis of previous studies on
the role of PPARs in the heart under normal and pathological conditions. In addition, the review
discusses the PPARs as a therapeutic target and the beneficial effects of PPAR agonists, particularly
bezafibrate, to attenuate cardiomyopathy and heart failure in patients and animal models.

Keywords: PPAR agonists; bezafibrate; heart; cardiomyopathy; heart failure; lipids; fatty acid oxidation;
energy metabolism; mitochondria

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) play an important role in the regulation of
carbohydrate and lipid metabolism in the cell. They are involved in the transcriptional regulation of
multiple processes and play a central role in the pathogenesis of metabolic disorders, cardiovascular
diseases, diabetes, cancer, inflammation, and other diseases. PPARs are members of the nuclear
hormone receptor superfamily and act as ligand-activated transcription factors. They were first
discovered in the early 1990s as transcription factors that mediate proliferation of peroxisomes in the
cell [1–3]. Interestingly, biological effects of bezafibrate (BF), a potent pan-specific activator of PPARs,
were demonstrated before cloning and discovery of PPARs [4–6]. Currently, there are three PPAR
isoforms, PPARα, PPARβ/δ, and PPARγ that are encoded by separate genes. All three isoforms possess
a high degree of inter-species sequence homology, particularly in the DNA-binding domain (DBD)
and ligand-binding domain (LBD) [7,8] (Figure 1). The central role of PPARs in heart metabolism,
particularly fatty acid oxidation (FAO) and mitochondrial bioenergetics, makes them a promising
therapeutic target for the treatment of cardiac diseases, such as myocardial infarction (MI) and heart
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failure (HF). A growing number of studies using experimental animal models and patients often
provide controversial data on the beneficial effects of PPAR agonists in cardiac diseases. In this review,
we summarize and discuss the role of PPARs, particularly PPARα, in the healthy heart and cardiac
diseases. In addition, we provide a comprehensive discussion of PPAR agonists in the treatment of
cardiac diseases, particularly cardiomyopathy and HF.

Figure 1. Amino acid sequence alignments of human peroxisome proliferator-activated receptors
(PPAR) isoforms. DNA-binding domain (DBD, purple), zinc-finger domains (ZFD, purple), and ligand
binding domain (LBD, yellow) are highlighted. All three isoforms of PPAR possess a high degree
of inter-species sequence homology, particularly in the DBD and LBD. The sequence positions that
are conserved within PPAR isoforms are important for identification of the structural dynamics,
ligand affinity, and DNA binding specificity. Amino acid residues, which participate in ligand
binding, are boxed. Alignment was performed with CLUSTALO (https://www.uniprot.org/align/).
(*)—fully conserved residues; (:)—residues with strongly similar properties; (.)—residues with weakly
similar properties.

2. Biological Role and Tissue-Specific Expression of PPARs

PPARs form heterodimers with the retinoid X receptor in the nucleus. These heterodimers recruit
coactivators and corepressors and bind to specific peroxisome proliferator response elements (PPRE) in
regulatory regions of PPAR target genes (Figure 2). Ligand binding releases the corepressor from the
complex and allows activation of coactivator leading to changes in target gene expression [9]. DNA-pull
down of PPARγ with subsequent MS-based proteomics identification of binding partners revealed
highly complex patterns of interaction of PPARγ with other proteins in the cytoplasm and nucleus [10].
In addition, this study revealed that interactions of PPARγ with its binding partners are highly ligand-
and DNA-dependent. In silico analysis of protein–protein interactions between PPARα and PPARβ/δ
predicted the interaction of PPARs and retinoid X receptors (RXRs) with chromatin state modifiers, such
as histone deacetylases (HDACs) that can play a role in epigenetic modifications of the diseases [11].
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Figure 2. X-ray crystal structure of the complex of PPARγ (magenta) and retinoid X receptors (RXR)
(grey) at 3.2 Å resolution. The BVT.13 agonist ligand is displayed as yellow balls. The amino
acids residues, which form a ligand binding pocket, are shown in red. DNA-binding domain
(DBD, light magenta) and DNA fragment are shown. The structure is derived from Protein Data
Bank (PDB: 3DZU) [12] and visualized using PyMol software (v. 2.0.7).

PPARα plays a crucial role in the regulation of FAO, a major source of ATP in high energy-consuming
organs and tissues. Hence, PPARα is highly expressed in skeletal muscle, heart, liver, and brown adipose
tissue [13–15]. PPARγ is mainly expressed in adipose tissue, large intestine, and spleen. It regulates
adipogenesis, lipid and glucose metabolism, and inflammatory pathways. The least studied PPARβ/δ is
expressed ubiquitously with the highest levels found in the liver, intestine, kidney, adipose tissue, and skeletal
muscle thereby, suggesting its fundamental role in cellular biology (reviewed in References [16–19]).

Transcriptional activities of PPARs are regulated, in part, by the PPARγ coactivator 1α (PGC-1α).
PGC-1α is an integrator of the transcriptional network regulating mitochondrial biogenesis and,
like PPARα, highly expressed in high energy-consuming cells. In addition to PPARs, PGC-1α mediates
its effects through other downstream transcriptional regulatory circuits such as estrogen-related
receptors (ERRs), and nuclear respiratory factors (NRF) 1 and 2. The nuclear respiratory factors,
in turn, regulate downstream genes, including mitochondrial transcription factor A (TFAM),
which is responsible for the maintenance as well as replication and transcription of mitochondrial
DNA (reviewed in References [20–22]). Thus, PGC-1α is an inducible co-activator that coordinately
regulates mitochondrial biogenesis through the network of transcription factors PPARs/NRF/ERRs.
Mitochondrial biogenesis via the PGC-1α/NRF pathway is apparently regulated by AMP kinase
(AMPK) [23,24]. Indeed, direct phosphorylation of PGC-1α by AMPK in vitro and in cultured cells has
been shown recently [25].

Various natural fatty acids and eicosanoids act as natural ligands for PPARs.
Generally, polyunsaturated fatty acids (PUFAs) display a higher affinity to PPARγ and PPARβ/δ, while both
saturated and unsaturated fatty acids interact with PPARα equally efficiently (reviewed in Reference [8]).
Therefore, PPARs represent attractive molecular targets for the development of pharmacological agents and
treatment of metabolic disorders, including obesity, type 2 diabetes, dyslipidemia, and cardiovascular diseases.
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3. The Role of PPARs in Cardiac Diseases

PPARα is highly expressed in cardiomyocytes, and genetic studies demonstrated the importance
of PPARα in fatty acid metabolism in the heart [26,27]. PPARα knockout mice demonstrated normal [27]
or reduced [26,28] cardiac function. Cardiac dysfunction in PPARα−/− mice was associated with
structural abnormalities in mitochondria [26] and increased oxidative stress due to downregulation of
the antioxidant capacity in the heart [29]. High workload decreased cardiac performance in PPARα
knockout mice associated with lower levels of ATP in the myocardium [30]. In response to transverse
aortic constriction (TAC), PPARα-null mice showed pronounced cardiac hypertrophy [31]. On the
other hand, overexpression of PPARα increased mild cardiac hypertrophy, ventricular dysfunction,
and lipotoxicity associated with reciprocal repression of glucose uptake and oxidation in the mouse
heart [32]. These mice developed a phenotype strikingly similar to diabetic cardiomyopathy [33]. The
contrasting metabolic phenotypes induced by genetic upregulation or downregulation of PPARα in
mice indicate the central role of the receptors in regulating glucose and lipid metabolism in the heart.

Recent studies demonstrated that the expression of PPARα significantly decreases in
cardiomyocytes in a pressure–overload mouse model of HF induced by TAC. Expression of PPARα
target genes, carnitine palmitoyltransferase 1 (CPT-1) and fatty acid transport protein 1 (FATP1)
were also significantly reduced in the HF hearts. Activation of PPARα either by cardiac-specific
overexpression of PPARα gene or by treating mice with the specific PPARα agonist, WY-1463 improved
cardiac function, attenuated cardiac fibrosis, and preserved FAO and high-energy phosphates in
a mouse model of HF induced by TAC [34]. The energy substrate switch from FAO to glucose
oxidation and other metabolic changes in hearts with hypertrophy and HF is mediated, at least
in part, through downregulation of genes encoding FAO and oxidative phosphorylation enzymes
due to deactivation of the PGC-1α/PPARα pathway [21,22]. Reduced PGC-1α and PPARα expression
occurs in animal models of HF [35,36] and in failing human hearts [37,38], suggesting that
deactivation of the PGC-1α/PPARα pathway in the failing heart plays a critical role in coincident
mitochondrial dysfunction.

The role of post-translational modifications (PTMs) in activation/inactivation of PPARα is debated.
PPARs have been shown to undergo several types of PTMs including phosphorylation, acetylation,
sumoylation, and ubiquitination, among others. Several protein kinases, including extracellular
signal-regulated protein kinases 1 and 2 and c-Jun N-terminal kinase, AMPK, protein kinase A,
and glycogen synthase kinase 3 phosphorylate PPARα and PPARγ [39]. Protein kinase A [40] and
p38 [41] phosphorylated PPARα that resulted in a ligand-dependent increase of PPARα activity in
neonatal rat cardiomyocytes and HEK-293 cells. On the other hand, ventricular pressure overload in
mice and PPARα overexpression in cardiomyocytes revealed that downregulation of cardiac PPARα
and alteration of its activity during hypertrophic growth occur at the posttranscriptional level via
activation of extracellular signal-regulated protein kinases 1 and 2 [42]. Phosphorylation increased
transcriptional activation of PPARα [43] but decreased that of PPARγ [44].

PPARα seems to be a downstream target for AMPK and mediates its beneficial effects by
improving mitochondrial metabolism. AMPK is the main cellular energy sensor that initiates ATP
generating processes while blocking ATP consuming processes. It is also involved in the regulation
of mitochondrial metabolism and the redox state in the cell (reviewed in References [45,46]).
Pharmacological activation of AMPK stimulates FAO through increased expression of PPARα
target genes in skeletal muscle cells [47]. Furthermore, the PPARα inhibitor, GW6471, prevented
the cardioprotective effects of metformin, an AMPK activator, against ischemia-reperfusion in
rat hearts [48]. Oxidative stress-induced phosphorylation of PGC-1α and PPARα in cardiac cells.
However, the protective effects of the AMPK activators metformin and A-769662 on hydrogen
peroxide-treated H9c2 cells and in vivo cardiac ischemia-reperfusion in rats were not associated
with phosphorylation of PPARα [49,50]. These studies suggest that PTMs of PPARα during cardiac
oxidative stress and hypertrophic growth can occur at several levels.
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In addition to regulation of the mitochondrial transcriptional network, PPARα can translocate to
mitochondria and affect metabolism and function of mitochondria. Hydrogen peroxide-induced
oxidative stress in H9c2 cells [49] and ischemia-reperfusion in the rat heart [50] stimulated
protein-protein interactions between PPARα and cyclophilin D (CyP-D), a major regulator of the
mitochondrial permeability transition pore. The interaction provoked the opening of the mitochondrial
permeability transition pores. Conversely, activation of AMPK with metformin or A-769662 prevented
PPARα-CyP-D interaction leading to inhibition of mitochondrial permeability transition pore opening,
and improved cell survival and post-infarction recovery [49,50]. These studies indicate the role of
PPARα in mediating the beneficial effects of AMPK in cardiac ischemia-reperfusion.

Similar to PPARα, heart-specific PPARγ knockout mice developed cardiac hypertrophy with
preserved normal cardiac metabolism and function [51,52]. Decreased expression of genes encoding
FAO enzymes and impaired fatty acid utilization with unchanged glucose oxidation were found in
inducible cardiomyocyte-specific PPARγ−/− mice [53]. It should be noted that cardiac hypertrophy in
heart-specific PPARγ knockout mice associated with oxidative damage and mitochondrial dysfunction
progresses with age and leads to dilated cardiomyopathy and premature death [54]. Like PPARα−/−

mice, antioxidant therapy attenuated cardiac dysfunction in the PPARγ−/− mice. Heart-specific
PPARγ overexpression induced a dilated cardiomyopathy associated with increased expression of
FAO genes, lipotoxicity, and mitochondrial structural abnormalities such as cristae disruption in the
heart [55]. Interestingly, glucose uptake was not decreased in these hearts.

Overexpression of PPARβ/δ in mouse hearts enhanced mitochondrial biogenesis, myocardial
oxidative metabolism, improved cardiac performance, and reduced cardiac fibrosis [56]. These effects
of PPARβ/δ overexpression were not affected by TAC-induced cardiac hypertrophy. In rats with
congestive HF, the PPARβ/δ-specific agonist, GW610742X, normalized cardiac substrate metabolism
in a dose-dependent manner, dramatically reduced right ventricular hypertrophy, and decreased the
level of the arterial natriuretic peptide in the right ventricle. However, GW610742X had no beneficial
effect on the left ventricular function [57,58].

The activity of a large number of proteins is regulated through acetylation/deacetylation of lysine
residues. Four classes of HDACs play a central role in cell metabolism, including energy metabolism
in the heart. Mitochondrial bioenergetics including fatty acid metabolism, electron transfer chain,
and oxidative phosphorylation are regulated by the class III HDACs sirtuins, particularly SIRT3 [59].
Interestingly, the interaction of HDAC3 with PPARγ induced deacetylation of the protein and reduced
its activity [60]. Inhibition of HDAC3 stimulated ligand-independent activation of PPARγ by protein
acetylation suggesting that acetylation of PPARγ induces its activation through a ligand-independent
mechanism. Cardiac-specific HDAC3 knockout mice demonstrated a modest increase in expression of
FAO genes with no changes in gene expression of PPARs [61]. Oxidative stress induced by hydrogen
peroxide did not increase acetylation of PGC-1α and PPARα in H9c2 cardioblasts [49]. Further studies
are needed to establish a cause–effect relationship between acetylation and activity of PPARs in the
healthy heart and cardiac diseases.

Other forms of PTM, such as sumoylation [62] and ubiquitination [63], have been shown to
affect the PPAR activity (reviewed in Reference [58]). These studies were conducted mostly using
various cell lines, and there are few, if any, studies on the PPAR sumoylation and ubiquitination in the
heart. For instance, upregulation of the ubiquitin ligase, muscle ring finger-1 increased its interaction
and ubiquitination of PPARα in neonatal cardiomyocytes [64]. The ubiquitination reduced PPARα
activity and FAO suggesting a critical role of ubiquitination in regulating cardiac PPARα and fatty
acid metabolism in the heart.

Polymorphisms in PPARs are significantly associated with cardiac disorders. Intronic rs4253778
polymorphism and common L162V (rs1800206) polymorphism in PPARα are significantly associated
with coronary heart disease (CHD) risk [65]. L162V variant at the DBD region of PPARα affects
the transactivation activity of PPAR ligands [66,67]. A Rs135551 intronic variant in PPARα showed
significant association with CHD [68]. T allele carriers of C161T polymorphism in PPARγ (rs3856806)
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have lower CHD risk, but higher risk of acute coronary syndrome (ACS). +294T/C polymorphism at
PPARγ/δ (rs2016520) is significantly associated with ACS [65].

Thus, PPARs play an important role in fatty acid metabolism in the heart and are involved in the
pathogenesis of cardiac hypertrophy, cardiomyopathy, and HF. Apparently, beneficial or detrimental
effects of PTMs of PPARα depend on the severity and timing of oxidative and energy stresses that are
associated with the diminished capacity of the myocardium to maintain lipid and glucose metabolism.

4. Therapeutic Potential of PPAR Agonists in Cardiac Diseases

4.1. Studies in Animal Models

Lower rates of FAO are associated with cardiomyopathies and HF [69–73]. Due to high expression
and the beneficial role of PPARα and PPARβ/δ in the heart, numerous studies have been conducted to
study the efficiency of PPARα and PPARβ/δ agonists on various animal models with HF.

Fibrates have been used for many years as PPAR agonists for treatment heart attacks and strokes.
The fibrates are a family of hypolipidemic drugs that are structural derivatives of the parent compound,
clofibrate (ethyl 2-(4-chlorophenoxy)-2-methylpropionate (Figure 3). They lower serum triglycerides,
raise high-density lipoprotein cholesterol (HDL-C) and lower low-density lipoprotein cholesterol
(LDL-C) levels. Therefore, long-term therapy with fibrates could help to prevent cardiovascular
disease events. However, fibrates demonstrate a high risk for developing rhabdomyolysis and renal
failure (reviewed in Reference [74]). The main list of fibrates currently used in experimental studies and
clinical trials include gemfibrozil, fenofibrate, BF, etofibrate, and ciprofibrate (Figure 3). The clofibrate
previously used in studies is no longer in use due to safety concerns.

Figure 3. Chemical structures of fibrates.

Fenofibrate is a dual activator of PPARα and PPARγ, with 10-fold selectivity for PPARα [18].
Oral intake of fenofibrate (100 mg/kg body weight) significantly attenuated end-diastolic and
end-systolic left ventricular dimensions and cardiac fibrosis in aldosterone-induced hypertrophy
model independently of an effect of the drug on blood pressure [75]. Similar effects were observed
in porcine and canine tachycardia-induced cardiomyopathy models [76,77]. Fenofibrate attenuated
hypertrophy, inhibited the inflammatory response, improved the survival of Dahl salt-sensitive rats [78]
and decreased fibrosis in the rat model with the pressure overload-induced HF [79]. While fenofibrate
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had clear beneficial effects in wild-type mice, this drug had deleterious consequences on cardiac
hypertrophy and fibrosis in PPARα−/− mice [80]. The detrimental effects of fenofibrate in PPARα
knockout mice might be a result of anomalous activation of PPARγ and PPARβ/δ in cardiomyocytes
in the absence of PPARα. Administration of another PPARα agonist, tetradecylthioacetic acid,
elevated expression of PPARα target genes, myocardial oxygen consumption, and FAO with
concomitant reduction of glucose oxidation in the heart. However, this drug had a negative impact on
the post-ischemic recovery of cardiac function in an isolated perfused heart model [81].

Fibrates require micromolar concentrations to activate PPARα. The half maximal effective
concentration (EC50) for fenofibrate is approximately 30 μM for human PPARα [18] that requires
high doses of the drug (>100 mg/kg) to achieve a clinical effect. Attempts to discover more potent and
more selective PPARα agonists resulted in the synthesis of several more potent compounds that work in
nanomolar ranges. The PPARα agonist AVE8134 has a high affinity for PPARα (EC50 0.01 and 0.03 μM
for human and rodent PPARα, respectively). AVE8134 at the daily dose of 3–30 mg/kg improved
lipid profile and augmented glucose metabolism; prevented post-MI hypertrophy, fibrosis and
cardiac dysfunction, and reduced mortality in rats [82,83]. Other selective PPARα agonists, WY-14643
(pirinixic acid) and GW7647, have EC50 in the micromolar range. WY-14643 (0.01% w/w in rodent
food, or ~20 mg/kg) significantly attenuated cardiac dysfunction and remodeling induced by
pressure–overload HF in mice [84].

Treatment with GW7647 did not prevent the development of hypertrophy but preserved
the left ventricular ejection fraction during pressure–overload cardiac hypertrophy in rabbits [85].
The effects of GW7647 were associated with an increased cardiac FAO and overall ATP production that
resulted in an improved post-ischemic recovery of cardiac function. In addition, GW7647 treatment
resulted in relived endoplasmic reticulum stress, preserved mitochondrial membrane potential,
and activated sarcoplasmic reticulum Ca-ATPase (ATP2A2) [85]. Additionally, GW2331 and GW9578,
dual PPARα/PPARγ agonists that work in the nanomolar range, have been synthesized [86,87].

Bezafibrate was introduced as a lipid-lowering drug by Boehringer Mannheim in 1970s [6,88].
It reduces heart rate, blood pressure, insulin level, and free fatty acids in patients with
hypertriglyceridemia [89]. Bezafibrate also is a widely used pan-PPAR agonist in animal trials.
It activates all three PPAR subtypes with the highest affinity for PPARα and PPARβ/δ isoforms [90].
The EC50s for BF are 50, 60, and 20 μM for human PPARα, PPARγ, and PPARβ/δ, respectively; and 90,
55, and 110 μM for mouse PPARα, PPARγ, and PPARβ/δ, respectively [18]. There are significant
inconsistencies in BF studies in humans and rodents. In clinical practice, BF is typically prescribed at
a daily dose of 10–25 mg/kg [6,91,92]. Conversely, in animal studies BF is usually administrated per os
with diet in the amount of 0.5% w/w, corresponding to a daily dose of 600–800 mg per kg [93–95]. It is
conceivable that the relatively low affinity of BF for murine PPARβ/δ requires a higher dose of the
drug to achieve a biological response in mice, particularly in skeletal muscle, where the BF effects are
predominantly mediated by PPARβ/δ rather than PPARα [96].

Experiments with PPARα knockout mice suggested that more clinically relevant, low-dose
BF decreases serum and liver triglycerides in a PPAR-independent manner by suppressing the
expression of sterol regulatory element-binding protein 1c (SPREBP1) affecting hepatic lipogenesis
and triglyceride secretion [97]. Several groups have reported on the use of BF in mouse models
with varying success. Two mouse models of cytochrome c-oxidase deficiency, systemic Surf1−/− and
muscle-specific Cox15−/−, were given BF at the dose of 0.5% in rodent diet (Table 1). At this dose,
BF was highly toxic, causing massive apoptosis in skeletal muscles. In these models, BF induced
expression of the genes encoding proteins that are involved in FAO but not oxidative phosphorylation
in mitochondria.

PPARs and PGC-1α regulate mitochondrial aerobic metabolism, acting on different,
though partially overlapping sets of genes. PPARs regulate expression of FAO genes,
including CD36/FAT, ACOX, SCAD, while PGC-1α controls the expression of genes involved in
oxidative phosphorylation. Treatment with BF of Surf1−/− mice increased expression of the PPAR
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isoforms present in the skeletal muscle, PPARα and PPARβ/δ. However, no increase in PGC-1α was
observed in the skeletal muscles of BF-treated mice [98]. On the contrary, BF increased mitochondrial
biogenesis and significantly increased expression of PGC-1α and battery of downstream its targets
cytochrome c, TFAM, and subunits of ATP synthase in muscle, brown adipose tissue (BAT), and brain
in mice with Huntington disease [99]. Treatment with BF rescued neuropathological features in the
brain, increased motor activity, and muscle strength, prevented fiber–type switching in muscles,
attenuated vacuolization in BAT and increased survival rate in Huntington mice. BF also was found
to interact with hemoglobin and lower its affinity to oxygen. However, it is not clear whether the
pharmacological doses of BF can achieve a concentration of the drug in erythrocytes sufficient to
benefit the oxygen transport capacity [100,101].

Table 1. Bezafibrate trials using mouse genetic models with mitochondrial defects.

Disease Model Tissue Studied BF Dose Effects Ref.

OXPHOS defect: Surf1−/− Muscle 0.5%
(0.6–0.8 g/kg)

Weight loss, hepatomegaly. Increased
expression of FAO genes, PPARα and
PPARβ/δ.

[98]

OXPHOS defect: Cox15−/− Muscle 0.5%
(0.6–0.8 g/kg)

Toxic, mitochondrial myopathy,
excessive apoptosis. [98]

Huntington disease:
Htt-ex1 (R6/2)

Brain,
Muscle,

BAT

0.5%
(0.6–0.8 g/kg)

Attenuated neurodegeneration in
brain, prevented muscle–type
switching.
Increased exercise capacity and
muscle strength, increased
vacuolization in BAT, and extend
survival.

[99]

Premature aging:
mtDNA polymerase γ−/−

Skin,
Spleen

0.5%
(0.6–0.8 g/kg)

Delayed hair loss and restored skin
structure.
Improved spleen size and structure.

[93]

BTHS:
TAZ knockdown Heart 0.5%

(0.6–0.8 g/kg)

Preserved cardiac systolic function.
Reduced cardiolipin level in
mitochondria.

[95]

BTHS:
TAZ knockdown

Heart,
Muscle

0.05%
(0.06–0.08 g/kg)

Restored cardiac systolic function.
Ameliorated exercise intolerance
phenotype when treatment was
combined with everyday voluntary
exercise.

[102]

Recent studies demonstrated the therapeutic effectiveness of BF to attenuate left-ventricular
defects in the mouse model of Barth syndrome (BTHS). Barth syndrome is an X-linked rare genetic
disease that is manifested by dilated cardiomyopathy, muscle weakness, and exercise intolerance.
Causative gene is TAZ that encodes mitochondrial cardiolipin transacylase, tafazzin, and mutations
in TAZ results in a deficiency of the essential mitochondrial phospholipid cardiolipin. Intake of
BF with diet during the 4-month period in daily doses of 60–80 mg/kg (0.05% in rodent diet) or
600–800 mg/kg (0.5% in rodent diet) effectively prevented the development of systolic dysfunction and
cardiomyopathy in TAZ knockdown mice [95,102]. Surprisingly, improvement of systolic function in
mice treated with a high-dose (0.5%) of BF was accompanied by a simultaneous reduction of cardiolipin
in the heart that can be explained by an increased number of mitochondria with a reduced content of
cardiolipin [95].

Differential transcriptomic analysis of hearts demonstrated that treatment with a low dose (0.05%)
of BF resulted in robust activation of genes involved in a wide-spectrum of biological processes
that included metabolism of fatty acids, ketone bodies, amino acids and glucose, metabolism of
proteins, mitochondrial protein transport, RNA metabolism, gene expression, DNA repair, chromatin
organization, immune system, and organelle biogenesis and maintenance [102]. Bezafibrate failed
to ameliorate the exercise intolerance phenotype in BTHS mice. However, when treatment with BF
was combined with voluntary daily exercise on the running wheel, BF’s effect on exercise capacity
in BTHS mice was significantly potentiated. The mechanisms underlying this synergistic effect of BF
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with everyday voluntary exercise are unclear. Apparently, exercise alters the epigenetic landscape
in skeletal muscles and facilitates transcription of PPAR target genes thereby enhancing cellular
metabolic plasticity.

4.2. Clinical Studies

Currently, 41 clinical trials are registered to investigate the therapeutic efficiency of numerous
PPAR agonists in various diseases worldwide (www.clinicaltrials.gov). Among those, eight trials have
been completed, and no serious adverse effects have been reported. Among 41 trials, 13 are aimed
to elucidate the efficacy of PPAR agonists in cardiac diseases. To date only one phase-2 clinical trial
investigating the therapeutic potential of PPARγ agonist rosiglitazone in patients with congestive HF
has been completed (NCT00064727), however, findings have not yet been reported.

Recently, comprehensive systemic research of major cardiovascular disease prevention trials with
fibrates was performed [103,104]. In these trials, data associated with the effects of clofibrate, which is
no longer in use, were excluded from the analysis. Moderate-quality evidence from six primary
prevention trials with 16,135 participants (8087 in the intervention group and 8048 in the placebo
group) suggested that fibrate therapy reduced the combined outcome of death due to cardiovascular
disease, heart attack, or stroke by 16% [103].

The Bezafibrate Infarction Prevention (BIP) study was initiated in 1998 with a total of 3090 enrolled
participants (1548 in the intervention group, 1542 in the placebo group). The goal of this trial was
to evaluate whether treatment with BF was effective in preventing MI injury and death in coronary
artery disease patients. At 8.2 years of follow-up, there was an 18% risk reduction of major cardiac
events (occurrence of cardiac death or nonfatal MI) (p = 0.02) [105]. Prolonged, 16 years of follow-up,
showed that there was an 11% reduction (p = 0.06) in mortality in patients that were treated with
BF [106–108]. BF had no therapeutic outcome on the risk of coronary heart disease and stroke in men
with lower extremity arterial disease, although reduced the incidence of non-fatal coronary events in
men aged 65 years or older [109].

Patients, who develop metabolic syndrome are at particularly increased risk of myocardial
infarction (MI). The efficacy of BF to prevent MI was analyzed on the subgroup of patients from
BIP study, who had developed metabolic syndrome (740 patients from BF group and 730 patients
from the placebo group). The rate of nonfatal MI was significantly lower in patients in the BF group
(9.5% and 13.8% in BF and placebo groups, respectively; p = 0.009). The decrease in MI incidence in
patients taking BF was reflected in a trend to a 26% reduction of cardiac mortality rate (p = 0.056) [110].

Existing trials are mainly directed towards the studies of lipid-lowering and anti-atherosclerotic
effects of PPAR agonists, whereas the bioenergetics actions of PPAR agonists on energy metabolism
in cardiomyocytes remain less investigated. Although no clinical trial has prospectively studied the
effects of PPAR agonists in patients with HF, there are several compelling evidences that PPAR agonists
can improve clinical outcomes in HF.

Treatment with BF in combination with ursodeoxycholic acid had a beneficial effect in patients
with primary biliary cholangitis, a progressive liver disease, compared to a control group that was
treated with ursodeoxycholic acid alone [111].

Studies including the cohort of six patients with the myopathic form of CPT-2 deficiency showed
that six-month-long treatment with BF (200 mg three times a day) markedly upregulated CPT-2,
increased oxidation rates of the long-chain fatty acids, decreased muscle pain and increased physical
activity in all BF-treated patients [112]. BF failed to improve FAO in skeletal muscles and exercise
tolerance in patients with CPT-2 and very long-chain acyl-CoA dehydrogenase deficiencies [92].
The authors ascribed the lack of effect FAO to the suppression of lipolysis by BF. However, an alternative
explanation is that high plasma insulin in BF-treated patients had markedly inhibited lipolysis,
hence hindering any increase of FAO and masking the effects of BF [113]. In vitro studies of patient
cells with very long-chain acyl-CoA dehydrogenase and CPT-2 deficiencies revealed that treatment
with BF is beneficial in cells of mildly affected patients that retain residual FAO capacities. In contrast,

228



Int. J. Mol. Sci. 2018, 19, 3464

no increase in FAO capacities is expected in response to BF if the gene mutations impact the catalytic
site or lead to highly unstable or severely misfolded proteins [96,114]. A phase 2 clinical trial of BF in
BTHS patients (CARDIOMAN) is underway at University Hospital in Bristol, England.

5. Conclusions

PPARs play a central role in the pathogenesis of cardiac hypertrophy and HF and thereby,
represent a potentially attractive therapeutic target for the treatment of these diseases. PPAR agonists,
particularly PPARα and PPARβ/δ agonists appear to stimulate FAO and energy metabolism in
cardiomyocytes. Subsequently, improved cellular energy homeostasis in the heart attenuates systolic
dysfunction in HF patients as well as in animal models of cardiomyopathy and HF. Skeletal muscle
appears to be more resistant to the treatment with PPARα and PPARβ/δ agonists. Full understanding
of the therapeutic potential of PPAR agonists requires more detailed studies using various animal
models of cardiac diseases. The effects of PPAR agonists on cellular transcriptional and epigenetic
landscapes as well as activation/inhibition of individual PPAR isoforms on cellular metabolic and
signaling systems need to be evaluated in detail using systems biology approaches.
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Abbreviations

AMPK AMP kinase
BAT brown adipose tissue
BF bezafibrate
BTHS Barth syndrome
CHD coronary heart disease
CPT carnitine palmitoyltransferase
CyP-D cyclophilin D
FAO fatty acid oxidation
HF heart failure
MI NRF myocardial infarction nuclear respiratory factors
PGC-1α proliferator-activated receptor gamma coactivator-1 alpha
PPAR peroxisome proliferator-activated receptor
TAC transverse aortic constriction
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Abstract: Peroxisome proliferator-activated receptors (PPARs) are a family of nuclear hormone
receptors that control the transcription of specific genes by binding to regulatory DNA sequences.
Among the three subtypes of PPARs, PPARγ modulates a broad range of physiopathological
processes, including lipid metabolism, insulin sensitization, cellular differentiation, and cancer.
Although predominantly expressed in adipose tissue, PPARγ expression is also found in different
regions of the kidney and, upon activation, can redirect metabolism. Recent studies have highlighted
important roles for PPARγ in kidney metabolism, such as lipid and glucose metabolism and
renal mineral control. PPARγ is also implicated in the renin-angiotensin-aldosterone system and,
consequently, in the control of systemic blood pressure. Accordingly, synthetic agonists of PPARγ
have reno-protective effects both in diabetic and nondiabetic patients. This review focuses on the role
of PPARγ in renal metabolism as a likely key factor in the maintenance of systemic homeostasis.

Keywords: PPARγ; metabolism; lipid; RAAS; nuclear receptors; kidney

1. Introduction

The peroxisome proliferator-activated receptors (PPARs) are ligand-activated nuclear hormone
receptors that participate in the transactivation or transrepression of networks of target genes,
resulting in complex biological effects. PPARs are class 2 receptors that, upon ligand binding,
heterodimerize with retinoid X receptors (RXRs) and translocate to the nucleus, whereupon the
PPAR:RXR heterodimer binds to the PPAR response element (PPRE) generally in the promoter region
of target genes, to control their expression [1,2]. The affinity of PPARs for ligands, and hence their
transcriptional response, is determined by the conformational changes induced by ligand binding
within a complex pocket with multiple interaction points [3].

There are three known subtypes of PPARs that have distinct physiological roles in energy
metabolism in different tissues: PPARα, PPARδ, and PPARγ. Overall, PPARs function as lipid
sensors to govern metabolic homeostasis through binding to dietary metabolites: PPARα regulates
catabolism, mainly in the liver and the heart, PPARγ regulates anabolism in adipose tissue, and PPARδ
is involved in fatty acid transport and oxidation in skeletal muscle. PPARs not only serve critical roles
in the control of lipid metabolism, but they are also implicated in the regulation of vascular diseases,
cellular differentiation, insulin sensitization, and cancer [4]. In the kidney, PPARα plays an important
role in the metabolic control of renal energy homeostasis and is expressed in the proximal tubules and
medullary thick ascending limb, with lower expression in glomerular mesangial cells [5]). Likewise,
kidney PPARδ has a role in renal metabolic adaptation to fasting and refeeding [6], and is expressed in
the renal cortex and medulla [7].
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In humans, the PPARγ gene is located on chromosome 3 (3p25.2) and contains nine exons spanning
more than 100 kb [8]. Four PPARγ splice variants(γ1, γ2, γ3, and γ4), generated by alternative splicing
and differential promoter usage, are found in human [9]; however, only two protein isoforms (γ1 and
γ2) are encoded [10]. PPARγ is also present in other animals (rodents, chicken, lizard, Xenopus,
and Zebrafish) [11,12], although, they do not appear to display significant functional differences.
Mutations in PPARγ lead to dysfunctional lipid and glucose homeostasis and have been directly
related to type 2 diabetes mellitus and obesity [13], familial partial lipodystrophy type 3 (FPLD3) [14],
and also cancer [15,16].

PPARγ is expressed predominantly in the adipose tissue where, together with the coexpression of
C/EBP alpha and other proteins involved in lipid and glucose metabolism, serves as a key regulator both
of adipocyte differentiation and triglyceride energy stores, and has pleiotropic vascular effects that are
independent of its glucose blood-lowering effect, protecting against the progression of hypertension
and atherosclerosis [17,18]. Specifically, PPARγ1 is expressed in many tissues and cell types, including
white and brown adipose tissue, skeletal muscle, liver, pancreatic β-cells, macrophages, colon, bone,
and placenta. By contrast, PPARγ2 has a more restricted pattern of expression with significant
amounts found only in white and brown adipose tissue under physiological conditions, although it is
induced in liver and skeletal muscle in response to overnutrition or genetic obesity. PPARγ3 mRNA
expression appears to be limited to human white adipocytes, but it is also found in a variety of cell lines
with different origins, including liver hepatocellular cells (HepG2), human intestinal cells (Caco-2),
and cervical cancer (HeLa) cells. PPARγ4 is expressed in human adipose tissue [19] and mutations in
his promotor are associated to FPLD, familial partial lipodystrophy [20].

At the protein level, PPARγ is subject to several post-translational modifications,
including glycosylation and phosphorylation, which function to modify its activity [21]. For example,
O-GlcNAcylation at Thr-84 has been found to reduce PPARγ transcriptional activity in adipocytes
cultured in vitro. Moreover, PPARγ2 is phosphorylated at Ser-112 by MAPK in response to different
mitogenic growth factors that inhibit fat cell differentiation. The cdk5-dependent phosphorylation
of PPARγ at Ser-273 occurs in inflamed obese white adipose tissue and decreases PPARγ activity.
By contrast, PKA phosphorylation has been reported to positively affect the activity of PPARγ [22].
Furthermore, CK-II-dependent PPARγ1 phosphorylation at Ser-16 and Ser-21 is necessary for its
nuclear translocation [23,24]. Overall, these events illustrate the complex regulation of this nuclear
receptor. Interestingly, PPARγ expression can be inhibited by miRNAs in specific settings [25],
constituting another layer of regulation.

In kidney, PPARγ is expressed in different regions of the renal collecting system under
physiological conditions, including connective renal tubules and collecting ducts [26] (Figure 1).
PPARγ is also abundant in the inner renal medulla and is localized to the epithelial layer, from the
medullary collecting ducts to the urothelium of the ureter and the bladder. It is additionally expressed
in renal medullary interstitial cells and in the juxtaglomerular apparatus and the glomeruli, including
podocytes, mesangial cells, and renal microvascular endothelial cells [27]. Given that multiple renal
cell types have endogenous PPARγ expression and activity, its activation in kidney may be critical for
governing renal function. Indeed, as we describe later, synthetic PPARγ ligand agonists have been
shown to have reno-protective effects both in diabetic and nondiabetic patients [28].

In this review, we focus on several key observations that illustrate the central role of PPARγ in
renal metabolism and maintenance of systemic homeostasis. We will examine the involvement of
PPARγ in renal lipid, glucose, and mineral metabolism, and also blood pressure control. Against this
background, we will also address the potential use of PPARγ agonists in the clinical setting as
therapeutic agents for renal pathologies.
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Figure 1. PPARγ expression in the kidney and implications for metabolism. PPARγ is expressed
in different areas of kidney including the cortex and the medulla, which have different metabolic
specializations. Glucose metabolism (blue); Lipid metabolism (purple); Mineral metabolism (green);
Blood pressure control (red).

2. PPARγ in Renal Lipid Metabolism

Human kidney contains about 3% fat, although this varies greatly among individuals. Much of this
(~50%) is in the form of phospholipids that form cell membranes, 15% is in the form of triglycerides, and
around 0.3% is nonesterified (free) fatty acids (FFAs) [29]. Under physiological conditions, the kidney
can metabolize a variety of substrates, including FFAs, lactate, glutamine, 3-hydroxybutyrate, citrate,
pyruvate, α-ketoglutarate, glycerol, proline, and other amino acids. Proximal tubule reabsorption is
responsible for about 70% of these substrates, the metabolic fate of which depends on the extracellular
medium, hormonal influences, and metabolic conditions (acid-base). Once reabsorbed, FFAs are
metabolized within mitochondria of proximal tubule cells by β-oxidation (as their glycolytic capacity is
poor), constituting the largest source of Adenosine triphosphate (ATP). An increase in the availability
of intracellular fatty acids for mitochondria results in competition with other oxidizable substrates,
triggering a decrease in the use of glutamine, with the consequent reduction in ammoniagenesis [30].

Moorhead et al. in 1982 were the first to establish a link between alterations in lipid metabolism
and kidney disease [31]. Mutations in enzymes responsible for lipid metabolism or an increase in
serum lipids promotes a decline in renal function [32]. Accordingly, mice deficient for PPARγ present
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alterations in renal lipid metabolism, and the extent of renal damage induced by a high-fat diet is
lower in PPARγ heterozygous knockout mice than in wild-type mice concomitant with a decrease
in lipid accumulation and lipogenesis and an attenuation of lipid-mediated kidney damage [33].
We recently demonstrated that accelerated kidney damage manifests in the POKO mouse—A model of
the metabolic syndrome generated by ablation of the PPARγ2 isoform in a leptin-deficient obese (ob/ob)
background [34,35]. Despite having similar body weight and blood pressure to ob/ob littermates at
an early age, POKO mice present renal hypertrophy and dyslipidemia, and with alterations in some
proliferation markers. Moreover, they develop incipient insulin resistance associated with a decrease
in the expression of renal adiponectin. POKO mice also exhibit faster progression of kidney disease
compared with ob/ob mice, accompanied by an increase in the expression of transforming growth
factor beta (TGFβ) and also inflammatory and profibrotic markers in glomeruli, which associates with
lipotoxicity and insulin resistance. This model has confirmed the key role of PPARγ2 in regulating
renal lipid metabolism and insulin sensitivity, which is closely associated with glomerular filtration
rate and albuminuria [34]. Furthermore, we showed that podocytes treated with saturated palmitic
acid present a tendency for decreased PPARγ1 expression that correlates with a proinflammatory
and proapoptotic state, and with changes in the gene expression of enzymes involved in fatty acid
synthesis including a decrease in acyl-CoA carboxylase and fatty acid synthase [36].

In addition to lipid metabolism, PPARγ is involved in adipokine expression from adipose tissue,
including adiponectin [37], a circulating plasma protein produced by white adipose tissue that
negatively correlates with obesity. Adiponectin stimulates fatty acid oxidation, suppresses hepatic
gluconeogenesis, increases insulin sensitivity, and acts to counter the effects of tumor necrosis factor,
an inflammatory cytokine [38]. Especially relevant to kidney function, low levels of adiponectin
correlate with albuminuria both in mice and humans, and adiponectin is postulated as a renoprotective
protein after podocyte injury [39].

Heterozygous mutations in PPARγ cause FPLD3 (OMIM 604367), clinically characterized by loss
of subcutaneous limb and gluteal fat with preservation of visceral and subcutaneous abdominal fat,
fatty infiltration of the liver, and hyperuricemia [14]. All patients develop type II diabetes mellitus and
hypertension at an unusually early age. Interestingly, a single case study showed that the adipokine
leptin was effective in treating metabolic complications in a patient with FPLD3 [40]. It is known that
the kidney expresses a leptin receptor, and that leptin is cleared from the bloodstream principally by
the kidney [41].

Systemic lupus erythematosus is an autoimmune connective tissue disease marked by immune
complex-mediated lesions in small blood vessels of different organs, particularly the kidneys.
Mice lacking macrophage-specific expression of PPARγ or RXRα develop glomerulonephritis and
autoantibodies to nuclear antigens, resembling the nephritis seen in systemic lupus erythematosus [42].
Moreover, these mice exhibit tubule-interstitial lipid deposition that leads to lipid-mediated tissue
damage in all areas of the nephron [43].

Overall, these findings illustrate the crucial role of PPARγ as a master regulator of systemic lipid
metabolism in the kidney.

3. PPARγ in Renal Glucose Metabolism

The kidney contributes to glucose homeostasis not only through the processes of utilization
(i.e., glucose filtration, reabsorption, and consumption), but it is also increasingly recognized as having
a significant role in gluconeogenesis (~20% of all glucose production), and uniquely contributes to
plasma glucose regulation by controlling glucose reabsorption from renal tubules following glomerular
filtration [44]. Whereas the poorly vascularized, and consequently relatively hypoxic, medulla is a
site of considerable glycolysis, the cortex is the renal site of gluconeogenesis. Moreover, the proximal
tubule is the only region of the kidney with the appropriate enzymes necessary for gluconeogenesis.

Blood glucose is freely filtered at the glomerulus and is then reabsorbed predominantly in the
proximal tubule. This process is performed by two sodium-dependent glucose cotransporter (SGLT)
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proteins situated in different segments of epithelial cells of the proximal tubule (SGLT2 in the S1
segment and SGLT1 in the S3 segment). Once glucose has been concentrated in the epithelial cells,
it diffuses out to the interstitium via specific facilitative glucose transporters (GLUTs) localized at the
basolateral membrane [44]. Hyperglycemic conditions lead to a dysfunction of SGLT-mediated glucose
transport in proximal tubular cells and promote epithelial–mesenchymal transition (EMT), leading to
renal fibrosis. PPARγ agonists have been shown to reverse this hyperglycemia-induced EMT and to
restore functional SGLT-mediated glucose uptake [45]. Moreover, PPARγ agonists have significant
renoprotective properties in experimental models of nephropathy. Correspondingly, thiazolidinedione
compounds (TZDs), a class of insulin-sensitizing drug used in the treatment of type 2 diabetes, and a
synthetic PPARγ ligand improve glucose tolerance, which may indirectly ameliorate the progression of
chronic kidney disease (CKD). Importantly, it has been suggested that the hypoglycemic action of TZDs
relates to the inhibition of gluconeogenesis that is confined to proximal tubule cells, with minimal
hepatic consequences [44,46]. For instance, administration of the TZD rosiglitazone to rabbit renal
tubules resulted in a ~70% decrease in the rate of gluconeogenesis, accompanied by a ~75% decrease in
alanine utilization, and a ~35% increase in lactate synthesis [46]. PPARγ agonists have also been tested
in humans, and seem to improve glucose tolerance and reduce the urinary albumin excretion rate,
thus indirectly delaying renal disease progression. Unfortunately, two PPARγ agonists, rosiglitazone
and pioglitazone, had to be withdrawn from the US and European markets because of cardiovascular
disease and bladder cancer as associated side effects [21,47]. Thus, more efforts should be made to
discover new PPARγ agonists with beneficial effects on CKD.

A recent review has addressed the association of metabolic traits, specifically glucose metabolism,
with PPARγ genetic polymorphisms in humans [48], the most common of which leads to the
replacement of alanine for proline at codon 12 (Pro12Ala) in PPARγ2. This polymorphism is
associated with a risk of diabetic nephropathy in Caucasians, but no similar association is
observed in Asians. Additionally, the Ala-12 polymorphism is associated with a decreased risk of
albuminuria [49]. Also, whereas heterozygosity for the frameshift/premature stop codon mutation
[A553ΔAAAiT]fs.185[stop186] in the DNA-binding domain of PPARγ is not associated with insulin
resistance, individuals doubly heterozygous, with an additional defect in an unrelated gene encoding
the muscle-specific regulatory subunit of protein phosphatase 1 (PPP1R3A), exhibit severe insulin
resistance [50]. Along this line, Dyment et al. described a woman with biallelic mutations in PPARγ
who presented with congenital generalized lipodystrophy, hypertriglyceridemia, hepatosplenomegaly,
insulin resistance, and renal failure since birth [51].

The discovery of PPARγ as a target for TZDs prompted the screening of a cohort of subjects
with severe insulin resistance for mutations in PPARγ. Through this analysis, two new heterozygous
mutations in PPARγ, Pro467Leu, and Val290Met, were identified in three subjects [14]. In addition
to severe insulin resistance, all three patients developed liver steatosis, type 2 diabetes, and also
hypertension at a very early age [52]. Similarly, rare mutations in the ligand-binding domain
of PPARγ (Arg425Cys and Phe388Leu) have been found in patients with insulin resistance [53].
Moreover, the novel PPARγ mutations Arg165Thr and Leu339X, which are linked to familial partial
lipodystrophies, are associated with a defective transrepression of RAS, leading to cellular dysfunction
and contributing to the specific FPLD3-linked severe hypertension [54]. In addition to these findings,
other mutations such as Pro115Glu have been identified in nonlipodystrophic subjects, ascertained
based upon obesity and diabetes [13].

4. PPARγ in Renal Mineral Metabolism

Chronic kidney disease is directly related to the development of abnormalities in bone mineral
metabolism. The kidney is known to regulate the levels of vitamin D3 by producing its most active
form, 1,25 dihydroxyvitamin D3 (calcitriol), which participates in calcium and phosphate metabolism.
The key players in this hormonal bone-parathyroid-kidney axis include fibroblast growth factor 23
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(FGF23), Klotho, parathyroid hormone (PTH), and calcitriol, and recent work has also implicated the
involvement of PPARγ [55].

Osteoblasts and adipocytes share a common multipotent mesenchymal stem cell progenitor.
Akune et al. [56] showed that homozygous PPARγ-deficient embryonic stem cells failed to differentiate
into adipocytes, but spontaneously differentiated into osteoblasts. They further showed that
adipogenesis was restored by reintroduction of the PPARγ, indicating that PPARγ insufficiency
stimulates osteoblastogenesis in vivo. The canonical Wnt/β-catenin-PPARγ system determines the
molecular switch between osteoblastogenesis and adipogenesis [57]. Activation of this pathway leads
to osteogenesis, not adipogenesis, and its inhibition leads to an increase in transcription of PPARγ.
The osteogenic pathway is linked to the stimulation of Wnt signaling, leading to the final transcriptional
activation of early osteogenic markers such as runt-related transcription factor 2 (RUNX-2) and alkaline
phosphatase (ALP), which is mediated by β-catenin. Conversely, the adipogenic pathway involves
inhibition of the Wnt pathway leading to ubiquitination/degradation of β-catenin, which results in
the transcription of PPARγ, a pivotal initiator of adipogenesis [58].

It has been recently shown that the murine klotho gene is a target of PPARγ [59]. Klotho was
initially discovered as an antiaging gene and encodes a single-pass transmembrane protein that forms
a complex with the FGF receptor (FGFR) to create a de novo high-affinity binding site for FGF23.
In addition to membrane-anchored Klotho, a secreted form of the protein is directly released into the
extracellular compartment and is present in body fluids [55]. Klotho is expressed in multiple tissues but
is particularly high in the kidney in distal convoluted tubules, proximal convoluted tubules, and also
in inner medullary collecting duct-derived cell lines. Recently, two Klotho-related genes were identified
based on sequence similarity, βKlotho and γKlotho. The originally described Klotho is now referred to as
αKlotho to distinguish it from the β and γ forms. βKlotho is expressed in various tissues, most notably
in the liver and white adipose tissue, whereas γKlotho is expressed in the eye [60].

Klotho is involved in the regulation of calcitriol production and modulates urinary phosphate,
calcium and potassium excretion, and is downregulated in conditions related to kidney injury [61].
Consistent with its activation by PPARγ, oral administration of the PPARγ agonist troglitazone
augmented renal klotho mRNA expression in Otsuka Long–Evans Tokushima Fatty rats and protected
against the endothelial dysfunction induced in this model of atherogenesis [62]. Unfortunately,
TZD treatment is associated with an increased risk of hip fractures and is linked to the formation of
excessive calcium phosphate precipitates in the urinary bladder [63,64]. Likely, this effect is caused by
excess PPARγ activity, which increases adipogenesis and downregulates the β-catenin pathway and
osteoblastogenesis. Overall, these data point to PPARγ as an important player in maintaining mineral
metabolism, both at the renal and the systemic level.

5. PPARγ in Systemic Blood Pressure Control

In line with a major role in the regulation of vascular tone and blood pressure, mutations in
PPARγ induce severe hypertension and type 2 diabetes. Mice with mutations in PPARγ in smooth
muscle present vascular dysfunction and severe systolic hypertension [65]. Cells of the juxtaglomerular
apparatus express PPARγ (Figure 1) and produce renin, a protease that cleaves angiotensinogen
to generate angiotensin I. Renin is a key component of the renin-angiotensin-aldosterone system
(RAAS) that mediates extracellular volume. The human renin gene is activated by endogenous and
pharmacological PPARγ agonists and is a direct target of PPARγ, containing two PPARγ binding
sequences that control its transcription [66].

PPARγ also acts as a negative regulator of angiotensin II receptor 1 transcription, another
important component of RAAS. In 2004, the angiotensin II receptor 1 antagonist telmisartan, which is
to treat hypertension and diabetes, was identified as a partial agonist of PPARγ [67,68]. By activating
PPARγ, telmisartan exerts beneficial effects on the kidney by decreasing proteinuria and inflammation,
and consequently confers renoprotection. Since telmisartan can bind to the ligand-binding domain of
PPARγ at a site that is different to that used by TZDs, it is not surprising that telmisartan possesses
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unique properties unrelated to that of conventional TZDs. Accordingly, telmisartan has the capacity to
reverse the progression of EMT induced by TGFβ1 in cultured human kidney proximal tubule epithelial
cells and can counteract EMT-related pathological changes such as renal fibrosis [69]. The combined use
of TZDs and angiotensin receptor blockers, however, fails to provide synergistic protective action, and it
has been shown that co-administration of RAAS inhibitors and PPARγ agonists promotes anemia in
uncomplicated diabetic patients [70]. The development of new therapies (combined or not) that exploit
the beneficial effects of PPARγ activation in the treatment of renal disease are therefore warranted.

It has been also observed that troglitazone has vasodilating effects on efferent and afferent
arterioles from rabbit kidney, consistent with PPARγ expression in intima/media renal vasculature,
thereby decreasing glomerular capillary pressure and hence excretion of urinary protein [71].

The beneficial effects of PPARγ agonists in the control of blood pressure underscore the pivotal
role of PPARγ at this level. PPARγ also has a critical role in systemic fluid retention through the
regulation of renal sodium transport in the collecting duct, as the adverse effect of TZD use in the
treatment of diabetes is PPARγ-dependent. Thus, the Scnn1g gene, encoding the gamma subunit of the
epithelial Na+ channel, was identified as a critical PPARγ target gene in the control of edema [72,73].
The TZD-induced fluid retention effects are attenuated in patients by the combination treatment with
diuretics (Figure 2).

Figure 2. Effects of PPARγ activation in different systems: In the vascular system, PPARγ decreases
arterial pressure, relaxes muscular tone, and downregulates RAAS; in adipose tissue, the activation of
PPARγ promotes adipogenesis; in β-cells it increases insulin secretion; PPARγ is also anti-inflammatory
and from the bone resorption is produced accompanied of release of calcium and phosphate that form
stones in the bladder. ANG-II: Angiotensin II; RAAS, Renin Angiotensin Aldosterone System; TGF-β1,
transforming growth factor beta 1.

6. PPARγ and Circadian Rhythm

All PPAR isoforms are known to be rhythmically expressed [25]. Specifically, PPARγ has
direct interactions with the core clock genes [26–28], suggesting that it may act as a molecular link
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between circadian rhythm and energy metabolism. Moreover, PPARγ exhibits variations in its diurnal
expression in mouse fat, liver, and blood vessels [74], which is exacerbated by consumption of a high-fat
diet [75]. In addition, deletion of PPARγ in mouse suppresses or diminishes diurnal rhythms [76].
In this regard, nocturnin, a circadian-regulated gene that encodes a deadenylase thought to be involved
in the removal of polyA tail from mRNAs, binds to PPARγ and enhances its transcriptional activity.
Enhanced activity of PPARγ by nocturnin may result in increased bone marrow adiposity and bone
loss [77].

The circadian expression of PPARγ has not yet been established in kidney. An evaluation of
this phenomenon could be especially interesting to associate the regulation of renal metabolism with
central and peripheral circadian networks.

7. Conclusions

PPARγ is a nuclear receptor that regulates systemic glucose and lipid homeostasis and participates
also in immunity and vascular health. In the kidney, PPARγ is expressed in many different types of
cells with diverse metabolic specializations, underscoring important roles for this nuclear receptor in
renal lipid metabolism, glucose management, mineral metabolism, and the control of systemic blood
pressure. PPARγ activation improves insulin sensitivity and reduces cardiovascular complications
and renal injury in clinical practice. Nevertheless, the complex regulation of PPARγ together with
the adverse effects of PPARγ agonists hinders efforts to develop safe clinical treatments. The new
challenges with regard to future applications include a comprehensive analysis of PPARγ cell-specific
actions in the kidney and the manipulation of PPARγ expression. Finally, a better understanding of the
molecular mechanisms of action of PPARγ in specific pathways together with its systemic implications
may allow the development of new agonists and modulators to improve the management of kidney
disease and consequently global homeostasis.
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42. Rőszer, T.; Menéndez-Gutiérrez, M.P.; Lefterova, M.I.; Alameda, D.; Núñez, V.; Lazar, M.A.; Fischer, T.;
Ricote, M. Autoimmune Kidney Disease and Impaired Engulfment of Apoptotic Cells in Mice with
Macrophage Peroxisome Proliferator-Activated Receptor or Retinoid X Receptor Deficiency. J. Immunol.
2011, 186, 621–631. [CrossRef] [PubMed]

43. Luzar, B.; Ferluga, D. Role of lipids in the progression of renal disease in systemic lupus erythematosus
patients. Wiener Klinische Wochenschrift 2000, 112, 716–721. [PubMed]

44. Mather, A.; Pollock, C. Glucose handling by the kidney. Kidney Int. Suppl. 2011, 79, S1–S6. [CrossRef]
[PubMed]

45. Lee, Y.J.; Han, H.J. Troglitazone ameliorates high glucose-induced EMT and dysfunction of SGLTs through
PI3K/Akt, GSK-3, Snail1, and -catenin in renal proximal tubule cells. AJP Renal Physiol. 2010, 298,
F1263–F1275. [CrossRef] [PubMed]

46. Derlacz, R.A.; Hyc, K.; Usarek, M.; Jagielski, A.K.; Drozak, J.; Jarzyna, R. PPAR-gamma-independent
inhibitory effect of rosiglitazone on glucose synthesis in primary cultured rabbit kidney-cortex tubules.
Biochem. Cell. Biol. 2008, 86, 396–404. [CrossRef] [PubMed]

47. Kung, J.; Henry, R.R. Thiazolidinedione safety. Expert Opin. Drug Saf. 2012, 11, 565–579. [CrossRef] [PubMed]
48. Pap, A.; Cuaranta-Monroy, I.; Peloquin, M.; Nagy, L. Is the mouse a good model of human PPAR??-related

metabolic diseases? Int. J. Mol. Sci. 2016, 17, 1236. [CrossRef] [PubMed]
49. Zhang, H.; Zhu, S.; Chen, J.; Tang, Y.; Hu, H.; Mohan, V.; Venkatesan, R.; Wang, J.; Chen, H. Peroxisome

proliferator-activated receptor γ polymorphism Pro12Ala is associated with nephropathy in type 2 diabetes:
Evidence from meta-analysis of 18 studies. Diabetes Care 2012, 35, 1388–1393. [CrossRef] [PubMed]

50. Agostini, M.; Schoenmakers, E.; Mitchell, C.; Szatmari, I.; Savage, D.; Smith, A.; Rajanayagam, O.; Semple, R.;
Luan, J.A.; Bath, L.; et al. Non-DNA binding, dominant-negative, human PPARγ mutations cause
lipodystrophic insulin resistance. Cell Metab. 2006, 4, 303–311. [CrossRef] [PubMed]

51. Dyment, D.A.; Gibson, W.T.; Huang, L.; Bassyouni, H.; Hegele, R.A.; Innes, A.M. Biallelic mutations at
PPARG cause a congenital, generalized lipodystrophy similar to the Berardinelli–Seip syndrome. Eur. J. Genet.
2014, 57, 524–526. [CrossRef] [PubMed]

52. Savage, D.B.; Tan, G.D.; Acerini, C.L.; Jebb, S.A.; Agostini, M.; Gurnell, M.; Williams, R.L.; Umpleby, A.M.;
Thomas, E.L.; Bell, J.D.; et al. Human metabolic syndrome resulting from dominant-negative mutations in the
nuclear receptor peroxisome proliferator-activated receptor-gamma. Diabetes 2003, 52, 910–917. [CrossRef]
[PubMed]

53. Hegele, R.A.; Cao, H.; Frankowski, C.; Mathews, S.T.; Leff, T. PPARG F388L, a transactivation-deficient
mutant, in familial partial lipodystrophy. Diabetes 2002, 51, 3586–3590. [CrossRef] [PubMed]

54. Auclair, M.; Vigouroux, C.; Boccara, F.; Capel, E.; Vigeral, C.; Guerci, B.; Lascols, O.; Capeau, J.;
Caron-Debarle, M. Peroxisome proliferator-activated receptor-γ mutations responsible for lipodystrophy
with severe hypertension activate the cellular renin-angiotensin system. Arterioscler. Thromb. Vasc. Biol. 2013,
33, 829–838. [CrossRef] [PubMed]

55. Hu, M.C.; Kuro-o, M.; Moe, O.W. Klotho and Chronic Kidney Disease. Contrib. Nephrol. 2013, 180, 47–63.
[CrossRef] [PubMed]

56. Akune, T.; Ohba, S.; Kamekura, S.; Yamaguchi, M.; Chung, U.I.; Kubota, N.; Terauchi, Y.; Harada, Y.;
Azuma, Y.; Nakamura, K.; et al. PPARγ insufficiency enhances osteogenesis through osteoblast formation
from bone marrow progenitors. J. Clin. Investig. 2004, 113, 846–855. [CrossRef] [PubMed]

57. Takada, I.; Kouzmenko, A.P.; Kato, S. Wnt and PPARγ signaling in osteoblastogenesis and adipogenesis.
Nat. Rev. Rheumatol. 2009, 5, 442–447. [CrossRef] [PubMed]

58. Lecarpentier, Y.; Claes, V.; Duthoit, G.; Hébert, J.-L. Circadian rhythms, Wnt/beta-catenin pathway and
PPAR alpha/gamma profiles in diseases with primary or secondary cardiac dysfunction. Front. Physiol.
2014, 5, 429. [CrossRef] [PubMed]

59. Zhang, H.; Li, Y.; Fan, Y.; Wu, J.; Zhao, B.; Guan, Y.; Chien, S.; Wang, N. Klotho is a target gene of
PPAR-gamma. Kidney Int. 2008, 74, 732–739. [CrossRef] [PubMed]

60. Kuro-o, M. Klotho and the Aging Process. Korean J. Intern. Med. 2011, 26, 113. [CrossRef] [PubMed]

247



Int. J. Mol. Sci. 2018, 19, 2063

61. Izquierdo, M.C.; Perez-Gomez, M.V.; Sanchez-Niño, M.D.; Sanz, A.B.; Ruiz-Andres, O.; Poveda, J.;
Moreno, J.A.; Egido, J.; Ortiz, A. Klotho, phosphate and inflammation/ageing in chronic kidney disease.
Nephrol. Dial. Transplant. 2012, 27, 6–10. [CrossRef] [PubMed]

62. Yamagishi, T.; Saito, Y.; Nakamura, T.; Takeda, S.I.; Kanai, H.; Sumino, H.; Kuro-o, M.; Nabeshima, Y.I.;
Kurabayashi, M.; Nagai, R. Troglitazone improves endothelial function and augments renal klotho mRNA
expression in Otsuka Long-Evans Tokushima Fatty (OLETF) rats with multiple atherogenic risk factors.
Hypertens. Res. 2001, 24, 705–709. [CrossRef] [PubMed]

63. Dominick, M.A.; White, M.R.; Sanderson, T.P.; Van Vleet, T.; Cohen, S.M.; Arnold, L.E.; Cano, M.;
Tannehill-Gregg, S.; Moehlenkamp, J.D.; Waites, C.R.; et al. Urothelial carcinogenesis in the urinary bladder
of male rats treated with muraglitazar, a PPAR alpha/gamma agonist: Evidence for urolithiasis as the
inciting event in the mode of action. Toxicol. Pathol. 2006, 34, 903–920. [CrossRef] [PubMed]

64. Monami, M.; Dicembrini, I.; Mannucci, E. Thiazolidinediones and cancer: Results of a meta-analysis of
randomized clinical trials. Acta Diabetol. 2014, 51, 91–101. [CrossRef] [PubMed]

65. Halabi, C.M.; Beyer, A.M.; de Lange, W.J.; Keen, H.L.; Baumbach, G.L.; Faraci, F.M.; Sigmund, C.D.
Interference with PPARγ Function in Smooth Muscle Causes Vascular Dysfunction and Hypertension.
Cell Metab. 2008, 7, 215–226. [CrossRef] [PubMed]

66. Todorov, V.T.; Desch, M.; Schmitt-Nilson, N.; Todorova, A.; Kurtz, A. Peroxisome proliferator-activated
receptor-gamma is involved in the control of renin gene expression. Hypertension 2007, 50, 939–944.
[CrossRef] [PubMed]

67. Benson, S.C.; Pershadsingh, H.A.; Ho, C.I.; Chittiboyina, A.; Desai, P.; Pravenec, M.; Qi, N.; Wang, J.;
Avery, M.A.; Kurtz, T.W. Identification of Telmisartan as a Unique Angiotensin II Receptor Antagonist with
Selective PPARγ-Modulating Activity. Hypertension 2004, 43, 993–1002. [CrossRef] [PubMed]

68. Schupp, M.; Janke, J.; Clasen, R.; Unger, T.; Kintscher, U. Angiotensin Type 1 Receptor Blockers Induce
Peroxisome Proliferator-Activated Receptor-g Activity. Circulation 2004, 109, 2054–2057. [CrossRef] [PubMed]

69. Chen, Y.; Luo, Q.; Xiong, Z.; Liang, W.; Chen, L.; Xiong, Z. Telmisartan counteracts TGF-β1 induced
epithelial-to-mesenchymal transition via PPAR-γ in human proximal tubule epithelial cells. Int. J. Clin.
Exp. Pathol. 2012, 5, 522–529. [PubMed]

70. Raptis, A.E.; Bacharaki, D.; Mazioti, M.; Marathias, K.P.; Markakis, K.P.; Raptis, S.A.; Dimitriadis, G.D.;
Vlahakos, D.V. Anemia due to coadministration of renin-angiotensin-system inhibitors and PPARγ agonists
in uncomplicated diabetic patients. Exp. Clin. Endocrinol. Diabetes 2012, 120, 416–419. [CrossRef] [PubMed]

71. Arima, S.; Kohagura, K.; Takeuchi, K.; Taniyama, Y.; Sugawara, A.; Ikeda, Y.; Abe, M.; Omata, K.; Ito, S.
Biphasic vasodilator action of troglitazone on the renal microcirculation. J. Am. Soc. Nephrol. 2002, 13,
342–349. [PubMed]

72. Guan, Y.; Hao, C.; Cha, D.R.; Rao, R.; Lu, W.; Kohan, D.E.; Magnuson, M.A.; Redha, R.; Zhang, Y.; Breyer, M.D.
Thiazolidinediones expand body fluid volume through PPARgamma stimulation of ENaC-mediated renal
salt absorption. Nat. Med. 2005, 11, 861–866. [CrossRef] [PubMed]

73. Zhang, H.; Zhang, A.; Kohan, D.E.; Nelson, R.D.; Gonzalez, F.J.; Yang, T. Collecting duct-specific deletion
of peroxisome proliferator-activated receptor blocks thiazolidinedione-induced fluid retention. Proc. Natl.
Acad. Sci. USA 2005, 102, 9406–9411. [CrossRef] [PubMed]

74. Wang, N.; Yang, G.; Jia, Z.; Zhang, H.; Aoyagi, T.; Soodvilai, S.; Symons, J.D.; Schnermann, J.B.; Gonzalez, F.J.;
Litwin, S.E. Vascular PPARγ Controls Circadian Variation in Blood Pressure and Heart Rate through Bmal1.
Cell Metab. 2008, 8, 482–491. [CrossRef] [PubMed]

75. Kawai, M.; Rosen, C.J. PPARγ: A circadian transcription factor in adipogenesis and osteogenesis.
Nat. Rev. Endocrinol. 2010, 6, 629–636. [CrossRef] [PubMed]

76. Yang, G.; Jia, Z.; Aoyagi, T.; McClain, D.; Mortensen, R.M.; Yang, T. Systemic PPARγ Deletion Impairs
Circadian Rhythms of Behavior and Metabolism. PLoS ONE 2012, 7, e38117. [CrossRef] [PubMed]

77. Stubblefield, J.J.; Terrien, J.; Green, C.B. Nocturnin: At the crossroads of clocks and metabolism.
Trends Endocrinol. Metab. 2012, 23, 326–333. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

248



 International Journal of 

Molecular Sciences

Review

PPARs and Metabolic Disorders Associated with
Challenged Adipose Tissue Plasticity

Patricia Corrales 1,*, Antonio Vidal-Puig 2,3 and Gema Medina-Gómez 1,*

1 Área de Bioquímica y Biología Molecular, Departamento de Ciencias Básicas de la Salud,
Facultad de Ciencias de la Salud, Universidad Rey Juan Carlos, Avda. de Atenas s/n. Alcorcón,
28922 Madrid, Spain

2 Metabolic Research Laboratories, Wellcome Trust MRC Institute of Metabolic Science,
Addenbrooke’s Hospital, University of Cambridge, Cambridge CB2 0QQ, UK;
ajv22@medschl.cam.ac.uk

3 Wellcome Trust Sanger Institute, Hinxton, Cambridgeshire CB10 1SA, UK
* Correspondence: patricia.corrales@urjc.es (P.C.); gema.medina@urjc.es (G.M.-G.);

Tel.: +34-91-4888632 (G.M.-G.)

Received: 19 June 2018; Accepted: 18 July 2018; Published: 21 July 2018

Abstract: Peroxisome proliferator-activated receptors (PPARs) are members of a family of nuclear
hormone receptors that exert their transcriptional control on genes harboring PPAR-responsive
regulatory elements (PPRE) in partnership with retinoid X receptors (RXR). The activation of PPARs
coordinated by specific coactivators/repressors regulate networks of genes controlling diverse
homeostatic processes involving inflammation, adipogenesis, lipid metabolism, glucose homeostasis,
and insulin resistance. Defects in PPARs have been linked to lipodystrophy, obesity, and insulin
resistance as a result of the impairment of adipose tissue expandability and functionality. PPARs
can act as lipid sensors, and when optimally activated, can rewire many of the metabolic pathways
typically disrupted in obesity leading to an improvement of metabolic homeostasis. PPARs also
contribute to the homeostasis of adipose tissue under challenging physiological circumstances, such
as pregnancy and aging. Given their potential pathogenic role and their therapeutic potential,
the benefits of PPARs activation should not only be considered relevant in the context of energy
balance-associated pathologies and insulin resistance but also as potential relevant targets in the
context of diabetic pregnancy and changes in body composition and metabolic stress associated with
aging. Here, we review the rationale for the optimization of PPAR activation under these conditions.
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1. Introduction

Approximately 39% of the world’s adult population is overweight and no less than 13% is
obese. Obesity is currently the most prevalent chronic metabolic disorder and its current prevalence
is predicted to triple by 2030 according to the World Health Organization (WHO). Beyond the
obvious physical constraints and associated psychological stress, the main cause of morbimortality
associated with obesity is its associated cardiometabolic metabolic pathologies, namely insulin
resistance, dyslipidemia, and type 2 diabetes (T2D), a cluster of pathological entities globally designated
as metabolic syndrome (MetS). Under normal circumstances, an excess of calories is considered
advantageous for the organism as long as it is efficiently stored in the adipose tissue in the form of
fat. However, excessive amounts of fat, beyond the available storing capacity of the adipose tissue
(AT), or when accreted at a relatively fast pace, may overwhelm the functional capacity of the organ.
When that happens, the excess of nutrients can, to a certain extent, be burnt, and/or alternatively
be accumulated ectopically in other metabolically relevant organs, such as the liver, skeletal muscle,
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kidney, and pancreas—organs not purposely designed to be a main storage compartment. In these
organs, as in the white AT (WAT), the excessive nutrient load induces metabolic stress causing
lipid-related toxicity, a known cause for insulin resistance and inflammation [1,2].

Given these gloomy prospects, it has become increasingly necessary to identify pathogenic
molecular mechanisms and diagnostic and prognostic biomarkers that can predict evolution and
potential outcomes, as well as suitable therapeutic targets. Although metabolic syndrome has
by definition different potential pathogenic entrances, we believe that given the relevance of its
association with obesity, it is quite likely that in a high percentage of these predominantly obese
patients, the dysfunction of their adipose tissue becomes a main contributor to subsequent associated
complications. Peroxisome proliferator-activated receptors (PPARs) play important regulatory roles
that control the homeostasis of the adipose tissue through the regulation of the balance between
anabolic and oxidative processes. In this regard, we think that the PPARs associated with specific
processes could be targeted, given their objective to beneficially improve insulin sensitivity, and that
their agonists could be suitable candidates in the therapeutic arsenal to treat MetS.

PPARs are a group of ligand-activated nuclear hormone receptors. These transcription factors
exist within a protein superfamily, which includes the receptors for retinoids, vitamin D, steroids, and
thyroid hormones. These nuclear receptors bind to PPAR-responsive regulatory elements (PPRE) and
heterodimerize with the retinoid X receptors (RXR), translocating to the nucleus where they contribute
to transactivate and/or transrepress specific genes. In some respect, the PPARs are well placed to
connect the environment represented by nutritional inputs [3,4] to specific genetic programs controlling
genes involved in inflammation, adipogenesis, lipid metabolism, and glucose homeostasis [5].

There are three different isoforms of PPARs in mammals: PPARα, PPARβ/δ, and PPARγ.
The three PPARs isoforms show structural similarities. However, despite their similarities, the isoforms
exhibit differences in tissue distribution, ligand specificities, and functions. Recently, PPARs have
been suggested to relate to the crossroads of obesity, diabetes, inflammation, and cancer [6]. Their
topographic distribution and context-dependent regulation may be more important than the specific
repertoire of genes they regulate, and collectively, they play an essential role in the maintenance of
metabolic homeostasis [7–9].

PPARα is predominantly expressed in the liver and to a lesser extent in muscle, heart, bone, and
brown adipose tissue (BAT), all of which are eminently prooxidative tissues rich in mitochondria
content. In the liver, PPARα is activated under energy deprivation conditions. It is part of the adaptive
response to fasting, and its main net contribution is to increase ATP production from β-oxidative
phosphorylation, a process that requires coupling to the ancillary systems related to fatty acid transport
and ketogenesis [10,11]. Moreover, the role of PPARα in controlling the expression of genes involved
in lipid metabolism goes beyond its immediate effect of increasing energy availability in the liver,
by also providing energy for supply to the peripheral tissues according to energetic demands in
the heart, muscle, kidney, and brown AT during fasting. Through its prooxidative anti lipotoxic
effects, PPARα ligands are successfully used therapeutically to treat primary and secondary forms of
hypertriglyceridemia particularly associated with MetS [12,13].

PPARβ/δ is ubiquitously expressed but is particularly active in skeletal muscle, where it
contributes to sustain the energy requirements for physical exercise by upregulating fatty acid
β-oxidation specifically during fasting [14]. This PPAR isoform is also expressed in adipocytes and
macrophages, where it reduces the expression of proinflammatory markers, such as nuclear factor
kappa B (NF-κB), conferring the systemic anti-inflammatory activity of this isoform [15,16].

PPARγ is predominantly expressed in adipose tissues, both white and brown, where it plays
an important anabolic role in facilitating fat storage, adipogenesis, and thermogenesis [17,18]. There
are two main isoforms, PPARγ1 and PPARγ2, differentiated by an extra exon of 90 nucleotides in
the end terminus of the γ2 isoform. PPARγ1 has a widespread distribution and seems to support a
sort of housekeeping metabolic role, which is particularly relevant in the intestine, macrophages, the
liver, muscle, pancreatic β-cells, bone, placenta, and adipose tissue. Conversely, the expression of
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the PPARγ2 isoform is restricted under physiological conditions to adipose tissues. However, under
conditions such as long-term overnutrition or obesity, PPARγ2 is induced de novo in the liver and
skeletal muscle, in parallel with the development of ectopic accumulation of lipids in these and other
organs [19]. Both PPARγ isoforms contribute to the uptake of glucose and lipids, and when expressed
ectopically, they promote safe deposition of lipids in peripheral tissues, such as the liver, muscle,
and adipose tissue. When interpreting the role of PPARγ isoforms on the maintenance of energy
homeostasis, it is important to consider the effect that the ectopic induction of PPARγ2 contributes to
facilitating the reorganization of the inter-organ communication of nutrients and energy fluxes, which
will help to understand how, when defective, it may lead to insulin resistance [20]. PPARγ has been
heavily studied in part because the availability of its pharmacological agonists (TZDs) ligands, such as
rosiglitazone and pioglitazone, both known to improve insulin resistance and exert anti-inflammatory
effects in the adipose tissue [21–23] and on a systemic level. Such effects are potentially important in
the treatment of obesity and T2D but also could have therapeutic value in physiological states, such as
pregnancy and aging, characterized by insulin resistance and changes in body composition.

In this review, we summarize the contribution of PPARs to the maintenance of the adipose
tissue physiology and discuss the pathogenic role mediated by dysfunctional PPARs in different
contexts, characterized by defective adipose tissue expandability or functional failure associated with
the development of insulin resistance and T2D, such as obesity, pregnancy, and aging.

2. Adipose Tissue Physiology and Lipotoxicity

Two main types of adipose tissue—white and brown adipose tissue (WAT and BAT,
respectively)—exist. WAT is an endocrine organ that stores and mobilizes energy reserves as fat,
whereas BAT uses lipids to produce heat by promoting uncoupled fatty acid oxidation converting
nutrients in heat upon β-adrenergic stimulation or cold exposure. Both white and brown are necessary
and contribute to maintain whole-body energy homeostasis [24].

Beyond its storage function, the WAT is an important endocrine organ responsible for synthesizing
hormones, chemokines, and cytokines that modulate food intake, insulin sensitivity, or inflammation,
which contribute to the maintenance of whole metabolism functionality [25,26]. In healthy conditions,
the main function of the subcutaneous WAT is lipid storage of free fatty acids (FFAs) as triglycerides
(TGs) in large unilocular droplets. However, in the context of chronic energy surplus leading to
weight gain, the subcutaneous WAT adapts by increasing the cell size of the existing adipocytes
(hypertrophy) and/or increasing the number through differentiation of new adipocytes (hyperplasia).
Initially, this adaptation is sufficient to store lipids in the WAT, preventing them from ectopically
accumulating in the liver or muscle. But, once adipose tissue storage capacity is exceeded above an
individualized threshold, where the subcutaneous WAT cannot accommodate the excess of lipids,
then these lipids are ectopically deposited in the liver, pancreas, muscle, kidney, and other important
peripheral tissues. As obesity progresses the adipose tissue becomes inflamed and fibrotic, further
contributing to the dysfunction of the AT. Both the failure to take upon lipids and to appropriately
mobilize them decreases the metabolic flexibility of the WAT and exerts a knock-on effect on other
organs leading to the development of metabolic abnormalities, such as dyslipidemia and peripheral
insulin resistance [24,27].

In contrast to the unique, large lipid droplets of white adipocytes, BAT stores TGs in multilocular
lipid droplets. This distribution of lipids in small vesicles helps to titrate the release of lipids destined to
be oxidized by the mitochondria to produce heat through “uncoupling” of oxidative phosphorylation
of FFAs stimulated by β-adrenergic sympathetic nervous system (SNS) typically observed in cold
exposure. By oxidizing nutrients, BAT activation counteracts obesity, reduces TGs in the plasma, and
reduces atherosclerosis development [28,29]. Furthermore, another type of thermogenic adipocytes
can also be found interspersed in white fat depots, such as cells known as ‘brite/beige’ adipocytes [30].
This type of adipocytes appears to respond to thermogenic stimulation and, in principle, are expected
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to contribute to the regulation of body weight and the improvement of insulin resistance [31]; however,
their functional relevance has not been clearly demonstrated so far.

Although there is a correlation between fat mass and insulin resistance, the adipose tissue
mass by itself is not the main determinant factor linking obesity and insulin resistance. The relative
mismatch between storage capacity and lipid load supply could be considered to be more relevant.
By upregulating the capacity of adipose tissue to expand and store and/or by decreasing the supply of
lipids, we may tweak this balance, preventing the mismatch. PPARs are key transcriptional regulators
of this balance by contributing to increase the storage capacity of the adipose tissue and also, through
their prooxidative effects, to decrease the demand for storage or the supply of lipids. A second layer
of complexity comes from the knock-on positive effect, that by restoring the balance of the AT, it will
exert an influence on the function of other metabolic tissues as a result of removing the toxic effects
determined by ectopic fat deposition.

3. PPARs and Fat Mass Expansion and Function

The binding of ligands to PPARγ results in molecular changes, including the dissociation of
co-repressors and the recruitment of co-activators, ultimately leading to changes in the coordinated
expression of networks of genes functionally linked to adipogenesis, lipid metabolism, inflammation,
thermogenesis, and body glucose homeostasis. PPARγ activation facilitates fat accretion and retains
the functionality of adipose tissue by coordinating adipogenesis, fat transport, and lipolysis upon
reaching an individualized threshold of adipose tissue mass. Defects in PPARγ, either in the form of
mutants or secondary-to-decreased expression, compromises adipose tissue function, plasticity, and
lipotoxicity. This is accompanied by the development of peripheral insulin resistance and ultimately
global metabolic disruption. Restoration/maintenance of PPARγ functionality senses the lipid load
and enables the recovery of the homeostasis of essential metabolic pathways (Figure 1).

PPARα is preferentially expressed in liver, where its activation is essential to generate energy,
particularly under conditions of energy deprivation paradigms by promoting fatty acid uptake and
oxidation [10]. This isoform exerts a pleiotropic effect controlling liver glucose metabolism, as observed
in mice where PPARα activation by fibrates decreases expression levels of glucokinase [32] and
suppresses pyruvate transformation to acetyl-CoA [33]. PPARα is also expressed in the WAT, where
its activation elicits systemic effects in rodents by decreasing adiposity and ameliorating the insulin
resistance in obese mouse models [34]. Moreover, it has been reported that treatment with PPAR-α
agonists also increases the expression of adiponectin by the WAT [34,35] and decreases the tumor
necrosis factor α (TNF-α) levels [36,37]. This anti-inflammatory effect in the WAT suggests PPARα
activation has the capacity to improve insulin resistance and ameliorate obesity. In the BAT, PPARα
exerts a thermogenic effect, cooperating with the peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC1α) to control lipid oxidation and thermogenesis in response to β-adrenergic
stimulation in response to cold exposure [38]. Moreover, activation of PPARα in obese mice increases
energy expenditure and activates thermogenic pathways that facilitate weight loss [39]. Because of
PPARα agonists’ prooxidative actions, activators of this nuclear hormone receptor may be used to
improve obesity-induced insulin resistance.

PPAR-β/δ in the BAT regulates the fatty acid oxidation [14,40] and the thermogenic response
contributing to the induction of the uncoupling protein 1 (Ucp1) expression and leading to the
reduction of the WAT mass [40]. Moreover, this isoform may also have an anti-inflammatory effect
when activated [41,42]. The metabolic function of PPAR-β/δ in the WAT has been much less studied,
although it is known that this isoform facilitates preadipocyte differentiation [43]. Nowadays,
PPAR-β/δ activators are under study for their clinical advantages in treating obesity.
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Figure 1. Overview of the effects of peroxisome proliferator-activated receptors (PPARs) activation in
obesity, pregnancy, and aging. In obesity, PPARs activation decreases fibro-inflammation and ectopic fat
accumulation in the adipose tissue (AT). In pregnancy, PPARs activation stimulates glucose uptake and
fatty acid oxidation in the mother, while the placenta decreases insulin uptake to ameliorate abnormal
fetal growth. In aging, this PPARs activation increases the glucose uptake and lipid metabolism in the
subcutaneous white AT (scWAT). Moreover, both PPARs activation and caloric restriction (CR, dotted
arrow) in aging promote browning in the AT, which improves the whole-body metabolism. The final
effect of PPARs activation in all situations is the improvement of insulin resistance (IR). PPARs

activation; . effects or PPARs activation; CR effect; inhibition;  increase or

decrease effect.

PPARγ is expressed predominantly in the adipose tissues, where it acts as sensor of lipids,
hormones, vitamins, and endogenous metabolites. This isoform is an important regulator of adipocyte
differentiation, fat storage as triglyceride, and energy homeostasis. Both isoforms of PPARγ, PPARγ1
and PPARγ2, are necessary for the adipogenic function, and alteration in their expression increases
susceptibility to lipodystrophy, insulin resistance, and T2D [44]. PPARγ is necessary for fat cell
differentiation in all adipose depots and contributes to define the maximum threshold of expansion
of the WAT. This is supported by studies showing that ectopic presence of PPARγ in non-adipogenic
cells trans-differentiates them into mature adipocytes [45,46]. Moreover, PPARγ-deficient mice cannot
develop adipose tissue [47,48]. Mice with PPARγ knockout in mature cells also develop insulin
resistance and hyperlipidemia through dysregulation of molecular pathways of insulin signaling,
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FFAs uptake, and lipolysis [49]. Specific knockdown of the PPARγ2 isoform in mice results in adipose
tissue dysfunction and insulin resistance [2]. Moreover, when the adipose tissue of this model is
challenged with increased lipid supply, as characteristically observed in a leptin-deficient obese (ob/ob)
background (POKO mouse [50]), these mice are precociously more insulin resistant, as young as
4 weeks, an age where the differences in fat mass in comparison with an ob/ob mice are not well
established. In addition, the POKO mice became diabetic and hyperlipidaemic at 16 weeks of age,
despite weighing less and having less fat than an ob/ob mouse at that age, with increased toxic
reactive lipid species in different tissues, behaving like a mouse model of lipotoxicity and metabolic
syndrome [51]. This reinforces the concept that it is not the absolute amount of fat mass, but the
mismatch between nutrient supply and storage capacity that results in dysfunctional adipose tissue
and metabolic stress. Furthermore, in states of obesity, the expression of PPARγ decreases with the
consequent induction of a high grade of inflammation, angiogenesis, and fibrosis in the WAT [52] and
low levels of adiponectin, which limits the adipose tissue expansion. Consistent with this, patients
with mutations of PPARγ develop lipodystrophy and insulin resistance [53]. Conversely, increased
expression of PPARγ protects from the insulin resistance associated with obesity [54].

TZDs, the pharmacological agonists of PPARγ, have been used clinically as antidiabetic agents,
and their beneficial effects are well documented in relation with insulin resistance and obesity.
The activation of PPARγ by TZDs in the WAT improves WAT expansion, alleviates peripheral
lipotoxicity and normalizes adipokine secretion [24]. This activation improves the WAT’s ability
to store lipids and reduces lipotoxicity in the liver and muscle by the activation of metabolic pathways
implicated in FFA oxidation. The metabolic effects include lower levels of TGs in circulation, in the
liver, and muscle, coupled with increased TGs in the adipose tissue [52]. The expression of TNF-α is
also inhibited using TZDs [55]. Furthermore, PPARγ stimulates adiponectin production in the WAT,
which contributes to further stimulating FFA oxidation, reducing hepatic glucose, and increasing the
use of glucose by muscle [56]. Recently, it has been shown that PPARγ activated by TZDs promotes
the expression of the fibroblast growth factor family (FGF1 and FGF21) showing the key role of the
PPARγ–FGF axis, which contributes to the remodeling of the adipose tissue and the maintenance of
metabolic homeostasis [57,58]. Thus, the result of pharmacological intervention in obesity with TZDs
is the improvement of insulin sensitivity derived from the effects of TZDs improving adipose tissue
function despite the associated increase in fat mass.

TZDs can promote browning in the WAT. Activating PPARγ [59] increases the expression of
BAT-specific genes, such as Ucp-1 and Prdm16 [60], via Sirt1 [61], priming the oxidative capacity of the
adipose tissue through its transformation into brown-like adipocytes. These effects confer thermogenic
properties by promoting mitochondrial biogenesis in the WAT, which can help in the remodeling of
the adipose tissue and insulin resistance improvement under obesity conditions.

Therefore, the role of PPARγ improving glucose metabolism and insulin sensitivity is well
established and provides insights into the molecular regulation of adipose tissue expansion in normal
and obese/lipodystrophy pathological states but also in other situations in which the adipose tissue is
physiologically stressed, such as pregnancy and aging.

4. PPARs and Pregnancy

Pregnancy involves hormonal and metabolic adaptations that directly affect maternal adiposity.
In the early stages of pregnancy, the adipose tissue mass expands due to an increase in the lipid
accumulation (known as a primarily anabolic phase). There is an increase in lipid synthesis and
fat storage that prepare the mother’s metabolism for the prospective increase in fetal energy needs
at a later phase. This increase in lipid/energy supply is enabled by maternal hyperphagia and
improved insulin sensitivity, which stimulates FFAs synthesis in adipocytes and the uptake of FFAs
from circulating TGs for preferential accumulation in the adipose tissue. Moreover, the production
of hormones, such as progesterone, cortisol, and leptin, also contribute to facilitated fat storage and
adipocyte hypertrophy. However, in contrast to this early anabolic phase of gestation, the adipose mass

254



Int. J. Mol. Sci. 2018, 19, 2124

decreases in a later phase (known as a net catabolic phase). During the late phase of gestation, IR and a
low grade of inflammation, especially in the adipose tissue, are developed, which should be considered
as a physiological adaptation. Moreover, the decrease in insulin sensitivity enhances lipolysis, helping
to mobilize the stored TGs. The human placental lactogen (Hpl) also stimulates lipolysis in adipocytes,
coupled with the decrease in FFAs uptake from TGs in the plasma. The net result of these changes is a
reduction in the adipose tissue mass and an increased glucose flux from mother to fetus. Although
the physiological IR developed in the late phase of pregnancy is well documented, the mechanisms
causing the changes in the adipose tissue and insulin resistance during pregnancy are still unclear.

Together with the exacerbated insulin resistance, insulin secretion may also become inadequate
to meet the increased demands in the late stage of pregnancy, leading to gestational diabetes
mellitus (GDM). Moreover, their offspring have an increased risk of perinatal complications,
obesity, and diabetes in adulthood [62]. GDM is defined as glucose intolerance on first recognition
during pregnancy [63] and characteristically shows altered plasma adipokine levels, inflammation,
deregulation of the insulin signaling pathway, and oxidative stress [64–66]. The mechanisms underlying
the GDM are not fully understood; however, it is known the association between inappropriate PPARγ
function/levels and GDM through its function in both the adipose tissue and the placenta [67,68].

During early pregnancy, as in obesity, the mechanisms leading to energy storage and adipose
tissue expansion are activated. It has also been reported that in advanced pregnancy, PPARγ declines,
thus accelerating adipose tissue insulin resistance and facilitating lipolysis in the subcutaneous adipose
tissue of obese pregnant women with GDM [67]. Moreover, PPARα and PPARβ/δ expression also
decreases in adipose tissue from obese pregnant women and/or women with GDM [69]. In pregnant
mouse models, the association between a decrease in PPARγ expression, exacerbated lipolysis in the
AT [70], and the subcutaneous AT dysfunction has been reported. In agreement with this, we have
shown that genetic ablation of PPARγ2 in pregnant mice is associated with poor AT expandability and
the worsening of insulin resistance [71]. The contribution of PPARγ2 is also important for the process
of pancreatic β-cell mass expansion and adaptation in murine models of MetS [50,71,72]. A missing
study is the PPARγ deleted specifically in the pancreatic β-cell in order to study the mechanisms
implicated in its adaptation when pregnancy occurs. Furthermore, it has been reported that the use of
PPARγ agonists reverse the insulin resistance associated with late pregnancy in murine models [65].
For this reason, more studies are necessary to elucidate the potential of PPARγ agonism to overcome
defects in pregnancy related to insulin resistance and GDM.

The role of PPARs in the placenta is potentially important. The placenta is an endocrine gland that
synthesizes the peptides and steroid hormones during pregnancy that are essential for the maintenance
of mother and fetus. Regarding their roles, PPARα null female mice become diabetic during pregnancy
and have an increased risk of spontaneous abortion [73]. PPARδ also has a relevant role in embryonic,
decidual, and placental function [74]. Moreover, PPARδ and PPARγ null mice are not viable and
exhibit a failure in the development of the placenta [75]. PPARγ is downregulated in the placenta
in human patients with GDM. PPARγ has anti-inflammatory effects in the placenta and modulates
embryogenesis, implantation, trophoblast invasion, and maternal spiral artery transformation [76].
Moreover, it has been demonstrated that reduced expression of PPARγ in placental tissues and serum
is contributing to the development of preeclampsia, a specific pregnancy disorder in humans that
contributes to maternal mortality [77]. However, in a mice study, PPARγ expression was upregulated
in the placentas of diabetic pregnant mice [78]. These contradictory effects may lead to specie-specific
effects and would need to be further elucidated to be used to improve the GDM in pregnancy.

5. PPARs and Aging

Aging is a complex and multifactorial progressive physiological decay process, associated with
an increased risk of metabolic disorders, such as obesity, insulin resistance, and other manifestations
related to MetS, which are exacerbated by age. Moreover, aging is associated with changes in body
composition characterized by increased total adiposity and topographical redistribution of adipose
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tissue defined by preferential loss of the subcutaneous WAT coupled with expansion of adipose in the
visceral compartment [79,80]. Accretion of visceral, rather than subcutaneous WAT has been associated
with the development of insulin resistance. The expansion of the intraabdominal adipose tissue may
also be considered another example of peripheral lipotoxicity determined by a primary defect in
the subcutaneous WAT. An important concept is the fact that as we age, the adipose tissue ages as
other tissues, such as muscle or the liver, do. When muscle becomes frail/sarcopenic, with decreased
oxidative capacity, lipids are redirected to the adipose tissue for storage precisely at a time when the
adipose tissue itself has aged and is less functional and competent to deal with increasing metabolic
challenges. In this regard the adipose tissue of the aged individual is subjected to even more lipid load,
increasing the chances of AT dysfunction and peripheral lipotoxicity. In fact, ectopic fat accumulation
in muscle is observed in lean elder individuals.

This conflict between increased storage demand and age-related decay results in increased
adiposity coupled with macrophage infiltration and inflammation that interferes with insulin signaling.
Thus, a key factor determining the shift of the AT towards the inflammatory state is the mismatch
between the demand for storage and capacity [81]. Moreover, as inflammatory cells can be high-level
producers of selective fibrotic molecules [82], the old adipose tissue characteristically shows age-related
fibro-inflammatory changes. Fibrosis is a disease process that deposits collagen-rich extracellular
matrix (ECM) in an attempt to remodel and repair the tissue morphology and organ functionality of a
failing organ. Transforming growth factor β (TGF-β) plays a key role in fibrosis, modulating the balance
between the rate of synthesis and the degradation of matrix collagen proteins. It has been reported
that a role for PPARγ is as a potent antifibrotic factor in the kidney [83]. In the AT, it has also been
reported that TGF-β, apart from increasing collagen deposition, also increases mechanical stress on the
adipocyte membrane and the rigidity of AT, compromising its further expansion. This rigid matrix can
result in cell death by necrosis. In this situation, PPARγ agonists decrease collagen levels in the AT and
confers a more flexible environment for the adipocyte growth and remodeling [84]. Thus, we could
speculate that age-related defects in the adipose tissue remodeling may also contribute, particularly in
the context of obesity, to exacerbated pathological conditions linked to insulin resistance [85].

Based on this evidence it is conceivable that age-related changes in PPARs may contribute to some
of these pathological changes. However, at present, there is a paucity of information about how PPARs
activation may contribute to delay or ameliorate these pathological changes.

Given the importance of PPARγ in adipose tissue biology, it is important to determine the
contribution of PPARγ dysfunction in aging-associated metabolic decline. It is well documented,
the role of PPARγ in coordinating gene expression programs of adipocyte differentiation, lipid
storage, and lipolysis. Previous reports also suggest that PPARγ deficiency selectively in the
subcutaneous AT during aging is associated with increased AT expansion that is associated with the
development of insulin resistance [86]. Moreover, other studies have shown that oxidative stress and
reactive oxygen species (ROS) production (characteristically observed in aging and linked to insulin
resistance in adipocytes) modulate other proinflammatory pathways, linking PPARγ dysfunction
with inflammation [87], such as NF-κB [88], likely to contribute to altered tissue expansion and
inflammation and associated age-related insulin resistance. In addition, mitochondria, as the core
organelle required to maintain cellular functionality and glucose and lipid homeostasis [89], have
been suggested as key contributors to adipocyte formation through ROS signaling [90]. In aging,
as in obesity, mitochondrial enzyme expression is reduced in the AT leading to decreased oxygen
consumption and oxidative phosphorylation [91,92] in response to lipid overload, usually coupled
with decreased AT insulin sensitivity [93]. Interventions with TZDs induce mitochondrial biogenesis,
ROS, and remodeling in the AT, enhancing fatty acid oxidation and oxygen consumption, which
seems to contribute to changes in the whole-body energy metabolism and insulin sensitivity [94].
Moreover, insulin resistance in elderly patient populations has been associated with decreases in
mitochondrial oxidative phosphorylation [95]; however, further work is required to identify the
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mediators of nuclear-encoded mitochondrial genes induced by PPARγ ligand-dependent mechanisms
that could be helpful during aging.

Furthermore, both PPARα and PPARγ decrease in the kidney with aging. This is correlated with
accelerated oxidative stress and counteracted by the antioxidative action of caloric restriction [96].
All these studies suggest that defective PPARs are important for the defects in energy expenditure
and lipogenic function leading to lipid accumulation in the whole body during aging. From this,
it is conceivable that targeting these isoforms could be a helpful approach to reduce or prevent
age-associated metabolic decline and protect from lipid accumulation and lipotoxicity. It could be
speculated that TZDs treatment may help to reduce the side effects of weight gain in the elderly
by minimal/function specific PPARγ activation stimulating insulin sensitivity without promoting
adipogenesis [97]. But, in any case, it would be important to overcome some of the negative effects
observed when using TZDs in the elderly. Amongst them is the increased bone marrow adiposity
and reduced bone formation, resulting in osteopenia, bone fracture, and other complications [98].
Moreover, the use of some PPAR agonists had to be withdrawn from the United States (US) and
European markets because of associated complications, such as edema, weight gain, macular oedema,
heart failure, and bladder cancer, that have been associated side effects [99]. These are important
drawbacks but potentially addressable with increased knowledge of the specific PPARα dependent
pathways mediating them.

An added value of the PPARα agonists occurs in the muscle. Old age is associated with
dyslipidemia, which together with the increase and dysfunction of the AT can lead to preferential
deposition of TGs in skeletal muscle, ultimately leading to IR. Agonists of PPARα and PPARβ/δ have
been used to treat dyslipidemia by increasing oxidative capacity in muscle fibers and improving insulin
sensitivity [100]. Furthermore, TZDs as specific activators of PPARγ are used as insulin sensitizers and
as regulators of FFAs storage, which may prevent intramuscular lipid accumulation [80] and maintain
skeletal muscle insulin action [101].

Caloric restriction (CR) is another therapeutic paradigm representing a non-pharmacological
intervention to efficiently delay the deleterious effects of age-related metabolic diseases [102]. Previous
studies in animal models have shown that CR exerts physiological effects leading to reduced body
weight and glucose and insulin serum levels [103]. Moreover, the reduction of adiposity by CR [104]
or fat removal [105] have been demonstrated to ameliorate age-associated insulin resistance. Of note,
CR alters the expression of genes that are regulated by PPARs and that are involved in lipid metabolism
and insulin signaling. In some ways, the beneficial effects derived from fasting may be mediated,
at least in part, by these nuclear receptors [106]. The effects of CR in the AT on PPARα and PPAR-β/δ
have not been shown yet, but it is known that CR and PPARγ agonists can improve the reduced
mitochondrial function in the WAT due to aging and obesity [107]. Moreover, it has been reported
that CR induces BAT functionality [102], and it has been speculated that the induction of a brown
fat phenotype in the WAT by CR or PPARγ agonists would result in an increased mitochondrial
functionality with beneficial effects on aging and metabolism. Due to the improvement in aging
conditions by using PPARs agonists, more studies are needed to document the role of PPARs on
adipose tissue plasticity during aging.

6. Conclusions

Defective adipose tissue synergizes with the age-related metabolic defects to exacerbate metabolic
diseases. Thus, the understanding of cellular mechanisms governing the plasticity of adipose
tissue should help to understand and provide therapeutic rationale to address metabolic disorders.
Understanding the molecular alterations that determine the impaired adipose tissue plasticity may
identify therapeutic targets to optimize AT expandability and function. Thus, PPARs should be
considered candidates to improve age-related metabolism through their influence in the balance
between anabolic and catabolic processes and by limiting unwanted inflammatory reactions that may
compromise lipid and glucose homeostasis. Thus, PPARs may have the clue to restore, delay, and
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improve the metabolic balance in those conditions that render someone particularly susceptible to
developing insulin resistance, such as obesity, pregnancy and aging.
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Abstract: Peroxisome proliferator activated receptors (PPARs) are a class of ligand-activated
transcription factors, belonging to the superfamily of receptors for steroid and thyroid hormones,
retinoids, and vitamin D. PPARs control the expression of several genes connected with carbohydrate
and lipid metabolism, and it has been demonstrated that PPARs play important roles in determining
neural stem cell (NSC) fate. Lipogenesis and aerobic glycolysis support the rapid proliferation during
neurogenesis, and specific roles for PPARs in the control of different phases of neurogenesis have
been demonstrated. Understanding the changes in metabolism during neuronal differentiation is
important in the context of stem cell research, neurodegenerative diseases, and regenerative medicine.
In this review, we will discuss pivotal evidence that supports the role of PPARs in energy metabolism
alterations during neuronal maturation and neurodegenerative disorders.

Keywords: stem cells; metabolism; PPARs

1. Introduction

Neurogenesis, the process of generating neurons, occurs during embryonic and perinatal stages
in mammals. It occurs also in the adult mammalian brain in two principal neurogenic niches,
the subventricular zone (SVZ) of the lateral ventricles, and the subgranular zone (SGZ) of the dentate
gyrus (DG) in the hippocampus [1]. Similarly to other adult stem cells, neural stem cells (NSCs)
participate in tissue repair after brain damage. Consequently, it has been reported that neurogenesis
follows different types of central nervous system (CNS) injury, including ischemic injury, seizure,
and mechanical and excitotoxic injury. In line with the role of neurogenesis in the normal turnover
of neuronal populations, recently through 14C, it has been demonstrated that about one third of
the human adult hippocampal neurons is replaced with 700 new neurons per day [2]. Although,
many transcription factors, participating in regulating adult neurogenesis, have been shown to control
cell metabolism outside the brain [3]. Metabolism was, for a long time, considered to occur secondary
to cell fate switch during neurogenesis. Nowadays, as recently reviewed by Lorenz and Prigione
2017, the emerging picture is that metabolism can be fine-tuned at different levels during neural
commitment [4].

Glucose and lipid metabolism are regulated by transcriptional control exerted by peroxisome
proliferator activated receptors (PPAR) α, β/δ, and γ, type II nuclear receptors that are particularly
active in the brain [5]. In fact, PPAR isotypes are all expressed in the CNS (central nervous system)
of rodents during embryonic development, as well as in adults. PPARβ/δ is broadly distributed in
the brain, while PPARα and PPARγ are located in more restricted regions [6–8]. Although it has been
demonstrated that PPARs can directly regulate neural cell differentiation [9–14] and play important
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roles in determining NSC fate [15–18]; less is known about their function in regulating NSC metabolism
during differentiation. In this review, we will discuss some recent important evidence that supports
the role of PPARs on adaptation of energy metabolism during neurogenesis, neuronal development,
and neurodegenerative disorders.

2. Metabolic States in Neural Stem Cells Lineage

NSCs are multipotent stem cells, which generate neurons and glial cells. NSCs use symmetrical
division for a quick expansion of the progenitor pool; subsequently to the beginning of neurogenesis,
they undergo an asymmetric division, by which a stem cell makes another stem cell and an intermediate
progenitor committed to neurogenesis. The passage to gliogenesis involves a return to the symmetric
division of progenitors [19]. During embryonic development, the choice between neuronal and glial
fates is fine-regulated, particularly in vertebrates, in which different cell types are generated in a
precise sequence: first neurons, followed by oligodendrocytes and astrocytes [20]. The specification
of neuronal and glial cell types, consequently, may help to understand the complex interactions
between multiple signaling pathways, transcription factors, and epigenetic mechanisms in the control
of fate decision.

Metabolism can be fine-tuned at different levels during neural commitment, and it can play an
important role in the specification of neuronal and glial cell types [4]. Neurons and glial cells have
different metabolic programs; in fact, neurons are dependent on mitochondrial-based oxidative
phosphorylation (OXPHOS), while glia stand on glycolysis [21,22]. NSCs, like glia cells, show
a glycolytic nature, and this kind of metabolism is proposed to be an effect of cells’ elevated
rate of proliferation, because it produces the precursor molecules for biomass generation via the
pentose phosphate pathway (PPP) that results from the upstream branches of glycolysis [23]. In
agreement with this concept, low oxygen typical of stem cell niches (<1–6%) [24] may influence
cell metabolism, inducing anaerobic glycolysis. Hence, hypoxia induces stem cells self-renewal with
respect to differentiation, and in concert, the hypoxia-inducible factors (HIFs) control the expression
of genes involved in glycolysis and fructose metabolism [25]. Accordingly, in vivo evidence revealed
that the modulation of blood vessel function in stem cell niches of the developing mouse cerebral
cortex influenced neurogenesis in an oxygen-dependent manner [26]. The NSC state seems correlated
with glycolytic metabolism coupled to non-fused mitochondrial morphology [27], while OXPHOS
metabolism is commonly associated with differentiated neurons [22,28], which showed a typical
tubular mitochondrial network. Recently, these concepts have been confirmed in several works
investigating the mitochondrial state of neurons derived in vitro from human pluripotent stem cells
(PSCs) [29–31]. Mitochondrial biogenesis and dynamics have a pivotal role in neuronal functions,
since they regulate mitochondrial number, location, morphology, and function [32]. It is important
to underline that these processes need synchronization refinement in the metabolic enzymes of fatty
acid oxidation and oxidative phosphorylation [33], and PPARs are important regulators of these
processes. Moreover, Mitofusin2 (Mfn2), a selective target of PPAR β/δ, [34], regulates mitochondrial
fusion [35] and seems to be crucial for the efficiency of mitochondrial uptake of Ca2+ ions [36,37].
Although NSCs in vivo can rapidly divide during development, becoming quiescent in adult age [38],
however, they still maintain glycolytic metabolism. One hypothesis to explain this behavior is that
glycolytic metabolism also regulates redox metabolism; particularly, the use of glycolysis may reduce
the intracellular levels of reactive oxygen species (ROS) [39]. Glycolysis produces reducing equivalents
by means of the pentose cycle and, by reduced mitochondrial activity, promptly limits the generation
of ROS. In fact, emerging evidence suggests that ROS can function as second messengers, playing a
crucial role in the self-renewal of NSCs [40]. The correct intracellular ROS levels regulation may help
to neurogenesis induction, suggesting that low ROS levels are beneficial for NSCs, while committed
neural progenitor stem cells (NPCs) increase ROS production to promote differentiation [4]. However,
also in NSCs, a determined amount of oxidative metabolism might even be necessary to prevent
oncologic transformation of NSCs, as has been recently suggested that inhibition of mitochondrial
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metabolism in NSCs led to a switch towards more glycolysis with higher proliferation and less
inducible differentiation [41]. A significant role in this control seems to be explained by de novo
lipogenesis, in fact, an increase of fatty acid oxidation (FAO) was found to be high in adult NSCs in the
SVZ, and pharmacological inhibition of FAO resulted in reduced proliferation [42]. In addition, de novo
lipogenesis is crucial for adult stem cell behavior, as demonstrated by an interesting experiment of
Knobloch et al., 2013, in which they showed a decrease of stem cell proliferation upon genetic deletion
or pharmacological inhibition of the key enzyme fatty acid synthase [43]. Meanwhile, an elevated
lipogenesis seems to be associated with an increase of NSC proliferation, and in quiescent NSCs,
FAO appears, instead, to be favored. Data from single-cell RNA experiment demonstrate that a low
rate oxidative metabolism, because of FAO in quiescent NSCs, may correspond to an alternative
energy fuel to glucose [44]. Furthermore, congenital defects in mitochondrial FAO in NSCs, leads to
differentiation with the loss of NSC self-renewal in the developing mouse brain [45]. In addition,
silencing of promyelocytic leukemia gene (PML), which it is known to regulate FAO and is involved in
modulation of PPAR β/δ signaling, reduces the hematopoietic stem cell pool in mice [46].

In the brain, during pathological conditions, an alteration in metabolic status occurs; in fact,
recent studies showed an impaired NSCs function in metabolic disease underlying the role of lipid
metabolism in neurogenesis. In example, high fat diet (HFD) decreases hippocampal neurogenesis
in male rats. These mice exhibit reduced hippocampal neurogenesis and neuronal precursor cells
proliferation paralleled with increased lipid peroxidation and decreased expression of trophic and
pro-neurogenic BDNF (brain derived neurotrophic factor). Moreover, young mice treated with HFD
exhibited decreased hippocampal neurogenesis respect adult mice under the same diet [2]. It has been
demonstrated that lipid accumulation perturbs niche microenvironment and inhibits neurogenesis
in unhealthy brains, thus supporting evidence for a novel FA-mediated mechanism suppressing
NSC activity.

In this context, it is important to underline recent evidence suggesting that sporadic
Alzheimer’s disease (AD) etiopathogenesis could also involve dysfunctional brain insulin signaling,
with subsequent glucose dysmetabolism and metabolic shift to alternative energy sources, also known
as type 3 diabetes [47].

3. Roles of PPARs in the Energetic Metabolic Switch Occurring during Neurogenesis and
Neuronal Maturation

PPARs are ligand-activated transcription factors included into nuclear receptor superfamily,
three isotypes have been determined, encoded by separate genes (α, NR1C1; β/δ, NR1C2; and
γ, NR1C3). PPARs, once activated by the ligand, form a heterodimer with the 9-cis retinoic acid
receptor (RXR) and modulate the transcription of their target genes by binding to the putative
PPRE (AGGTCAAAGGTCA) in the promoter regions of them. Regarding their protein structure,
in the N-terminal there is the A/B domain (AF-1), which holds a ligand-independent function,
while the C-terminal domain, that holds the DNA binding domain (DBD), is composed of two zinc
finger-like motifs that can bind the PPARs response element (PPRE). The D domain is a hinge
region important for the cofactor interaction, and consequently, for DNA binding. The E/F (LBD)
domain is involved in the dimerization with RXR and a ligand-dependent transcriptional activating
function (AF-2) [38,48]. PPARs transcriptional activity and stability can be modified covalently by
phosphorylation, ubiquitylation, and SUMOylation [49,50]. PPARα, the first PPAR to be identified,
is expressed mainly in the liver, heart, and brown adipose tissue, in which it regulates the ketogenesis,
lipid storage, and fatty acid oxidation pathways. PPARβ/δ is ubiquitously expressed, and it has
a leading role in glucose and fatty acid oxidation in key metabolic tissues, such as liver, skeletal
muscle, and heart. Finally, PPARγ is expressed in white adipose tissue, where it is a master regulator of
adipogenesis, as well as a potent modulator of whole-body lipid metabolism and insulin sensitivity [51].

Regarding PPAR ligands, some of them, such as fibrates (PPARα ligands), are currently used as
treatment of dyslipidemia; while, glitazones (PPARγ ligands) are antidiabetic and insulin-sensitizing
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agents, otherwise, PPARβ/δ ligands have only confirmations obtained from animal models [52].
Moreover, PPARα/γ dual agonists, (glitazar) PPAR α/δ dual agonists (elafibranor), and pan-PPAR
agonists have been recently become available [52].

Regarding their expression in the brain, all PPAR isotypes are expressed in CNS, both during
embryonic development and in the adult. PPARα and PPARγ are located in more restricted regions,
while PPARβ/δ is widely distributed in the brain [6–8]. PPARs are implicated in the regulation of the
proliferation, migration, and differentiation of NSCs by signaling pathways, such as STAT3, NFkB,
and Wnt [15–17], and it has been demonstrated that in neurospheres, grown in vitro from adult mouse
SVZ, all three PPAR isotypes are expressed [18,53]. PPARβ/δ resulted the most abundant isotype; it is
not surprising due to its early expression and its abundance during brain development [6]. Moreover,
the concurrent expression of the three isotypes in the NSC nucleus does not mean that they are all
transcriptionally active; in fact, it has been suggested that unliganded PPARβ/δ may act as potent
inhibitor of the transcriptional activity of α and γ isotypes [54]. In the astroglial differentiating NSCs,
PPARs undergo quantitative modifications. A strong decrease of PPARβ/δ was observed, in this
context, it might be considered as inhibitor of astroglial differentiation. PPARγ did not change, both at
mRNA and protein levels, while PPARα was significantly increased in agreement with our previous
findings on astrocytes in vitro differentiation [14], suggesting a role for this transcription factor in
astroglial differentiation, confirmed by the results achieved when NSCs were treated with a specific
PPARα agonist [18]. Finally, in the cytoplasm of neural stem cells, large lipid droplets were found in
SVZ adult NSCs, in accordance with de novo lipogenesis [42]. Moreover, lipid droplet withdrawal,
during astroglial differentiation, agrees with the view that differentiated astrocytes develop catabolic
lipid metabolism, rather than anabolic, needing PPARα activity.

In Figure 1, is shown a scheme summarizing the effects of PPARs on energy metabolism adaptation
during neural stem cell differentiation in neurons and astrocytes.

Figure 1. Scheme summarizing the effects of peroxisome proliferator activated receptors (PPARs) on
energy metabolism adaptation during neural stem cells differentiation in neurons and astrocytes.
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4. Roles of PPARβ/δ in Neurogenesis and Neuronal Maturation

The PPARβ/δ isotype is highly expressed in the brain [55], and its deletion in mice is associated
with brain developmental defects [56]. In fact, PPARβ/δ has important roles in neuronal function;
it has been demonstrated that PPARβ/δ-deficient mice are viable, but they show several defects in CNS
such as altered myelination [56] and bad performance in memory tests, paralleled with an increase in
inflammatory markers, astrogliosis, and tau hyperphosphorylation [57]. The presence and modulation
of PPARβ/δ in embryonic rat cortical neurons during their in vitro maturation were observed by
us [9], suggesting a potential role of PPARβ/δ in neuronal maturation. In addition, we demonstrated
in human neuroblastoma cell line, SH-SY5Y, a neuronal differentiating effect of PPARβ/δ [58,59].
The signal transduction pathways activated by PPARβ/δ during neuronal differentiation were studied
on this in vitro model. In particular, it has been demonstrated that the PPARβ/δ activation was
able to determine the activation of MAPK-ERK1/2 and to increase the expression of BDNF and p75
receptor, in parallel to a decrease in BDNF TrkB receptor, suggesting that activation of PPARβ/δ
was involved, directly or indirectly in neuritogenesis and neuronal maturation. Finally, these results
were further confirmed by the use of a specific agonist and antagonist of PPAR β/δ in primary
neuronal cultures [11], in which we also observed a specific effect of PPARβ/δ activation on cholesterol
biosynthesis during neuronal maturation. Furthermore, it has been demonstrated that retinoic acid
(RA) promotes neurogenesis by activating both retinoic acid receptors (RARs) and PPAR β/δ in P19
mouse embryonal carcinoma cell line [10]. Recently, Mei and Coll, in 2016, have been reported that,
by modulating mitochondrial energy metabolism via Mfn2 and mitochondrial Ca2+, PPAR β/δ plays
a key role in neuronal differentiation. This study provides novel insights for the role of PPARβ/δ
and energy metabolism adaptation during neurogenesis and neuronal maturation [33]. In particular,
the authors have been shown that flavonoid compound 4a facilitated embryonic stem cells (ESC)
to differentiate into neurons morphologically as well as functionally, and that the PPAR β/δ gene
silencing blocked compound 4a-induced neurogenesis of ES cells, demonstrating the important role of
PPARβ/δ in neuronal differentiation. In this kind of model, mitochondrial biogenesis was upregulated
by compound 4a treatment, and was altered by sh-PPAR β/δ knockdown, suggesting a key role of
PPAR β/δ in mitochondrial biogenesis during neuronal differentiation. Moreover, they showed that the
compound 4a was able to increase the protein expression of Mfn2, which was abolished by PPARβ/δ
knockdown, and that sh-PPAR β/δ reduced mitochondrial Ca2+ concentration. Thus, PPARβ/δ seems
strongly implicated in the induction of neuronal lineage, increasing mitochondrial fusion, modulating
BDNF expression, cholesterol biosynthesis, and mitochondrial FAO. Finally, it should be emphasized
that a natural ligand of this receptor, the 4-hydroxynonenal (4-HNE) [60], is a product of oxidative
stress and, thus, it should be possible that the increased ROS levels in committed neuroblast could
trigger the activation of PPAR β/δ.

5. Roles of PPARγ in Neurogenesis and Neuronal Maturation

PPARγ activation induces the transcription of genes associated with lipid uptake and storage,
playing critical roles in lipid homeostasis [61]. PPARγ controls murine NSC proliferation and
survival [27]; particularly, when activated by low concentrations of specific agonists, PPARγ
stimulates proliferation concurrently constraining neuronal differentiation, while activation by high
concentrations of agonists leads to NSC death. This dual role suggests that PPARγ controls the
expansion of NSC population in a concentration-dependent manner, and it shows that precise
concentrations of its agonists are critical for the survival and proliferation of NSCs in vivo.

Regarding metabolism, in order to examine the mechanisms of PPARγ in the control of
energy balance in CNS, Stump and colleagues 2016 used a Cre-recombinase dependent (NestinCre),
conditionally activatable transgene expressing either wildtype (WT) or dominant-negative (P467L)
PPARγ. What they found is that NesCre/PPARγ-WT mice displayed severe microcephaly and
brain malformation, indicating that PPARγ can control brain development. On the contrary,
global interference with PPARγ function caused impaired growth, resistance to diet induced obesity,
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decreased lean mass, redistribution of adipose tissue, GH resistance, and abnormalities in glucose and
insulin [62].

Recently, we have shown, in vitro, the energetic metabolism pathways controlled by PPARγ [63]
in neuroblast differentiation. We used the human neuroblastoma cell lines SH-SY5Y, as a model
of neuroblast induced to differentiate neuron. During the early phases of neuronal differentiation,
a significant downregulation of PPARγ was observed, concomitant with a change in its cellular
localization, in fact, it came to be cytoplasmic after the differentiation challenge. In addition,
we observed that the decrease of PPARγ was paralleled by a strong decrease of glycogen and
lipid droplets content in differentiating cells. PPARγ knockdown showed a strong decrease of
glycogen content, concomitant with a significant increase of phosphorylase glycogen brain (PYGB),
indicating that PPARγ is critical for NPCs maintenance and energetic storage.

6. Energy Metabolism Imbalance in Neurodegenerative Disorders

During aging, there is an increase of circulating glucose due to the cellular inability to increase
glucose uptake in response to insulin, and this peripheral insulin resistance has been related with
poorer cognitive function [64]. Insulin signaling pathway results in phosphorylation of the insulin
receptor-interacting protein (IRS-1), particularly, a decrease in IRS-1 phosphorylation may induce
insulin resistance, while an increased phosphorylation on serine 312 of IRS-1 has opposite effects.
Studies on post mortem brain tissue from elderly subjects showed an increased IRS-1 phosphorylation
on serine 312, suggesting neuronal insulin resistance [65,66]. Concomitant with insulin resistance,
also, the neuronal glucose transporter GLUT3 is susceptible to aging factors [67,68]. During aging,
the metabolism of several lipid species is altered, such as long-chain ceramides [69] and omega-3 fatty
acids [70]. Dyslipidemia is often associated with dementia, and it may increase the risk of AD [71].
Moreover, individuals having the ε4 allele of the gene encoding apolipoprotein E, the protein that
transports cholesterol and lipoproteins, have an increased risk of developing sporadic AD [72].

Accordingly, age-related neurodegenerative disorders, such as AD and PD, share common
pathogenic pathway with metabolic syndromes like obesity and type 2 diabetes, such as deregulation
of brain insulin signaling and insulin growth factor-1 (IGF-1) signaling. This signaling induces insulin
resistance, and energy and lipid metabolism imbalance, that have a direct negative impact on the
CNS [47]. Moreover, neurodegenerative disorders, such as metabolic syndromes, are characterized
also by mitochondrial and peroxisomal dysfunction, and alterations in energy metabolism [73,74].

Alzheimer’s disease is the most common form of dementia, characterized by age-related cognitive
decline that starts as mild short-term memory impairment, and then progresses to severe deficits
in essentially all cognitive domains. The hallmarks of this disease are amyloid β plaques (Aβ) and
hyperphosphorylated tau tangles [75].

Parkinson’s disease (PD), like AD, is a long-term degenerative disorder of the CNS, characterized
by degeneration of dopaminergic neurons in the substantia nigra that innervate the striatum [76].
The hallmarks of PD are “Lewy bodies”, large accumulations of α-synuclein in the cytoplasm [77];
experimental evidence suggests that the accumulation of α-synuclein aggregates induces mitochondrial
dysfunction in neurons, and these are pivotal events in the pathogenesis of PD.

As reviewed by Agarwal and colleagues 2017, it is becoming increasingly evident that
mitochondrial abnormalities play an import role in the onset, progression, and neuronal cell death in
age-related neurodegenerative disorders [73].

Recently, in neurodegenerative disorders, it has been demonstrated that functional and structural
changes in mitochondria are early features that conduce to neuronal death, paralleled by cognitive and
neurobehavioral abnormalities [78]. In age-related neurodegenerative disorders, the mitochondrial
population is decreased, due to dysregulation of mitochondrial biogenesis [79]. The mitochondrial
dysfunction observed in neurodegenerative disorders leads to the damage in mitochondrial electron
transport chain, in the mitochondrial DNA, and calcium buffering [79]. Mitochondria is the second
major intracellular Ca2+ store after endoplasmic reticulum, and Ca2+ deregulation plays a critical
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role in the pathogenesis of several neurodegenerative disorders [80]. In fact, mitochondrial Ca2+

plays an important role in preserving cellular physiology, activating the respiratory chain [81].
When mitochondria accumulate excessive Ca2+ ions, this causes mitochondrial swelling, injury of
mitochondrial membrane potential, and finally, it induces apoptosis in neurons [82].

Mitochondrial dynamics/biogenesis helps to maintain the characteristic morphology of
mitochondria and a healthy mitochondrial pool in neurons; it is a tightly controlled balance between
three important phenomena: mitochondria fission, fusion, and degradation. [78]. Mitochondrial fission
consists of replacement of damaged mitochondria, and it plays a main role in the appropriate function
and assembly of mitochondrial electron transport chain complex [78]; the main protein mediators of
mitochondrial fission are Fis-1 and Drp-1 [78]. Fusion is related with the improvement of mitochondrial
functions, and is regulated by three main proteins: mitofusin 1 (Mfn-1), mitofusin 2 (Mfn-2), and
optic atrophy protein 1 (OPA-1) [78]. The expression and protein levels of Drp-1, Opa-1, Mfn-1, and
Mfn-2 are decreased in numerous neurodegenerative disorders. Moreover, mutations in several
PD-linked genes, like PINK-1, Parkin, DJ-1, LRRK2, and VPS35, are directly or indirectly, linked to
mitochondrial dysfunction [83,84]. In particular, PINK/parkin pathway promotes mitochondrial
fission or inhibits mitochondrial fusion in drosophila [85]. A key factor for mitochondria biogenesis
is the PGC-1 α; any loss or impairment in PGC-1α activity may result in metabolic defects and
mitochondrial dysfunctions in most neurodegenerative disease [78]. PPARs bind this transcriptional
co-activator, modulating the expression of the gene encoding for mitochondrial fatty acid oxidation
and glucose metabolism enzymes [86], but also the genes encoding for antioxidant enzymes such as
catalase, glutathione peroxidase, and MnSOD, thus reducing oxidative damage [87,88].

The role of peroxisomal dysfunction in aging has been largely undervalued; however,
accumulating evidence suggests that peroxisomal function declines with aging and in age-related
neurological disorders, such as AD and PD [89]. Interestingly, not only mitochondria, but also
peroxisomes, are organelles involved in the response to the redox unbalance, characterizing the
earliest phases of Aβ pathology [90–92].

Peroxisomal dysfunction was also linked to disease, principally through ROS metabolism [93,94],
in fact, peroxisome-mediated ROS production may have also a deeper effect on mitochondrial
integrity, as demonstrated by the induction of intraperoxisomal ROS, using a peroxisome-localized
photosensitizer [95]. Interestingly, genetic inactivation of catalase, a PPAR target gene, perturbs
mitochondrial redox potential in mice [96]. Reflecting the intimate link between the two organelles,
these studies suggest that peroxisomal dysfunction may be a precursor for mitochondrial impairment.
Moreover, proteins involved in peroxisomal fatty acid oxidation, ether lipid synthesis, and
other peroxisomal processes, were also decreased in in age-related neurological disorders [93],
suggesting that peroxisomal dysfunction extends beyond dysregulated ROS metabolism. Remarkably,
increased very long chain fatty acids (VLCFAs) and reduced plasmalogen levels are observed in the
brain of AD patients, suggesting a possible defect in peroxisomal beta oxidation and peroxisomal lipid
synthesis [97]. Peroxisomal dysfunction is present also in PD, particularly, plasmalogen levels are
significantly reduced in PD post mortem human frontal cortex lipid rafts [98].

7. Roles of PPARs in Neurodegenerative Disorders

The most studied PPAR in neurodegenerative disease is the γ isotype. Combs and colleagues [99]
were the first to report the relationship between PPARγ activation and neurodegeneration, and this
evidence was supported by several lines of evidence in animal and cellular models of Alzheimer’s
disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD),
stroke, and traumatic injuries [100].

In numerous mouse models of AD, it has been indicated that administration of PPARγ agonists
can ameliorate memory and cognition performance, reduce inflammation, and decrease amyloid levels.
Searcy and colleagues [101] have been demonstrated that PPAR agonists are able to ameliorate synaptic
function in AD mouse models.
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Since it is known that PPARγ agonists decrease insulin resistance in type II diabetes, the beneficial
effects of PPARγ agonists in AD mice indicate that they can act in the same manner in CNS [102].
Escribano and his research group demonstrated that rosiglitazone, a high-affinity PPARγ agonist,
rescues memory impairment in a mouse model of AD [103]. Specifically, these authors indicated that
rosiglitazone promotes Aβ clearance, by promoting microglial phagocytic ability and decreasing the
expression of proinflammatory markers.

Moreover, an interesting meta-analysis compared the efficacy of glitazones (antidiabetic and
insulin-sensitizing agents) for Alzheimer’s disease (AD) and mild cognitive impairment (MCI).
In particular, this analysis included 20 comparisons from 4855 individuals randomly assigned to
6 different antidiabetic drugs with various doses. The results have shown that pioglitazone and
rosiglitazone had the major pro-cognitive effects in subjects with AD/MCI [104].

Recently a role for PPARγ has been recognized in regional transcriptional regulation of
chr19q13.32; this region contains genes such as TOMM40 and APOE, implicated in AD. Mostly,
this region holds a number of PPARγ binding sites, and understanding how those sites regulate the
expression of genes in the region could help in the development of more efficient therapies [105].

In a recent study, Cheng and collaborators (2015) studied the effects of PPARα activation on
neuronal degeneration by inducing Aβ42 cytotoxicity in an in vitro model. They established that
the mitochondrial-associated AIF/Endo G-dependent pathway could be prevented by activation of
the receptor in this model [106]. Recently, Fidaleo et al. [107] reported that PPARα ligands, such as
palmitoylethanolamide (PEA), are able to protect neurons from degeneration, leading to a reduction
in oxidative stress, inflammation, and neurogenesis, and glial cell proliferation/differentiation,
thus further suggesting the use of PPARα as a potential therapeutic agent for neurodegeneration.

In 2003, Brune and colleagues [108] screened for polymorphisms in the PPARα gene, and they
detected two known polymorphisms located in exon 5 and intron 7. They studied the possible
association of these polymorphisms with AD and its effect in carriers of an insulin gene (INS)
polymorphism. They showed that carriers of a PPARαL162V allele and an INS-1 allele presented
an increased risk for AD. These authors also found an increased level of βamyloid in cerebrospinal
fluid in PPAR-α L162V genotype carriers. These results suggested that PPARα polymorphism may
be considered a risk factor for AD. Moreover, since altered glucose metabolism has been indicated in
AD, the interaction of the insulin and the PPARα genes in AD risk in the Epistasis Project, have been
assayed. The authors proposed that dysregulation of glucose metabolism leads to the development of
AD, and might be due, in part, to genetic variations in INS and PPARα, and their interaction especially
in Northern Europeans [109]. Recently, it has been reported that statins serve as ligands of PPARα,
and that Leu331 and Tyr 334 residues of PPARα are important for statin binding [110]. Upon binding,
statins induce upregulation of neurotrophins through PPARα-mediated transcriptional activation
of cAMP-response element binding protein (CREB). Consequently, simvastatin increases CREB and
also BDNF in the hippocampus of PPARα null mice receiving full-length lentiviral PPARα, but not
L331M/Y334D statin-binding domain mutated lentiviral PPARα. This study identifies statins as ligands
of PPARα analyzing the importance of PPARα in the therapeutic success of simvastatin in an animal
model of Alzheimer’s disease. Limited studies indicated a protective role for PPARα agonists in models
of PD: treatment with the PPARα agonist fenofibrate [111] protected nigral dopaminergic neurons in
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD. The role of PPARβ/δ
in neurodegeneration is less studied than PPARγ and α, and more controversial. PPARβ/δ agonists,
acting through PPARβ/δ activation, induce protection in many pathological CNS states, such as a
transgenic mouse model of Alzheimer’s disease, MPTP model of Parkinson’s disease, stroke, EAE,
spinal cord injury and in a streptozotocin-induced experimental type 3 diabetes [100]; in all these cases,
the effect has been mainly attributed to reduction of inflammation and oxidative stress. However,
the main question regarding this nuclear receptor is that further studies are needed in order to better
characterize this receptor in a more systemic manner, to support the possibility that PPARβ/δ might
be used as a therapeutic target [112].
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Regarding mitochondrial biogenesis, PPAR agonists can increase the functionality of
mitochondrial, and they enhance Ca2+ buffering ability of mitochondria. Therefore, it seems attractive
to examine the cellular and molecular mechanisms by which PPARs determine changes in cytosolic
Ca2+ concentration to develop new strategies in the field of drug development for neurodegenerative
disorders [73]. Moreover, PPAR agonists are able to induce mitochondrial biogenesis through PGC-1α,
preventing mitochondrial dysfunction caused by oxidative insults [113]. In Table 1, are shown the
references on energy metabolism imbalance in neurodegenerative disorders, and about PPARs ligands.

Table 1. Table summarizing the references on energy metabolism imbalance in neurodegenerative
disorders and on PPARs and PPAR ligands.

Neurodegenerative Diseases i.e.
AD and PD

Ref. Energy Metabolism Imbalance Ref. PPARs and Their Ligands

[47,64–68] Insulin Resistance [102–104,109,110]
[78–85] Mitochondrial Dysregulation [73,105,106,113]
[89–98] Peroxisomal Dysregulation [90–92]

8. Conclusions

The data summarized here underlines the significant role of PPARs in energy metabolism
adaptation during brain development. However, we still need to better elucidate the molecular
networks driven by these nuclear receptors in regulating NSC metabolism during self-renewal
and differentiation. In the brain, during pathological conditions, an alteration in metabolic status
occurs, whereby elucidate the crucial steps in energetic metabolism and the involvement of PPARs in
NSCs neuronal fate (lineage) may be useful for the future design of preventive and/or therapeutic
interventions. However, the future use of PPAR ligands as therapeutic agent is related to an important
problem of design of drugs: the new molecules have to be able to pass the BBB (blood–brain barrier)
and they have to be projected in order to avoid the classical pharmacokinetic problems related to the
drugs active on CNS.
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Abstract: Demyelination in multiple sclerosis (MS) cells is the site of several energy metabolic abnormalities
driven by dysregulation between the opposed interplay of peroxisome proliferator-activated receptor γ
(PPARγ) and WNT/β-catenin pathways. We focus our review on the opposing interactions observed
in demyelinating processes in MS between the canonical WNT/β-catenin pathway and PPARγ and
their reprogramming energy metabolism implications. Demyelination in MS is associated with
chronic inflammation, which is itself associated with the release of cytokines by CD4+ Th17 cells,
and downregulation of PPARγ expression leading to the upregulation of the WNT/β-catenin pathway.
Upregulation of WNT/β-catenin signaling induces activation of glycolytic enzymes that modify their
energy metabolic behavior. Then, in MS cells, a large portion of cytosolic pyruvate is converted into
lactate. This phenomenon is called the Warburg effect, despite the availability of oxygen. The Warburg
effect is the shift of an energy transfer production from mitochondrial oxidative phosphorylation
to aerobic glycolysis. Lactate production is correlated with increased WNT/β-catenin signaling
and demyelinating processes by inducing dysfunction of CD4+ T cells leading to axonal and
neuronal damage. In MS, downregulation of PPARγ decreases insulin sensitivity and increases
neuroinflammation. PPARγ agonists inhibit Th17 differentiation in CD4+ T cells and then diminish
release of cytokines. In MS, abnormalities in the regulation of circadian rhythms stimulate the WNT
pathway to initiate the demyelination process. Moreover, PPARγ contributes to the regulation of
some key circadian genes. Thus, PPARγ agonists interfere with reprogramming energy metabolism
by directly inhibiting the WNT/β-catenin pathway and circadian rhythms and could appear as
promising treatments in MS due to these interactions.

Keywords: WNT/β-catenin pathway; PPARγ; multiple sclerosis; energy metabolism; aerobic
glycolysis; demyelination; Warburg effect; circadian rhythms; clock genes

1. Introduction

Multiple sclerosis (MS) presents chronic inflammation, immune responses, blood–brain barrier
(BBB) breakdown, and demyelination in the white matter of the central nervous system (CNS) [1,2].
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In brain and spinal cord areas, chronic inflammation leads to axonal myelin sheath destruction
and the progressive loss of neurological functions with neuronal death. The inflammatory process in
MS is initiated by the microglia in association with the release of players CD4+ helper (Th) (Th1 and
Th17), the markers of the chronic inflammation [3]. Pro-inflammatory mediators, such as cytokines
(interleukin (IL-6, IL-17, IL-22), tumor necrosis factor α (TNF-α)), are synthetized by Th17 cells, which
are the main immune actors in the pathogenesis of MS [4]. MS can be considered as an autoimmune
disease which presents neurological disability and many genetic and environmental determinant
etiologies [5].

Glial cells, called oligodendrocytes (OLs), synthetize myelin sheaths in CNS by wrapping axons
with multi-lamellar sheets of plasma membrane which are composed of specific lipids and proteins.
Loss of myelinating OLs is considered as the origin of MS pathogenesis [6–9]. In white matter lesions
of MS, oligodendrocyte precursor cells (OPC) present a stop state and a non-differentiation into
myelinating OLs [6,10–14].

Altered cells in MS are derived from exergonic processes and emit heat that flows to the
surrounding environment. Several irreversible processes occur by changing reprogramming energy
metabolism [15,16].

Peroxisome proliferator-activated receptor γ (PPARγ) and the WNT/β-catenin pathway act in an
opposite manner in many diseases, including MS [17,18]. Numerous autoimmune disorders present
this opposed interplay, such as type 1 diabetes [19,20], thyroid autoimmunity [21,22] and rheumatoid
arthritis [23,24].

In MS, the dysregulation of both PPARγ [25] and the WNT/β-catenin pathway [26] influence
several statistical mechanisms by modifying energy metabolism leading to aerobic glycolysis, called
the Warburg effect [27,28].

PPARγ is a member of the nuclear superfamily of ligand-activated transcription factors which
regulates glucose metabolism and cellular homeostasis. WNT ligands belong to the family of
glycoproteins participating in the control of cell cycle, cell life and embryogenesis.

The Warburg effect is the shift of an energy transfer production from mitochondrial oxidative
phosphorylation to aerobic glycolysis. The Warburg effect was discovered by Otto Warburg in 1930 in
cancer processes [28]. This energy shift is partly due to injury of mitochondrial respiration, leading to an
increase of adenosine triphosphate (ATP) production by glycolysis. Indeed, although aerobic glycolysis
is less efficient in producing ATP molecules than oxidative phosphorylation, its production cycles
are much faster than those of oxidation phosphorylation [29], which results in higher ATP molecule
production than oxidative phosphorylation [30]. Recent studies have shown that this phenomenon is
not specific to cancers but is also observed in non-tumor diseases, such as MS [31].

In parallel, dysregulation of circadian rhythms (CRs) has been observed in MS [32].
This dysfunction leads to upregulation of the canonical WNT/β-catenin pathway that contributes to
MS pathogenesis. PPARγ can control CRs by regulating some key circadian genes, like Bmal1 (brain
and muscle aryl-hydrocarbon receptor nuclear translocator-like 1) [33] and can directly target the
WNT pathway [34] and energy balance in CNS [35]. By acting on these systems, PPARγ appears as an
interesting therapeutic pathway. In MS, the opposed interplay between PPARγ and the WNT/β-catenin
pathway has a major role in the dysregulation of energy metabolism and the disruption of CRs. Several
energy balance abnormalities found in MS are induced by several cellular processes involved in both
of these. We focus this review on the opposing interactions observed in MS between PPARγ and the
canonical WNT/β-catenin pathway and their reprogramming energy metabolism implications.

2. PPARγ

Peroxisome proliferator-activated receptor γ (PPARγ) is an orphan nuclear receptor which is
a member of the nuclear superfamily of ligand-activated transcription factors [36,37]. PPARγ is
composed of a ligand binding domain which is hydrophobic and a type II zinc finger DNA-binding
domain [38].
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PPARγ ligands form a heterodimer with the retinoic X receptor (RXR). RXR is a 9-cis retinoic acid
receptor. The heterodimer binds to peroxisome proliferator response element (PPRE) to activate several
target genes [39]. PPARγ is highly expressed in adipose tissues [40] and in cardiac and skeletal muscle,
pancreatic β-cells, kidney, macrophages [41], and other vascular cells, like endothelial cells [42,43].

PPARγ expression is implicated in numerous homeostasis pathways such as glucose and
lipid metabolism. Likewise, PPARγ expression is implicated in migration, apoptosis, cell growth,
antioxidant and inflammatory responses [39,44,45]. PPARγ is normally little expressed in CNS [46], but
its expression is found in neurons, OLs, astrocytes, microglia/macrophages [47], T and B lymphocytes,
dendritic cells [48] and brain endothelial cells [49]. PPARγ can repress inflammation by decreasing
nuclear factor-κB (NF-κB) activity [50].

Synthetic ligands of PPARγ are prostaglandins like 15-deoxy-Δ, 14 prostaglandin J2 [51], hydroxyl
octadecadienoic acid with derivatives of fatty acid oxidation [52] and lysophosphatidic acid (LPA) [53].
Pioglitazone and rosiglitazone are thiazolidinediones (TZD) which are synthetic PPARγ ligands [52].

3. Canonical WNT/β-Catenin Pathway (Figure 1)

Canonical WNT/β-catenin pathway is named as the discovery of the cascade gene “W”ingless in
drosophila and its homologue in mice “INT”(Integration site) [54] (Figure 1). The WNT/β-catenin pathway
is involved in numerous life cycles, such as embryogenesis in migration, proliferation, differentiation,
apoptosis and cell polarity [55]. Deregulation of the WNT/β-catenin pathway is observed in several
pathologies, such as cancers, fibrosis, neurodegenerative diseases, and atherosclerosis, and its targeting
appears as an emerging therapeutic pathway [56].

WNT ligands are glycoproteins, which activate the canonical WNT/β-catenin pathway [57].
Extracellular WNT ligands bind the receptor Frizzled (FZD) and then stimulate the co-receptor
Low-Density Lipoprotein (LDL) receptor-related proteins 5 and 6 (LRP 5/6) [58].

β-catenin is considered as the main molecule of the canonical WNT pathway. Its major function
is transcriptional activity. In physiologic conditions, cytoplasmic β-catenin is in constant turnover
between synthetized and destroyed intracellular cycles.

Cytosolic β-catenin is maintained at a minimal level through the activation of the β-catenin
destruction complex, which is formed by a combination of AXIN (a cytoplasmic protein regulating
G-protein signaling), glycogen synthase kinase-3β (GSK-3β, a serine-theronine kinase), adenomatous
polyposis coli (APC, a tumor suppressor gene), and casein kinase 1 (CK-1, a serine/threonine-selective
enzyme) [59]. CK-1 and GSK-3β target β-catenin by phosphorylating the serine and threonine
residues located in the amino acid terminus [60–62]. CK-1 phosphorylates an N-terminus of
β-catenin and GSK-3β phosphorylates a threonine 41 (Th41), Ser33 and Ser37 sites of β-catenin [55,63].
These phosphorylations result in the recruiting of APC in the destruction complex. APC modulates
the degradation of the cytosolic β-catenin into the proteasome through its tumor suppressor
properties [59,64].

Activation of the WNT/β-catenin pathway is characterized by the initiation of WNT ligands and
their interactions with FZD and LRP 5/6 co-receptors [65]. This binding stimulates Disheveled (DSH)
to inhibit the destruction complex and to permit cytosolic β-catenin accumulation. Nuclear β-catenin
binds T-cell factor/lymphoid enhancer factor (TCF/LEF) to activate several WNT target genes, such as
c-Myc and cyclin D1 [66,67].

Demyelinating events present an upregulation of the WNT/β-catenin pathway correlated
with a release of pro-inflammatory cytokines [68]. Moreover, PPARγ stimulation has a beneficial
role in MS [69,70] through the decrease of neuroinflammation [71] and the downregulation
of the WNT/β-catenin pathway in MS [17,18]. PPARγ agonists are considered as potential
therapeutic perspectives against neuroinflammation and neurodegeneration [72]. In MS, these two
pathways operate in an opposed interplay [18] and their dysregulations lead to energy metabolism
reprogramming. The objectives of this review are to describe this opposed crosstalk with circadian
rhythms regulation, and to better understand the energy remodeling aspect, called the Warburg effect,
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observed in MS and the potential therapeutic benefits of targeting these two pathways to improve
MS-related symptoms.

Figure 1. The canonical WNT/β-catenin pathway. (A) Under physiological circumstances, the WNT
“off state”, the cytosolic β-catenin is bound to its destruction complex, consisting of adenomatous
polyposis coli (APC), AXIN and glycogen synthase kinase-3β (GSK-3β). After CK-1 phosphorylates
on Ser45 residue, β-catenin is further phosphorylated on Thr41, Ser37, and Ser33 residues by GSK-3β.
Then, phosphorylated β-catenin is degraded into the proteasome. Therefore, the cytosolic level of
β-catenin is kept low in the absence of WNT ligands. If β-catenin is not present in the nucleus,
the T-cell factor/lymphoid enhancer factor (TCF/LEF) complex cannot activate the target genes.
Dickkopf (DKK) can inhibit the WNT/β-catenin pathway by binding to WNT ligands or low-density
lipoprotein receptor-related protein 5/6 (LRP 5/6). (B) When WNT ligands bind to both Frizzled
(FZD) and LRP 5/6, the WNT “on state”, Disheveled (DSH) is recruited and phosphorylated by FZD.
Phosphorylated DSH in turn recruits AXIN, which dissociates the β-catenin destruction complex.
Therefore, β-catenin escapes from phosphorylation and subsequently accumulates in the cytosol.
The accumulated cytosolic β-catenin goes into the nucleus, where it binds to TCF/LEF and activates
the transcription of target genes.

4. Crosstalk between PPARγ and Canonical WNT/β-Catenin Pathway in Diseases

The opposed interplay between the canonical WNT/β-catenin pathway and PPARγ has been
observed in numerous pathologies. Cancers, such as gliomas [73–75] and colon cancer [76], present
an upregulation of the canonical WNT/β-catenin pathway associated with a decrease of PPARγ
expression [77]. The process of fibrosis exhibits the same mechanism [78–80]. Neurodegenerative
diseases are classified in two categories [34], i.e., diseases that present a downregulation of the canonical
WNT/β-catenin pathway and an upregulation of PPARγ, such as Alzheimer’s disease [81–83],
and diseases with an upregulation of the canonical WNT/β-catenin pathway whereas PPARγ
is decreased, such as exudative age related macular degeneration [84,85], amyotrophic lateral
sclerosis [86], and multiple sclerosis [18].

Numerous studies have suggested that PPARγ may be considered as a negative β-catenin
target [87,88]. The β-catenin pathway can decrease PPARγ expression [89–98]. Indeed, PPARγ
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and WNT/β-catenin pathway interact via a catenin-binding domain within PPARγ and a TCF/LEF
β-catenin domain [99–102].

The decrease of the WNT/β-catenin pathway stimulates the expression of PPARγ [103], while
the increase of PPARγ expression inhibits β-catenin levels in numerous cellular systems [104–106].
Troglitazone, a PPARγ agonist, can downregulate c-Myc expression, a WNT target gene [107]. PPARγ
agonists, can activate WNT inhibitors, such as Dicckopf-1 (DKK1) [108] and GSK-3β [109] to decrease
β-catenin levels. In parallel, the WNT target COUP II can decrease PPARγ [110]. Inflammatory
cytokines and cellular pathways, such as WNT/β-catenin pathway, interleukin 1 (IL-1) and TNF-α,
can inhibit PPARγ expression [111–113].

5. PPARγ and the Canonical WNT/β-Catenin Pathway in MS

5.1. PPARγ in MS

Several studies have shown that PPARγ agonists can reduce the clinical expression of experimental
autoimmune encephalomyelitis (EAE) models of MS (Table 1). In EAE models, the PPARγ
agonist 15-deoxy-Δ(12,14)-prostaglandin acts by inhibiting NF-κB activity [114–116]. In addition,
PPARγ deficiency has been shown to exacerbate the clinical symptoms of EAE models [117].
The downregulation of PPARγ during demyelination in MS is well-described in previous studies [18].
However, the stimulation of PPARγ [118,119] leads to decreased inflammation and permits the
remyelination in oligodendrocytes (OLs) models of MS [120]. The overexpression of PPARγ is
correlated with neuroprotection in both OLs and neurons [121–128]. Th17 differentiation is decreased
by PPARγ agonists in both murine CD4+ T cells and in human models [129]. In CNS-infiltrating
CD4+ T cells, IL-17 expression is diminished by PPARγ overexpression [130]. The anti-inflammatory
role of PPARγ is responsible for both the decreased release of inflammatory cytokines [41,131,132],
and the expansion of encephalitogenic Th1 [117], Th17 cells [129] and B lymphocytes [133]. Lovastatin
induces the expression of PPARγ in the central nervous system (CNS) of EAE models [134].
However, simvastatin impedes the remyelination mechanism in cuprizone-CNS demyelinating models
(non-EAE-models) [135,136].

5.2. Demyelination and Activation of WNT/β-Catenin Pathway

Several studies have shown that the WNT/β-catenin pathway is overexpressed during the
demyelination process (for review, see [18]) (Table 1). The expression of WNT/β-catenin pathway is
overexpressed in the spinal cord dorsal horn (SCDH) in EAE models of mice [68]. The increase of the
β-catenin inhibitor indomethacin is known to decrease mechanical allodynia in EAE mice [68]. In EAE
models, over-activation of the WNT/β-catenin pathway impairs and delays OPC differentiation [137].
The WNT/β-catenin pathway, by stimulating pro-inflammatory cytokines, has a major role in
neuropathic pain pathogenesis [138]. β-catenin accumulation and nuclear transcription are associated
with alteration of endothelial adherens in experimental models [139,140] and in MS brain tissue [141].

5.3. Opposed Interaction between PPARγ and WNT Pathway in MS

In MS models, moringin (4-[α-L-rhamnopyranosyloxy]-benzyl isothiocyanate) can modulate
neuroinflammation through both decreased β-catenin signaling and increased PPARγ expression [142].
Moringin can also repress inflammatory factors, such as IL-1, IL-6 and cyclo-oxygenase-2 (COX2)
in EAE mice by increasing PPARγ levels [142]. In MS, moringin is known to protect against
neurodegenerative disorders [143,144].
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6. Reprogramming Energy Metabolism in Demyelination

6.1. Aerobic Glycolysis

Aerobic glycolysis, called the Warburg effect, is the conversion of glucose to lactate in the
presence of oxygen sufficient to support glucose catabolism via the tricarboxylic acid (TCA) cycle
with oxidative phosphorylation [28] (Figure 2). Numerous studies have shown that the canonical
WNT/β-catenin pathway stimulates aerobic glycolysis and glycolytic enzymes such as glucose
transporter (Glut), hexokinase (HK), pyruvate kinase M2 (PKM2), lactate dehydrogenase A (LDH-A),
monocarboxylate transporter 1 (MCT-1) [27,73,77,85,145,146]. An increased rate of glucose metabolism
is correlated with activation of the PI3K/Akt pathway [147]. The WNT/β-catenin pathway directly
stimulates PI3K/Akt signaling [148,149]. Activation of the PI3K/Akt pathway leads to HIF-1α
stimulation (hypoxia-inducible factor 1-α) [150] to induce overexpression of glycolytic enzymes
such as Glut, LDH-A, pyruvate dehydrogenase kinase 1 (PDK1) and PKM2 [150,151]. The allosteric
enzyme Phosphofructokinase (PFK) catalyzes the conversion between β-D-fructose-6-phosphate and
β-D-fructose-1,6-biphosphate. This reaction, by using ATP, leads to glycolytic oscillations and can
be organized in time and space driven by PFK with a positive feedback responsible for periodic
behavior [152].

Figure 2. Aerobic glycolysis stimulation by activated canonical WNT/β-catenin pathway. Activation
of the receptor tyrosine kinase (RTK) is required to take up enough glucose to cell survival. PI3K/Akt
pathway is stimulated to maintain a sufficient ATP production through the metabolism of glucose.
Glucose is transformed into pyruvate into the mitochondria for the oxidative phosphorylation process.
However, during WNT activation, WNT signal transduction results in activation of c-Myc, lactate
dehydrogenase A (LDH-A), pyruvate dehydrogenase kinase (PDK) and monocarboxylate transporter 1
(MCT-1). The WNT target genes cooperate to divert glycolytically derived pyruvate into lactate which
is expelled out the cell by MCT-1. Moreover, c-Myc induces glutamine uptake and glutaminolysis to
support mitochondrial integrity and aspartate production. Accumulation of cytosolic lactate involves
several pathways such as nucleotide synthesis, lipid synthesis and cell division.
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6.2. Aerobic Glycolysis in MS

An imbalance between energy production and consumption has been observed in MS [153–155].
Decrease of oxidative phosphorylation and mRNA deletions observed in MS neuronal cell bodies
indicate a mitochondrial dysregulation [156,157]. Indeed, alteration of energy metabolism is observed
in urine [158] and in serum of MS patients [159]. Activation of aerobic glycolysis and decrease of
oxidative phosphorylation aggravate MS pathogenesis by inducing dysfunction of CD4+ T cell [160].
CD4+ T cell dysregulation has a major role in MS pathogenesis by aggravating axonal and neuronal
damage [1,161].

Inhibition of aerobic glycolysis in MS by copaxone restores mitochondrial activity and then
diminish CD4+ T cell dysregulation [162]. Glycolytic metabolism reduces ROS (reactive oxygen
species) production, oxidative damage and promotes the production of lipids and fatty acid required
by OLs for myelin production [163–165].

Neuronal cell death and astrocytic inflammation processes are associated with the increase of
glycolytic activity [166,167]. Shunt of TCA cycle by decrease of pyruvate dehydrogenase (PDH) activity
is associated with neurodegeneration [168,169]. Lactate metabolism is upregulated upon the increase
of aerobic glycolysis in MS [170,171]. The increase in lactate levels is correlated with the progression
of MS [172,173]. Reduction of oxidative phosphorylation, shunt of the TCA cycle and activation of
aerobic glycolysis inducing lactate production are observed in MS lesions [31,159]. Recently, magnetic
resonance spectroscopy and positron emission tomography (PET) have shown that lactate levels
are increased in MS lesions [170,174] and that lactate concentration in the cerebral spinal fluid is
associated with the number of inflammatory plaques and mitochondrial dysregulation in MS [175–177].
Modulation of aerobic glycolysis appears as a potential treatment for myelin maintenance in MS
lesions [26].

Table 1. WNT pathway, peroxisome proliferator-activated receptor γ (PPARγ) and aerobic glycolysis
in multiple sclerosis (MS) models.

Pathway Expression Actions Model References

PPARγ Agonists

Inhibition of NF-κB EAE models [114–116]
Decrease inflammation, permits

remyelination OLs models [118,119]

Neuroprotection EAE models [121–128]
Th17 differentiation Murine CD4+ T cells [129]

Decrease IL-17 expression EAE models [130]
Decrease IL-1, IL-6 and COX2 EAE models [142]

Decrease β-catenin EAE models [142]

WNT Overexpression

Chronic pain EAE models [68]
Impairs OPC differentiation EAE models [137]

Alteration of endothelial adherens EAE models [139,140]
Alteration of endothelial adherens MS brain tissue [141]

Aerobic
Glycolysis

Activation

Neuronal cell death and astrocytic
inflammation EAE models [166,167]

MS progression Human models [172,173]
Increased lactate production Human models [31,159]
Mitochondrial dysregulation Human models [175–177]

NF-κB: nuclear factor-κB; EAE: experimental autoimmune encephalomyelitis; OLs: oligodendrocytes; OPC:
oligodendrocyte precursor cells; MS: multiple sclerosis.

7. Circadian Rhythms in MS

7.1. Circadian Rhythms, Definition

Several biologic mechanisms in the body are controlled by the circadian “clock” (circadian
locomotors output cycles kaput). The circadian clock is located in the hypothalamic suprachiasmatic
nucleus (SCN). CRs are endogenous and entrainable free-running periods that last approximately
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24 h. Numerous transcription determinants are responsible for the regulation of CRs. They are called
circadian locomotor output cycles kaput (Clock), brain and muscle aryl-hydrocarbon receptor nuclear
translocator-like 1 (Bmal1), Period 1 (Per1), Period 2 (Per2), Period 3 (Per3), and Cryptochrome (Cry 1
and Cry 2) [178,179] (Figure 3). These transcription factors are controlled by positive and negative
feedbacks mediated by CRs [180,181]. Clock and Bmal1 heterodimerize and then initiate transcription
of Per1, Per2, Cry1 and Cry2 [182]. The Per/Cry heterodimer can inhibit its activation through negative
feedback. It translocates back to the nucleus to directly inhibit the Clock/Bmal1 complex and then
inhibits its own transcription [182].

Figure 3. Circadian clock genes process. The clock is considered as a stimulatory loop, with the
Bmal1/Clock heterodimer activating the transcription of Period (Per) and Cryptochrome (Cry) genes,
and then a negative feedback loop with the Per/Cry heterodimer which translocates to the nucleus
and then represses the transcription of the Clock and Bmal1 genes. An additional loop implicates the
RORs and Rev Erbs factors with a positive feedback by retinoid-related orphan receptors (ROR) and a
negative feedback by Rev Erbs. Arrows: activation; T bar: inhibition.

The Clock/Bmal1 heterodimer activates the transcription of retinoic acid-related orphan nuclear
receptors, Rev-Erbs and retinoid-related orphan receptors (RORs). By a positive self-regulation RORs
can activate Bmal1 transcription, whereas Rev-Erbs can repress their transcription through negative
feedback [182].

7.2. Circadian Rhythm Disruption in MS

Several studies have shown that circadian rhythms have a main role in MS [183]. Late-night shift
work in MS patients is associated with disruption of circadian rhythms and sleep [184,185]. Indeed,
sleep dysregulation worsens EAE symptoms [186] by increasing the infiltration of inflammatory cells
in the CNS, such as CD4+ T cells [186]. EAE severity is associated with both sleep disruption and
degree of sleep fragmentation [187]. Few studies have examined CRs dysregulation in MS. However,
MS is associated with many symptoms such as hypertension, heart disease, anxiety, depression and
sleep disturbances [188,189]. Sleep disorders observed in MS patients [190] are characterized by
prolonged sleep latency and frequent nocturnal awakening [191]. In MS, fatigue symptom is associated
with CRs abnormalities [192,193], such as sleep phase syndrome and irregular sleep wake pattern.
In MS, dorsolateral hypothalamic neurons secrete less neuropeptide hypocretin-1/orexin-A [194].
The Orexin-A system is responsible for the modulation of sleep-wake cycle [195]. Decreased orexin-A
levels lead to the promotion of consolidated night sleep [196].

Hypersomnia observed in MS patients is associated with low cerebrospinal fluid (CSF) orexin-A
and hypothalamic lesions [197]. Inflammation may suppress the orexin-A system [198] through the
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overexpression of cytokines, TNF-α and interferon γ (IFN-γ) leading to fatigue syndrome in MS
patients [199].

The orexin-A system is influenced by seasonal fluctuations and day length [200]. Demyelination
process may put MS patients at risk for CR disorders [201]. Seasonal fluctuations observed in MS
may be due to variations of melatonin levels which increase in winter and decrease in summer [202].
Moreover, this seasonal variation could also act through the birth month in susceptibility to developing
MS [203,204]. Cytokine and chemokine expression in lymphoid tissues present some seasonal variation
in EAE mice [204,205].

By inducing Rev-Erbs, CRs can regulate the balance of Th17/Th1/Treg in EAE mice [206]. The number
of Th17 cells decreases during the acute phase of MS and is associated with melatonin levels [206].

7.3. Interaction between WNT/β-Catenin Pathway and Circadian Rhythms

The WNT/β-catenin pathway is downstream of the RORs regulation factors and contains diverse
putative Bmal1 clock-binding sites within its promoter [207]. By these interactions, circadian genes
can regulate cell cycle progression through the WNT pathway [208] (Figure 4). Expression of WNT
pathway can be downregulated by Bmal1 knockdown [209]. Expression levels of WNT-related genes
in wild-type mice are higher than levels of WNT-related genes with Bmal1 knockdown mice [210,211].
Bmal1 appears to be upregulated in MS [212]. Cell proliferation and cell cycle progression are regulated
by Bmal1 via stimulation of the canonical WNT/β-catenin pathway [213]. Bmal1 activation increases
β-catenin transcription and decreases both β-catenin degradation and GSK-3β activation [214]. Per2
degradation induced by β-catenin involves the dysregulation of circadian genes in intestinal mucosa
of ApcMin/+ mice [215].

Figure 4. Schematic interaction between WNT, peroxisome proliferator-activated receptor γ (PPARγ)
and circadian rhythms. PPARγ agonists can decrease Bmal1 expression. The knockout of Bmal1 leads
to decrease WNT/β-catenin pathway activity and then in absence of initiation of aerobic glycolysis.
In parallel, PPARγ agonists can decrease melatonin levels leading to activate GSK-3β activity, the main
inhibitor of WNT pathway.

In normal circumstances, the core circadian genes work in accurate feedback loops and keep the
molecular clockworks in the SCN. They permit regulation of peripheral clocks [180,181].

Per1 and Per2 control CRs cells and modulate cell-related genes expression, such as c-Myc,
to sustain the normal cell cycle [216,217]. mRNAs and proteins levels of circadian genes oscillate
throughout the 24-hour period [180].

7.4. Action of PPARγ on Circadian Rhythms

PPARγ directly acts with the core clock genes and presents diurnal fluctuations in liver and blood
vessels [33,218]. In mice, impaired diurnal rhythms are induced by a knockdown of PPARγ [219].
PPARγ agonists can regulate Bmal1 and the constitution of the heterodimer Clock/Bmal1 [33,220]
and can then target Rev-Erb [221] (Figure 4). Decrease of the clock-controlled gene Nocturin inhibits
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PPARγ oscillations in the liver of mice fed on high-fat diet. In normal circumstances, nocturin binds
to PPARγ to enhance its transcriptional activity [222]. The inhibtion of PPARγ expression prevents
circadian function of 15-Deoxy-D 12,14-prostaglandin J2 (15-PGJ2) [219]. The partner of PPARγ, RXR,
interacts with Clock protein in a ligand-dependent manner and then decreases the formation and
transcriptional activity of the Clock/Bmal1 heterodimer [223]. PPARγ acts on the mammalian clock
and energy metabolism [223]. Circadian metabolism is directly regulated by PPARγ [219]. Retinoic
acid receptor-related orphan receptor γ t (RORγt) is considered as a key transcriptional factor for Th17
differentiation [224,225]. PPARγ can influence the function of Th cell clones [226]. PPARγ agonists
inhibit Th17 differentiation through the inhibition of RORγt induction [129,227,228]. CD4+ T cells fail
to express RORγt under the action of PPARγ agonists [129].

7.5. Interest of Cortisol in MS

Cortisol production by the HPA axis (hypothalamic-pituitary-adrenal axis) during the acute phase
of MS leads to suppression of T cell secretion of inflammatory factors, such as cytokines [229]. The peak
of inflammatory factor production occurs in association with low levels of cortisol. TNF-α and IL-6
production during active phases is consistent with reduction of night-time cortisol production [230].
Cortisol production is regulated by circadian rhythms that present an elevated morning level,
but normalizes by the evening in MS patients [231]. However, the role of cortisol in MS remains
unclear [183]. HPA axis seems to be activated in relapsing-remitting MS patients but this phenomenon
has not been shown in all studies [232,233]. Nevertheless, a normal cortisol level is associated with
a more severe disease course [234]. Rat strains with low HPA axis activity present worse EAE in
comparison to rat strains with low HPA axis activity [235]. These results suggest that elevated levels
of cortisol suppress inflammation in MS even if other studies have shown that over-active HPA axis
in association with high serum cortisol contributed to worse forms of MS [236]. Cortisol seems not
to act alone, and corticosteroids present in the CNS and blood may have an impact on the immune
response. Corticosteroid concentration in cerebrospinal fluid present high levels in MS patients with
stable disease and low levels with worse forms despite similar serum cortisol level [237]. High serum
cortisol level can inhibit inflammation process through an over-active HPA axis leading to protection
in MS whereas disruption of HPA axis is associated with worse forms of the disease. Cortisol is
known to have immunosuppressive effects by affecting cytokine secretion and T cell activation [238].
Glucocorticoids are not limited to the inhibition of T cell response but also affect the decrease of
macrophages, B cells and dendritic cells [239]. Glucocorticoids in MS present many beneficial effects
but the resistance observed in humans may complicate its use [240]. Nevertheless, cortisol can affect
CRs by glucocorticoid receptors [by activating the transcription of Per1 and Per2 [241,242]. In MS,
the circadian oscillations of cortisol levels show that cortisol may have a key role in the regulation of
peripheral clocks. In MS, no study has shown a link between PPARγ expression and cortisol level. Few
studies have observed that high PPARγ agonists can increase cortisol levels in cancers [243].

7.6. Interest of Melatonin in MS

Melatonin (also named 5-methoxy-N-acetyltryptamine) is a secreted by the pineal gland [244].
Melatonin is released during darkness and thereby regulates the circadian regulation of sleep [245,246].
An inverse correlation is observed between melatonin levels and MS progression [247,248]. Melatonin
has anti-inflammatory, anti-oxidant and neuroprotective effects [245,249–253]. Administration of
melatonin reduces EAE severity through the suppression of Th17 cell number [202,254]. Moreover, CRs
could be related to inflammation by affecting immunization [255]. TNF-α and IL-1β overexpression can
inhibit the melatonin synthesis pathway [256–258]. TNF-α directly inhibits melatonin expression [259].
Melatonin ameliorates EAE development by suppressing Th17 cells generation [202,254,260–262].
Melatonin also ameliorates symptoms in EAE mouse models [202,254,260–262] through the inhibition
of Rev-Erb and ROR expressions, and by limiting Th17 cell differentiation and function [206,260].
Melatonin decreases phosphorylation of GSK-3β [263,264]. PPARγ agonists can upregulate melatonin
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levels to restore mitochondrial membrane potential, stimulate the biogenesis of mitochondria [265]
and enhance mitochondrial function [266].

8. Conclusions

Demyelination during MS lesions is associated with reprogramming energy metabolism through
the dysregulation of the opposed interplay of PPARγ and the WNT/β-catenin pathway (Table 1).
The canonical WNT/β-catenin pathway is upregulated by chronic neuroinflammation, whereas
PPARγ is downregulated during demyelinating processes. These two systems act in an opposed and
reverse manner. Demyelinating processes are associated with the increase of the WNT/β-catenin
pathway and dysregulation of the circadian clock genes. In MS, over-activation of Bmal1 leads to
stimulation of the canonical WNT/β-catenin pathway. Then, activation of the WNT/β-catenin pathway
results in stimulation of glycolytic enzymes leading to activation of aerobic glycolysis. Lactate
production induces dysfunction of CD4+ T cells leading to axonal and neuronal damage during
the MS demyelinating processes. PPARγ agonists can inhibit Th17 differentiation in CD4+ T cells
and can diminish cytokine release. In parallel, PPARγ agonists can interfere with reprogramming
energy metabolism by directly inhibiting the WNT/β-catenin pathway and interacting with clock
genes and thus, could be a promising therapeutic pathway in MS due to their interactions (Figure 5).
These findings support the possibility of targeting these pathways with the goal of improving the
symptoms of MS. Clinical trials and studies are needed to confirm this hypothesis in MS pathogenesis.

Figure 5. Potential PPARγ agonists treatment approach in demyelination. During acute phase,
inflammation processes, activated by disruption of circadian rhythms, lead to release of several
cytokines and pro-inflammatory factors which stimulate the canonical WNT/β-catenin pathway.
Activation of the WNT ligands involves WNT target genes that are responsible for the initiation
of the shunt of the tricarboxylic acid (TCA) resulting in aerobic glycolysis instead of oxidative
phosphorylation. Lactate production, the main factor of energy metabolism alteration, and its release
out the cells enhance CD4+ T cells dysfunction which aggravates MS pathogenesis, neuronal and
axonal damages. Using PPARγ agonists could be interesting because of their four interactions in
the demyelination cascade. First, PPARγ agonists directly inhibits neuroinflammation by inhibiting
cytokines and inflammatory factors release. Secondly, PPARγ agonists can regulate circadian clocks,
such as Bmal1, to decrease inflammatory factors release and to target WNT ligands. Third, their
opposed interaction with the canonical WNT/β-catenin pathway can prevent the initiation of aerobic
glycolysis process and then the energy metabolism reprogramming enable MS. At last, PPARγ agonists
have neuroprotective effects by targeting CD4+ T cells to prevent neuronal and axonal damages. Arrow:
activation; T bar: inhibition.
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Abbreviations

Acetyl-coA Acetyl-coenzyme A
APC Adenomatous polyposis coli
Bmal1 Brain and muscle aryl-hydrocarbon receptor nuclear translocator-like 1
Clock Circadian locomotor output cycles kaput
Cry Cryptochrome
CRs Circadian rhythms
DSH Disheveled
FZD Frizzled
Glut Glucose transporter
GSK-3β Glycogen synthase kinase-3β
LDH Lactate dehydrogenase
LRP 5/6 Low-density lipoprotein receptor-related protein 5/6
MCT-1 Monocarboxylate lactate transporter-1
Per Period
PPARγ Peroxisome proliferator-activated receptor γ
PI3K-Akt Phosphatidylinositol 3-kinase-protein kinase B
PDH Pyruvate dehydrogenase complex
PDK Pyruvate dehydrogenase kinase
RORs Retinoid-related orphan receptors
TCF/LEF T-cell factor/lymphoid enhancer factor
TCA Tricarboxylic acid
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Abstract: Increasing evidence points towards the existence of a bidirectional interconnection between
metabolic disease and neurodegenerative disorders, in which inflammation is linking both together.
Activation of members of the peroxisome proliferator-activated receptor (PPAR) family has been
shown to have beneficial effects in these interlinked pathologies, and these improvements are often
attributed to anti-inflammatory effects of PPAR activation. In this review, we summarize the role
of PPARs in immune cell function, with a focus on macrophages and T cells, and how this was
shown to contribute to obesity-associated inflammation and insulin resistance, atherosclerosis,
and neurodegenerative disorders. We address gender differences as a potential explanation in
observed contradictory results, and we highlight PPAR-induced metabolic changes as a potential
mechanism of regulation of immune cell function through these nuclear receptors. Together, immune
cell-specific activation of PPARs present a promising therapeutic approach to treat both metabolic
and neurodegenerative diseases.

Keywords: obesity; type 2 diabetes; atherosclerosis; neurodegenerative disease; inflammation;
macrophages; T cells; PPARs; metabolism; gender

1. The Interrelationship between Metabolism, Inflammation, and Neurodegenerative Disease

1.1. Inflammation and Metabolic Disease

Although inflammation is a vital response to infection and tissue injury, non-resolved chronic
inflammation is associated with many pathological processes. Several of these pathologies, in which
inflammation is a common denominator, are grouped under metabolic syndrome, including obesity,
type 2 diabetes, cardiovascular disease, and fatty liver disease [1].

Over the past two decades, a clear link has been established between obesity-associated
inflammation and the development of insulin resistance, which eventually leads to type 2 diabetes [1].
As a result of insulin resistance, the body needs higher levels of insulin to help glucose enter cells.
The β cells in the pancreas try to keep up with this increased demand for insulin by producing more.
Over time, however, insulin resistance can lead to type 2 diabetes and prediabetes, because the β cells
fail to keep up with the body’s increased need for insulin.

Initially, studies showed that adipose tissue expansion in obesity is accompanied by an increase
in cytokine and chemokine expression, such as tumor necrosis factor (TNF)-α, interleukin (IL)-6,
monocyte chemoattractant protein (MCP)-1, and interferon (IFN)-γ. Some of these cytokines/
chemokines were shown to impair insulin action in normally insulin-sensitive tissues, leading to
insulin resistance. Later, it was demonstrated that this obesity-induced adipose tissue inflammation
was largely the result of a shift in the balance of anti-inflammatory towards pro-inflammatory immune
cells [2]. In lean adipose tissue, regulatory B cells (Bregs), regulatory T cells (Tregs), T helper 2 (Th2)
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cells, eosinophils, and type 2 innate lymphoid cells (ILC2s) maintain an anti-inflammatory environment
through the production of IL-10, IL-4, IL-5, and IL-13. These anti-inflammatory cytokines promote
anti-inflammatory M2 polarized macrophages in adipose tissue. By contrast, obesity-associated adipose
tissue expansion is accompanied by an increase in elastase-secreting neutrophils, mast cells, and
IFNγ-secreting CD8+ T cells, Th1 cells, and natural killer (NK) cells. Inflammatory mediators secreted
by these cells promote pro-inflammatory M1 macrophage polarization and their release of IL-1β, IL-6,
and TNF-α cytokines [2].

Likewise, atherosclerosis is also associated with a chronic and non-resolving immune response.
The accumulation of lipoproteins in the arterial wall, characteristic of atherosclerosis, triggers first an
innate immune response, dominated by monocyte/macrophages, followed by an adaptive immune
response involving primarily Th1, but also Th17 and Th2 cells and B cells, alongside a progressive
decrease in Tregs [3]. As in adipose tissue, atherosclerotic plaques can contain both inflammatory and
resolving macrophages. The pro-inflammatory macrophages secrete cytokines, proteases, and other
factors that can cause plaque morphological changes and progression that can eventually trigger plaque
rupture, whereas resolving macrophages carry out functions that can suppress plaque progression and
promote plaque regression and/or stabilization [3].

1.2. Inflammation as a Link between Metabolic Disease and Neurodegenerative Disorders

Both human studies and animal models concur to suggest an interrelationship between metabolic
disease and neurodegenerative disorders (NDDs), such as Alzheimer’s disease, Huntington’s disease,
Parkinson’s disease, and multiple sclerosis [4–9]. Higher body mass index represents a risk factor for
the development of these NDDs [4–9]. Inflammation might be linking metabolic disease to NDDs,
since a growing body of observational and experimental data shows that inflammatory processes,
termed neuroinflammation, contribute to the onset and progression of neuronal degeneration [10].
Furthermore, this link between metabolic disease and neuroinflammation goes both ways, since
hypothalamic inflammation has been linked to the development and progression of obesity and its
sequelae [11,12]. Hypothalamic inflammation induced by obesogenic diets occurs before significant
body weight gain, and precedes inflammation in peripheral tissues. This results in the uncoupling
of caloric intake and energy expenditure, not only leading to overeating and weight gain, but also
contributes to obesity-associated insulin resistance via altered neurocircuit functions. For example,
hypothalamic inflammation modulates insulin secretion by pancreatic β cells, adipose tissue lipolysis,
and hepatic glucose production [13,14]. Microglia cells, the brain counterpart of macrophages, play a
major role in the neuroinflammation observed in both NDDs and the obesity-associated hypothalamic
inflammation [10,11]. The aggregates of amyloid β-peptide (Aβ) and α-synuclein, that respectively
characterize Alzheimer’s and Parkinson’s disease, have been shown to induce microglia activation,
which augments the level of neuroinflammatory mediators, that in turn worsen these NDDs [10].
Likewise, an obesogenic diet leads to an accumulation of activated microglia within the hypothalamus
that produce a variety of proinflammatory cytokines [11]. Furthermore, high fat feeding is associated
with the accumulation and activation of astrocytes in the hypothalamus, which also produce a variety
of inflammatory factors [11]. In Huntington’s disease, expression of mutant Huntingtin (HTT) protein
results in a cell-autonomous pro-inflammatory state of activation of microglia and, to a certain extent,
of astrocytes [15]. Multiple sclerosis is characterized by the progressive destruction of axon myelin
sheaths by the action of autoreactive immune cells (including T cells and macrophages) [10].

Taken together, both animal models and human studies strongly suggest that there is a
close interconnection between metabolism, inflammation, and neurodegeneration (see Figure 1).
With inflammation as a link between metabolic disease and NDDs, therapies targeting inflammation
might both re-establish metabolic homeostasis and have efficacy in counteracting cognitive decline.
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Figure 1. Interconnection between metabolism, inflammation, and neurodegeneration. An imbalance
between caloric intake and energy expenditure has been linked to both metabolic disease (obesity and
atherosclerosis) and neurodegenerative disorders. These pathologies all have a state of unresolved
chronic inflammation in common. The link between neuroinflammation and obesity and associated
sequelae is bidirectional, since hypothalamic inflammation leads to uncoupling of caloric intake and
energy expenditure, leading to obesity, but also contributes to obesity-induced insulin resistance
(and subsequent type 2 diabetes) via altered neurocircuit functions.

2. The Role of Metabolism in Immune Cell Function

Glycolysis, oxidative phosphorylation (OXPHOS), glutaminolysis, and/or fatty acid oxidation
(FAO) are metabolic pathways that generate energy needed to satisfy basic cellular functions.
Regarding immune cells, it was shown over the years that these cells can adapt their metabolism,
from one pathway to another, to support the bioenergetically demanding processes of growth and
effector function during an immune response.

2.1. Adaptive Immune Cells

The first metabolic change encountered by lymphocytes appears upon activation when shifting
from quiescent cells with a relatively low metabolism to activated and proliferating cells, that have high
metabolic needs. This shift is supported by a switch from an oxidative metabolism towards anaerobic
glycolysis (Warburg effect) following antigen recognition by both T and B cells [16,17]. Indeed,
lymphocyte activation is accompanied by an elevated glucose uptake through increased translocation
of glucose transporter 1 (GLUT1) to the cellular membrane [18,19]. Increase in glutaminolysis in also
observed in both cell types as glutamine is an essential substrate for the tricarboxylic acid cycle [20,21].
For B cells, activation is also accompanied by an increased OXPHOS, but data on the metabolic profile
of distinct B cell subsets is still lacking [17]. As for T cells, activated CD4+ T cells will polarize into
different subpopulations with their own inflammatory and metabolic phenotype (Th1, Th2, Th17,
and Tregs). Anti-inflammatory Tregs are poorly proliferative, whereas pro-inflammatory T cell subsets
can be highly proliferative. In this regard, studies showed that Th1, Th2, and Th17 cells use glycolysis
to meet their energy demands, whereas Tregs have high lipid oxidation rates [22,23]. Furthermore,
it was demonstrated that by directly manipulating cell metabolism one can regulate CD4+ T cell
fate; for example, inhibition of glycolysis blocks Th17 development and promotes T cell polarization
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towards Treg cells [23]. CD8+ memory T cells largely depend on FAO for their metabolic needs, and in
line with this, carnitine palmitoyltransferase Ia (CPT1a) expression (rate-limiting enzyme of FAO
pathway) was found to promote the differentiation into this subpopulation [24].

2.2. Innate Immune Cells

Granulocytes, dendritic cells (DC), and M1 type macrophages rely on glucose metabolism upon
activation, while M2 macrophages depend on FAO. Unlike lymphocytes, activated myeloid cells tend
to be non-proliferative, but still mostly exhibit an increased glycolytic metabolism upon activation,
which is essential to acquire their effector function.

Indeed, neutrophil effector functions, such as neutrophil extracellular trap formation, tissue
infiltration and phagocytosis, were decreased in the presence of the 2-deoxy-glucose, an inhibitor of
glycolysis [25,26]. In a recent study on mast cells, seahorse experiment results showed an increase of
glycolysis, as well as OXPHOS, following their activation. The latter was particularly implicated in
the degranulation process and cytokine production [27]. As for eosinophil and basophil metabolism,
evidence suggests a glycolytic metabolism after their activation, but this needs to be investigated
further [28]. DCs shift from naïve DCs, using mainly FAO and OXPHOS metabolism, to glycolysis,
upon activation. Increase of glucose metabolism is then mainly implicated in the increase in de
novo fatty acid synthesis that seems to correlate with the immunogenic phenotype of DCs [29].
Similar to T cells, macrophage activation can give rise to the polarization into pro-inflammatory M1
or anti-inflammatory M2 macrophages that exhibit metabolic differences. While M1 macrophages
preferentially use glycolysis to support the production of inflammatory cytokines, such as IL-1β
and TNF-α via the activation of nuclear factor-κB (NF-κB) and activator protein-1 (AP-1) signaling,
M2 macrophages use lipid oxidation as energy source [30]. In this case, lipid oxidation is supported by
an increase in the expression of fatty acid translocase (FAT)/CD36 and CPT1a, that favors lipid import
into cells and mitochondria, respectively [30,31].

It is clear from these findings that metabolism plays an important role in the immune cell fate
and inflammatory phenotype. Overall, a distinction can be made between pro-inflammatory cells,
that require a rapid burst of energy and macromolecule synthesis via glycolysis to produce cytokines,
and quiescent or anti-inflammatory cells, that use mostly oxidation (FAO and OXPHOS) for their
survival and longevity. As a consequence, manipulating immune cell metabolism has become an
interesting approach to control the immune response.

3. Role of PPARs in Immune Cell Function

3.1. PPARs and Their Mode of Action

The peroxisome proliferator-activated receptor (PPAR) subfamily of nuclear hormone receptors
consist of three different isoforms; PPARα, PPARβ, and PPARγ, that are each expressed in various
tissues and cell types, and regulate the transcription of a large variety of genes implicated in
metabolism, cell proliferation/differentiation, and inflammation [32]. These different PPAR members
have a conserved structure that includes an N-terminal ligand-independent transactivation domain,
a DNA binding domain, and a C-terminal ligand-binding domain and ligand-dependent activation
domain [33]. This C-terminal region is implicated in receptor heterodimerization with the obligatory
transcriptional partner, the retinoid X receptor (RXR). These heterodimers bind to specific DNA
sequence elements called peroxisome proliferator response elements (PPREs) in the regulatory region
of their target genes. Binding of synthetic or endogenous ligands (fatty acids and their derivatives)
induces a conformational switch in the receptors, leading to dissociation of co-repressor proteins
and recruitment of co-activator proteins to enhance the transcription of target genes [33]. This direct
transcriptional regulation of PPARs through binding to PPREs largely concerns target genes involved
in transport, synthesis, storage, mobilization, activation, and oxidation of fatty acids. However,
the regulation of immune cell function by PPARs, the topic of this review, is thought to mostly
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implicate transcription regulation of target genes through indirect mechanisms. The best-known
mechanism by which PPARs regulate inflammation is through transrepression [34]. This activity
involves indirect association (tethering) of the PPARs with target genes. There are many mechanisms
by which PPARs can transrepress inflammatory responses, including competition for a limiting pool of
coactivators, direct interaction with the p65 subunit of NF-κB and c-Jun subunit of AP-1, modulation
of p38 mitogen-activated protein kinase (MAPK) activity, and partitioning the corepressor B-cell
lymphoma 6 (BCL-6) [34].

3.2. Role of PPARs in Immune Cells

There is a vast amount of literature (including many excellent reviews) on the anti-inflammatory
roles of the different PPARs in a multitude of inflammatory diseases (for selection of reviews,
see [32,35–49]). Many of these studies were performed in global knockout models and/or PPAR
agonists/antagonists were administered systemically. The global/systemic nature of these latter
studies often does not allow for the interpretation of the role of PPARs in specific immune cells,
since the effects observed could be due to numerous PPAR actions unrelated to their function in
immune cells. Furthermore, several studies treated immune cells with endogenous PPAR ligands that
are also known to have PPAR-independent effects, so again, this complicates the interpretation of the
results obtained. As a consequence, we limit this review to studies that (1) use mouse models that are
deficient for, or overexpress, PPARs specifically in certain immune cells, (2) performed in vitro studies
on immune cells deficient for, or overexpressing PPARs, and/or (3) used PPAR-specific (ant)agonists
directly on (mouse or human) immune cells. In particular, we focus on studies concerning PPAR
actions in macrophages and T cells, and how that impacts inflammatory disease (with a focus on
metabolic and neurodegenerative diseases).

3.2.1. Role of PPARs in Macrophages

All three PPAR family members have been shown to play a role in mouse macrophage polarization.
PPARα, β, or γ activation was demonstrated to potentiate the polarization of mouse macrophages
towards the anti-inflammatory M2 phenotype, while M2-type responses are compromised in the
absence of PPARγ or β expression (effect of PPARα absence has not been studied) [50–66]. In human
macrophages results are less clear-cut; while PPARγ activation has been shown to stimulate M2
polarization, PPARα or β activation did not seem to have any effect [67–71]. These anti-inflammatory
actions of PPARs in macrophages have often been described to involve transrepression mechanisms
involving NF-κB and AP-1 [51,53,60,61]. However, in line with the importance of metabolism in
macrophage polarization (see Section 2.2 above), deletion of PPARγ in macrophages leads to reduced
rates of β-oxidation of fatty acids, and consequently, these PPARγ-deficient macrophages are unable
to clear the metabolic checkpoint required for full conversion to the alternative phenotype [50].
One mechanism through which PPARβ activation was proposed to exert its anti-inflammatory actions
in macrophages involves the repressor BCL-6; unliganded PPARβ binds and sequesters BCL-6,
and upon ligand binding, BCL-6 is released, and can repress transcription of pro-inflammatory target
genes, including IL-1β, MCP-1, and matrix metalloproteinase 9 (MMP9) [72]. Based on this mechanism,
PPARβ-deficient macrophages should exhibit an anti-inflammatory phenotype (BCL-6 would be free
to repress pro-inflammatory genes). However, this is contradicted by two different studies that show
that absence of PPARβ does not suppress pro-inflammatory responses during alternative activation of
macrophages [66,73].

3.2.2. Role of PPARs in T Cells

In T cells, PPARs have been shown to regulate survival, activation, and CD4+ T cell differentiation
into the Th1, Th2, Th17, and Treg lineages [39]. PPARβ activation was shown to inhibit Th1 and
Th17 polarization, and augment Th2 polarization, and the opposite was seen when PPARβ was
deleted [74–76]. We have recently shown that activation or overexpression of PPARβ increases
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FAO in T cells [77]. Furthermore, using both in vivo and in vitro models, we demonstrated that
PPARβ activation/overexpression inhibits thymic T cell development by decreasing proliferation of
CD4−CD8− double-negative stage 4 (DN4) thymocytes [77]. These results support a model where
PPARβ activation/overexpression favors oxidation of fatty acids, instead of glucose, in developing
T cells, thereby hampering the proliferative burst normally occurring at the DN4 stage of T cell
development. As a consequence, the αβ T cells that are derived from DN4 thymocytes were
dramatically decreased in peripheral lymphoid tissues, while the γδ T cell population remained
untouched [77].

PPARγ activation was shown to impair T cell proliferation through an IL-2 dependent mechanism
involving repression of nuclear factor of activated T cells (NFAT) [78,79]. Deletion of PPARγ in
CD4+ T cells resulted in increased antigen-specific proliferation and overproduction of IFN-γ in
response to IL-12, highlighting the importance of PPARγ expression in downregulating excessive
Th1 responses [80]. Furthermore, PPARγ is highly expressed in both mouse and human Th2 cells, as
opposed to other Th subsets, and although having a minor direct role in regulating Th2 differentiation,
controls Th2 sensitivity to IL-33 and thus, has an impact on Th2 effector function [81]. However,
PPARγ activation was reported to downregulate IL-4 production in T cells (through downregulation
of NFAT) and expression of other Th2 cytokines (IL-5 and IL-13) was also reported to be decreased,
as well as c-Maf, a Th2-specific transcription factor [82,83]. Together, these studies indicate that the
effect of PPARγ activation on Th2 differentiation remains unclear.

Loss of PPARγ in Tregs has been shown to impair their ability to control effector CD4+ T
cell responses while PPARγ activation in naïve CD4+ T cells enhanced induction of forkhead
box P3 (FoxP3)+ inducible regulatory T cells [80,84,85]. Moreover, a recent study demonstrated
that T cell-specific deletion of PPARγ leads to a specific reduction in GATA binding protein 3
(GATA3)-expressing Tregs [81]. In addition, a population of Tregs that highly expresses PPARγ has
been identified in visceral adipose tissue, and Treg-specific deletion of PPARγ prevents accumulation
of Tregs in visceral adipose tissue [86]. Furthermore, phosphorylation of serine 273 of PPARγ in Tregs
changes the characteristic transcriptional signature of these Tregs [87]. Together, these studies suggest
that PPARγ may contribute to the quality and quantity of Tregs.

In regard to Th17 differentiation, PPARγ activation was shown to have inhibitory effects while
PPARγ deficiency led to increased Th17 differentiation [88]. Th17 differentiation depends on the
transcription factor retinoic acid receptor (RAR)-related orphan receptor (ROR) γt, and the latter study
by Klotz et al. demonstrated that under physiological conditions, the co-repressor silencing mediator
of retinoid and thyroid hormone receptors (SMRT) is bound to the RORγt promoter and inhibits
its transcription, and that PPARγ activation prevents removal of this corepressor complex, thereby
suppressing RORγt expression and Th17 differentiation. It should also be mentioned that Klotz et al.
did not observe an effect of PPARγ activation on Th1, Th2, or Treg T cell subsets, contradicting the
above-mentioned studies.

3.2.3. Gender-Specific Differences in the Role of PPARs in T Cells

One explanation for these contradicting results could be sex-specific roles of PPARs in T cells [89].
One of the first observations of gender differences in the role of PPARs in T cells was that T cells from
male mice have increased expression of PPARα, compared to their female counterparts, and that the
male sex hormone androgen has been suggested to regulate PPARα expression [90,91]. In the same
study it was shown that PPARα-deficient T cells were predisposed to a Th1 response at the expense of
Th2 function, and this was mediated by PPARα modulation of NF-κB and c-Jun activity. These results
were recently confirmed by using a PPARα antagonist [92]. While PPARα expression is high in male
T cells, PPARγ expression is high in female T cells [91], and the female sex hormone estrogen seems
to influence expression of PPARγ [93]. As a result, the inhibitory role of PPARγ in T cell activation
(see Section 3.2.2 above) is observed in female PPARγ-deficient T cells, but not in male T cells [94].
Similarly, PPARγ activation inhibits the differentiation of female Th1, Th2, and Th17 cells, whereas
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it specifically reduces only Th17-cell differentiation in males [95]. This provides a strong argument
that, indeed, gender-specific differences in PPARγ expression in T cells could explain the contradictory
results regarding the role of PPARγ in Th differentiation. PPARβ expression did not differ much when
comparing male and female naïve and activated T cells [90].

Taken together, these studies demonstrate that the differential regulation of PPAR expression by
sex hormones has an impact on the roles these receptors play in T cell biology. Furthermore, it cannot be
excluded that contradictions in studies on the role of PPARs in macrophages, specifically the differences
between mice and humans, could also potentially be the consequence of gender differences. Based
on the importance of metabolism in immune cells (see Section 2 above), and the fact that most of the
directly regulated PPAR target genes are involved in different aspects of fatty acid metabolism, it would
seem obvious that the observed effects of PPARs on macrophage and T cell polarization/proliferation
can be mechanistically explained by PPAR-induced changes in metabolism. However, this possibility
was only rarely explored in the studies described above (and below).

4. Consequences of PPAR Actions in Immune Cells for Metabolic and
Neurodegenerative Diseases

4.1. Metabolic Diseases

We focus here on the role of PPARs in immune cells in the context of atherosclerosis
and obesity-associated inflammation and insulin resistance. Again, for reasons mentioned above
(Section 3.2), studies using global knockouts or systemic treatments with agonists will not be discussed.
Transplantation of PPARβ−/− bone marrow into atherogenic diet-fed low-density lipoprotein receptor
(LDLR)-deficient mice resulted in a reduction of aortic valve lesion surface compared to mice
transplanted with wild type bone marrow [72]. Similarly, transplantation of bone marrow cells
infected with lentivirus expressing selective microRNA (miRNA) targeting PPARβ into recipient
LDLR−/− mice resulted in reduction of atherosclerotic lesions, accompanied by a reduced presence of
macrophages and expression of MCP-1 and MMP9 in the plaque [96]. This reduction of inflammation
in absence of PPARβ in bone marrow cells is in line with the BCL-6 mechanistic model of PPARβ
regulation of macrophage function. By contrast, transplantation of PPARγ−/− bone marrow cells or
conditional knockout of macrophage PPARγ increases atherosclerosis in both wild type and LDLR−/−

mice fed an atherogenic diet [97,98].
Two studies showed that macrophage-specific deletion of PPARγ predisposes mice to

development of diet-induced obesity and insulin resistance [50,99]. Similar results were obtained
when the effect of PPARβ-deficient bone marrow or macrophage-specific PPARβ−/− on HFD-induced
obesity and insulin resistance was studied [65,66]. However, one study found preserved glucose
tolerance in mice transplanted with PPARγ−/− or PPARβ−/− bone marrow [100]. Since bone
marrow-derived cells include T cells, some of the results outlined above could also be due to PPAR
actions in T cells, even though the cited studies often interpreted them as macrophage specific.
T cell-specific actions of PPARs, in the context of atherosclerosis or obesity-associated inflammation
and insulin resistance, have largely been unexplored, with the exception of the role of PPARγ in
adipose tissue Tregs in the latter. As mentioned already above (Section 3.2.2), PPARγ has been
shown to be a crucial molecular orchestrator of visceral adipose tissue Treg accumulation, phenotype,
and function [86,87]. Another area of PPAR research that deserves further exploration, not counting
global knockout studies and systemic agonist treatment, is the specific role of PPARα in immune cells
in the context of atherosclerosis and obesity-associated inflammation and insulin resistance.

4.2. Neurodegenerative Diseases

Even though neuroinflammation plays an important role in NDDs (outlined above in Section 1.2),
and numerous studies have demonstrated beneficial effects of treatment with PPAR agonists in those
pathologies, few studies have investigated how much PPAR actions in immune cells contribute

312



Int. J. Mol. Sci. 2018, 19, 1575

to these positive effects observed [101,102]. In the context of Alzheimer’s disease, in vitro studies
demonstrated that PPARγ agonists stimulated Aβ phagocytosis by rat primary microglia through
induction of CD36 expression [103]. A similar study showed that PPARγ activation stimulated Aβ

degradation by both primary mouse microglia and astrocytes, and that this involved a M1 to M2 shift
for microglia [104]. Other in vitro studies revealed that pharmacological activation of PPARα attenuates
the inflammatory responses of both primary mouse astrocytes and microglia [105,106]. The same group
showed that PPARα activation in lipopolysaccharide (LPS)-treated microglia suppressed secretion of
IL-12 family cytokines that are known to stimulate Th1 and Th17 differentiation [107]. Furthermore,
they showed a similar decrease in IL-12 family cytokines in both microglia and astrocytes treated
with PPARγ agonists [108,109], and PPARγ agonist inhibited the inflammatory response of those
central nervous system (CNS) cells [110,111]. PPARγ activation in neuron–microglia co-cultures
protected the neurons from damage induced by LPS-induced insults, by inhibiting microglia activation
through interference with the NF-κB and AP-1 pathways [112]. In addition, PPARβ activation was
shown to reduce LPS-stimulated nitric oxide (NO) production in enriched microglia and astrocyte
cultures [113]. Likewise, PPARβ activation can also modulate radiation-induced oxidative stress
and pro-inflammatory responses in microglia [114]. The latter was shown to occur through PPARβ
interaction with the p65 subunit NF-κB.

Taken together, these in vitro cell culture studies demonstrate that PPAR activation reduces
inflammation in both microglia and astrocytes and it is therefore likely that some (or most) of the
beneficial effects observed with PPAR activation in NDDs are the consequence of anti-inflammatory
PPAR actions in these cells. However, to study the specific role of microglial and astrocyte PPARs
in NDDs in an in vivo context, it would be of great interest to overexpress or knockout PPARs in
a cell-type specific fashion using CX3C chemokine receptor 1 (CX3CR1)-Cre or glial fibrillary acid
protein (GFAP)-Cre mice, respectively. Even though the CX3CR1-Cre approach will also affect other
CX3CR1-expressing myeloid cell populations, these types of studies would still be very informative.

5. Conclusions

In summary, inflammation has been shown to be a common denominator in both metabolic
syndrome and NDDs, and targeting this inflammation from a therapeutic standpoint could potentially
have beneficial consequences for both pathologies. Based on the anti-inflammatory effects that have
been attributed to PPARs, and the roles that have been described for these receptors in regard to
immune cell functions, activating these receptors, specifically in immune cells, could be considered
as such a therapeutic approach (see Figure 2). This immune cell-specific approach could circumvent
certain adverse effects that have been observed in the past with systemic treatments with PPAR
agonists. However, before pursuing such an ambitious goal, several insufficiently explored questions
in PPAR research should be further addressed. While many studies strongly suggest that beneficial
effects of PPAR activation in the context of metabolic syndrome and NDDs can be explained by
anti-inflammatory effects, direct proof of an important role for PPAR-induced changes in immune cell
function is often lacking. This missing proof could be supplied by studying the effects of immune
cell-specific deficiency or overexpression of PPARs in the context of metabolic disease and NDD mouse
models. It is important that potential gender-specific differences should be taken into account while
conducting these types of studies. Lastly, PPAR-induced metabolic changes should be more often
considered/explored as a mechanistic explanation of the regulatory functions that are attributed to
these nuclear receptors in immune cells.

313



Int. J. Mol. Sci. 2018, 19, 1575

Figure 2. Effects of peroxisome proliferator-activated receptor (PPAR) deficiency or activation
on immune cell properties and metabolic and neurodegenerative disease states. Despite some
contradictory results (perhaps due to gender differences), the overall impression we deduce from the
literature is that PPAR activation has anti-inflammatory effects on immune cells by stimulating the
polarization of these cells towards more anti-inflammatory subsets. Perhaps the switch towards
FAO/OXPHOS (fatty acid oxidation/oxidative phosphorylation) metabolism induced by PPAR
activation plays an important role in this shift towards anti-inflammatory immune cell subsets.
By contrast, PPAR deficiency has often been shown to have the opposite effects. Together, these
PPAR-regulated properties of immune cells might contribute to the severity of the disease state both in
metabolic diseases (e.g., obesity-induced insulin resistance) and neurodegenerative disorders NDDs.
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AP-1 activator protein-1
Aβ amyloid β-peptide
BCL-6 B-cell lymphoma 6
Bregs regulatory B cells 6
CNS central nervous system
CPT1a carnitine palmitoyltransferase Ia
CX3CR1 CX3C chemokine receptor 1
DC dendritic cells
FAO fatty acid oxidation
FAT fatty acid translocase
FoxP3 forkhead box P3
GATA3 GATA binding protein 3
GFAP glial fibrillary acid protein
GLUT1 glucose transporter 1
HTT huntingtin
IFNγ interferon γ

IL interleukin
ILC2s type 2 innate lymphoid cells
LDLR low-density lipoprotein receptor
LPS lipopolysaccharide
MAPK mitogen-activated protein kinase

314



Int. J. Mol. Sci. 2018, 19, 1575

MCP-1 monocyte chemoattractant protein 1
miRNA microRNA
MMP9 matrix metalloproteinase-9
NDDs neurodegenerative disorders
NF-κB nuclear factor-κB
NFAT nuclear factor of activated T cells
NK natural killer cells
NO nitric oxide
OXPHOS oxidative phosphorylation
PPAR peroxisome proliferator-activated receptor
PPREs peroxisome proliferator response elements
RAR retinoic acid receptor
ROR related orphan receptor
RXR retinoid X receptor
SMRT silencing mediator of retinoid and thyroid hormone receptors
Th T helper
TNFα tumor necrosis factor alpha
Tregs regulatory T cells
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Abstract: Multiple sclerosis (MS) is an inflammatory and neurodegenerative disease of the central
nervous system (CNS) probably caused, in most cases, by the interaction of genetic and environmental
factors. This review first summarizes some clinical, epidemiological and pathological characteristics
of MS. Then, the involvement of biochemical pathways is discussed in the development and repair
of the CNS lesions and the immune dysfunction in the disease. Finally, the potential roles of
peroxisome proliferator-activated receptors (PPAR) in MS are discussed. It is suggested that metabolic
mechanisms modulated by PPAR provide a window to integrate the systemic and neurological events
underlying the pathogenesis of the disease. In conclusion, the reviewed data highlight molecular
avenues of understanding MS that may open new targets for improved therapies and preventive
strategies for the disease.
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1. An Overview of Multiple Sclerosis (MS)

Multiple sclerosis (MS) afflicts about 2.5 million patients worldwide and is one of the most
common causes of permanent disability in young adults. MS is a disease of the central nervous
system (CNS) with the most frequent onset in young adulthood and very different clinical courses
in individual patients. About 85% of patients develop the relapsing-remitting type of the disease
(RRMS), which is more common in women and starts with episodes of clinical symptoms (relapses)
with variable recovery. Most of these patients develop secondary progressive MS (SPMS), a stage of
progressive disability not associated with relapses. Patients with primary progressive MS (PPMS) have
a progressive course from disease onset regardless of eventual relapse episodes. Clinically isolated
syndromes (CIS) categorize patients who experienced a first clinical presentation suggestive of MS.
Because many of these patients convert to clinically definite MS, some authors include CIS as another
element of the MS phenotype spectrum [1].

Histopathological hallmarks of the disease include multifocal lesions of demyelination,
inflammation, gliosis and axon loss or damage (the MS plaque). Typically, these lesions are
associated with breakdown of the blood-brain barrier (BBB) and are thought to be mainly mediated
by type 1 helper T cells (Th1), Th17, and CD8+ cells, despite increasing evidence for an early
involvement of B cells and the innate immune system (including macrophages, microglia, dendritic
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cells and astrocytes) [2,3]. Four patterns of active lesions were described, characterized by different
immunological involvement and glial and neuronal injury. Interestingly, these features were found to
differ between patients but to be identical in the same individual. These findings support the important
concept that different pathogenic mechanisms and targets may underlie the development of MS lesions
in different patients [4,5].

During the last few decades, the concept of MS pathogenesis was profoundly influenced by
research conducted in experimental autoimmune encephalomyelitis (EAE). These animal models
mimic many pathological aspects and all clinical forms of MS [6–8]. This has led many authors to
suggest that MS has a primary autoimmune etiology. Supporting this hypothesis, studies on EAE were
crucial for the development of the majority of current MS treatments. These drugs have the adaptive
immune system as the main target of mechanism of action and reduce the rate of relapses in most
patients. However, their efficacies in preventing disability associated with progressive MS (SPMS
and PPMS) have been disappointing. It is possible that the newer and most powerful approved
therapies may benefit some patients with these forms of the disease but considerable concern exists
regarding their toxicity and serious adverse reactions [9–11]. In short, current available therapies
confirm previous clinical evidence suggesting that disability accumulation is largely independent of
inflammatory relapse activity [12]. This scenario is interpreted as supporting the so-called two-stage
hypothesis of MS immunopathogenesis. This framework suggests that the adaptive immune system
drives autoimmune lesions in an early stage of the disease and clinical relapses, whereas an innate
immune system dysfunction predominates in a second progressive and neurodegenerative stage
independently of relapses [13].

MS is not just a white matter disease. It has been known for a long time that grey matter, which,
besides myelin, is enriched in neuronal cell bodies and synaptic structures, is also affected [14,15].
Recent studies indicate the presence of inflammatory grey matter lesions of demyelination and neuronal
damage during the earliest phases of the disease, which are, at least in part, independent of white
matter lesions. Most importantly, the severity of grey matter atrophy and neuronal damage is
the major correlate of disability progression [15]. These findings are consistent with the view that
MS could be a primary neurodegenerative disorder [14]. This scenario is also in agreement with
clinical data suggesting that MS, instead of being two-staged, is a one-stage disorder of progressive
neurodegeneration from onset [12]. However, if MS is a chronic neurodegenerative disease from onset,
myeloid cells should have a more prominent role in its pathogenesis than suggested by the two-stage
hypothesis. The innate immune system could have a critical role in the regulation of autoimmunity
mechanisms from the earliest states of the disease [2,16].

Immune-mediated processes are essential in the pathophysiology of MS and their qualities
probably differ in relapsing and progressive phenotypes of the disease. Nevertheless, a critical issue,
for which an old disagreement persists, concerns the mechanisms that initiate the inflammatory nature
of the disorder [15,17]. Some authors believe that MS is caused by a primary peripheral immune
dysfunction leading to autoimmune mechanisms of CNS damage (the “outside-in” model) [3,13].
An alternative hypothesis suggests that the inflammatory reaction is secondary to an abnormal
development or degenerative damage of oligodendrocyte-myelin complex or/and neurons (the
“inside-out” model) [14,18–20]. Two points should be emphasized in this context. First, there is a
physiological cross-talk between the immune system and the CNS [21]. Neurons and glial cells
and the peripheral immune system share the expression of many molecules, including human
leukocyte antigens (HLA), complement proteins, cytokines and neurotransmitters [15,21]. Myeloid
cells (macrophages and microglia) and astrocytes are involved in maintaining neuronal homeostasis,
synaptic development and plasticity and myelin remodelling [2,16,22]. Regulatory T cells (Treg)
are impaired in MS [3] and also possess neurotrophic proprieties and promote myelin production
independently of immunomodulatory functions and overt inflammation [23]. Consequently, it would
not be unexpected to find a physiological disturbance concomitantly expressed in the peripheral
immune system and the CNS. Indeed, many neuropsychiatric and classic primary neurodegenerative

323



Int. J. Mol. Sci. 2018, 19, 1639

disorders, such as Alzheimer’s disease, are associated with an abnormal systemic and brain
inflammatory reactivity. Secondly, the “outside-in” and “inside-in” models are not necessarily in
conflict. As outlined above, MS is clinically and pathologically a heterogeneous disease. Therefore,
the pathways inducing or maintaining the abnormal immune reactivity in MS do not need to be
the same in all individuals or forms/stages of the disease. These points are further discussed in this
manuscript in the context of recent studies that suggest an abnormal metabolism and an involvement
of peroxisome proliferator-activated receptors (PPAR) in the pathophysiology of MS.

2. Genes and the Environment in MS

As in many other complex diseases, the cause of MS in most patients is thought to be due to
an interaction of multiple potential genetic and environmental factors. Large genome-associated
studies (GWAS) identified more than 200 genetic variants associated with MS susceptibility.
The HLADRB1*1501 haplotype is the most significant genetic risk factor for the MS and possibly
promotes a more severe course of the disease [3,5,15]. The genes encoding the HLA molecules are only
a minority of the over 250 expressed genes in the extended major histocompatibility complex (xMHC),
which are mainly related to immune functions. However, disease-associations have been found in more
than 100 loci outside the xMHC. A recent study identified 60 genes shared by MS and cardiovascular
disease (CVD) risk factors [24]. Multiple loci in the xMHC region were overlapping between MS
and triglyceride and high density lipoprotein (HDL) cholesterol while the polygenic overlap between
MS and low-density lipoprotein (LDL) cholesterol and some other CVD factors was not dependent on
the xMHC region. On one hand, these results are in line with the involvement of immune-mediated
processes in vascular diseases; and, on the other hand, they suggest genetic influences on lipid
metabolism shared by the pathogenesis of CVD and MS. Supporting this scenario, a recent large study
concluded that genetically increased body mass index (BMI) is also associated with the risk of MS [25].
These results are in accordance with previous studies linking obesity in childhood or adolescence
with increased risk for the disease. Multiple environmental or life style factors have been associated
with the risk and severity of MS [26,27]. However, the impact of such environmental factors for
the risk of MS seems greater if exposure occurs before 15 years of age; and interactions with individual
and ethnic genetic backgrounds could contribute to explain the disparity of some studies regarding
the influences, for example, of Epstein–Barr virus, tobacco use or salt intake [28–30]. While regions
of higher latitude and decreased levels of sunlight exposure have higher prevalence of MS, genetic
influences on the vitamin D level or action could be important [31]. Some genetic and environment
factors have been found to be protective of MS [3,27]. In short, although the development of MS
requires in most cases an exposure to environmental factors, even in most of these cases the disease
probably occurs only in genetically susceptible individuals [32]. It should be emphasized that neither
the genetic nor the environmental factors associated with the risk and clinical course of the disease
need to be the same in different patients.

In a remarkable paper published in 1965, R.H.S. Thompson reviewed the large biochemical
and epidemiological data implicating a disturbed phospholipid metabolism and essential
polyunsaturated fatty acid (PUFA) deficiency in MS pathogenesis [33]. Notably, these metabolic
alterations were interpreted to support the contribution of an abnormal brain chemical composition
and vascular/anoxia mechanisms to the genesis of MS lesions. Later, Goldberg (1974) suggested a
link between vitamin D and calcium deficiency and an abnormal lipid metabolism in the aetiology
of the disease, which could affect the development and stability of myelin [34,35]. In the 1970s,
Swank [36] reported the benefit of treating MS patients with a low fat diet for more than 20 years
and epidemiological studies confirmed a correlation between high saturated animal-fat and low
PUFA intake and the prevalence of MS [37,38]. More recently, a large cross-sectional study found
strong associations of plant-based ω-3 supplementation (but not fish oil intake) with lower disability
and relapse rate [39]. These findings are in agreement with prospective studies supporting a link of
lower PUFA intake (especially α-linolenic acid) with increased risk of MS [40] and high saturated fat
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and low vegetable intakes with relapse risk in paediatric MS [41]. The protective effects of fatty fish
intake described by some studies could be confined to individuals exposed to low ultraviolet radiation
and vitamin D deficiency [42]. A very recent large cross-sectional survey in 6989 patients concluded
that a high intake of fruits, vegetables and legumes and whole grains and a low intake of sugar and red
meat were associated with lower levels of disability in people with MS [43].

In summary, wide clinical and epidemiological data support the view that an interplay between
genetic and environmental or life-style factors affecting lipid and energetic metabolism is implicated
in the development and clinical course of MS. These data suggest pathogenic links between MS
and vascular diseases.

3. Genesis and Repair of MS Lesions

3.1. Demyelination Lesions

The landmark work by Shore et al. [44] in EAE concluded that “major changes in ApoE-containing
lipoproteins are undoubtedly significant in the altered immune function in EAE”. This paper was
followed by increased research on the role of lipids in the genesis of lesions and clinical course of
EAE and MS. Newcombe et al. [45] suggested that, in MS patients, plasma low density lipoprotein
(LDL) enters the CNS parenchyma as result of BBB increased permeability and is then largely oxidized
and taken up by infiltrating macrophages and microglia. This mechanism is thought to contribute to
the activation of these cells and phagocytosis of myelin. Oxidized phospholipids were identified in
myelin, oligodendrocytes and neurons, and may be involved not only in active demyelination but
also in neurodegenerative lesions [46]. However, ingestion of myelin by foam myeloid cells change
their pro-inflammatory (M1) to an anti-inflammatory (M2) phenotype, which could downregulate
the development of lesions and promote repair [47]. The low-density lipoprotein receptor-related
protein1 (LRP1) is implicated in myelin phagocytosis and also controls BBB permeability and immune
activation [48,49]. Myelin is especially enriched in sphingomyelin and other ceramide-derived
compounds that are liberated during the destructive process and can be found in the CSF of MS
patients [50]. However, as in other neuroinflammatory processes, astrocytes are the main origin of
the increased levels of ceramide found in MS active lesions, which promotes leukocyte migration
across the BBB [51]. Higher levels of palmitic acid-containing hexosylceramide (Cer16:0) in CSF
were found in CIS patients who converted to MS within three years from sampling [52]. In contrast,
the ceramide metabolite shingosine-1-phopsphate (S1P), among other effects, can signal endothelial
cells and astrocytes to reduce leukocyte transmigration and CNS inflammatory activity. Fingolimod,
a modulator of the S1P receptor, attenuates the BBB dysfunction induced by ceramide, which
might contribute to its beneficial effects in MS patients [51,53]. As in plasma, S1P in the brain is
mainly associated with high density lipoproteins (HDL) and may mediate some of its protective
and anti-inflammatory effects [54]. Interestingly, S1P was found to be increased in the CSF of RRMS
patients who were still not treated with immunomodulatory agents, supporting an involvement of
ceramide metabolism from the earliest stages of the disease [55]. Myelin proteins and lipids are
recognized antigenic targets of the adaptive immune system. For example, intrathecal synthesis of
lipid-specific antibodies were correlated with increased relapses and a more aggressive disease [56].
However, it should be emphasized that brain phospholipids and glycolipids may also resolve
inflammatory reactivity, including by suppressing activation and inducing apoptosis of autoreactive T
cells [57,58].

In adult CNS, neurons and oligodendrocytes are largely dependent on cholesterol delivered by
astrocytes. Apolipoprotein E (ApoE) in the brain is mainly expressed by astrocytes and necessary for
the transport of cholesterol to neurons and oligodendrocytes through HDL-like particles [59]. Recently,
a decrease in expression of cholesterol synthesis genes was found in chronic EAE and MS lesions
and related to inflammatory infiltrates [60]. Lavrnja et al. [61] observed an altered expression of cholesterol
metabolism-related genes during the development of demyelinating lesions in EAE. This work suggests
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that an increased cholesterol synthesis and expression of ApoE occurs in later stages of the destructive
process, contributing to the regeneration of myelin and neurons. ApoE has immunosuppressive effects,
inducing the differentiation of macrophages into an anti-inflammatory phenotype [62]. However,
phagocytosis of myelin cholesterol and its oxygenated metabolites (oxysterols) may induce regenerative
and protective mechanisms as well. Mailleux et al. [63] have shown that oxysterols are also present in
myelin and that foam phagocytes generate 27-hydroxycholesterol in MS lesion. These authors observed
that uptake of oxysterols by foam cells induces the expression of ApoE and other liver X receptor (LXR)
genes, and stimulates anti-inflammatory mechanisms. LXR activation decreases disease severity, Th17
polarization and IL-17 secretion in EAE, though certain oxysterols may have pro-inflammatory effects
in these models [64]. The Mailleux group also reported that in EAE, LDL receptor deficiency attenuates
the severity of the disease in females (not in males) mice, through the induction of ApoE [65]. Interestingly,
other authors have found that, in ApoE knock-out mice, ApoE deficiency increases EAE severity only in
female animals [8]. These findings suggest interactions between sex steroids and cholesterol metabolism
in the development of CNS lesions and severity of the disease. Sex steroids have anti-inflammatory
and neuroprotective effects and the CNS is not only a target of these bloodstream hormones because
it also produces sex steroids (neurosteroids), mainly by astrocytes. Luchetti et al. [66] observed that
oestrogen signalling is induced in male and progesterone signalling is increased in female brain lesions
of MS patients. Importantly, different alterations in sex steroid metabolism were detected even in
normal-appearing white matter (NAWM). These data indicate that sex steroids could mediate gender
differences associated with the genesis and repair of MS lesions.

3.2. Neurodegeneration and Progressive MS

R.H.S. Thompson has suggested that “ . . . chemical differences may exist in apparently unaffected
areas of brain tissue in multiple sclerosis. Such differences, possibly inborn in nature, might render
the central nervous system more sensitive to other potentially damaging factors” [33]. Several studies
have detected an abnormal lipid composition of NAWM that could precede myelin and neuronal
inflammatory damage [18,33,35]. The Moscarello group observed that an abnormal maturation of myelin
basic protein (MBP) could also contribute to the activation of autoimmune mechanisms [18]. Recent
spectrometry analysis of NAWM and normal and normal-appearing grey matter (NAGM) from MS
patients support the view that an abnormal brain chemical composition could precede the development of
immune-mediated lesions [67]. The last study found an increased lipid peroxidation in white matter and a
pattern of composition in NAWM and NAGM, suggesting a metabolic disturbance leading to a decrease of
sphingolipids and increase of phospholipids content that could destabilize myelin. In this line of thought,
Vidaurre et al. [68] found increased levels of ceramide C16:0 and C24:0 in the CSF of MS patients, without
changes of cytokines levels. Ceramide compounds were sufficient to induce mitochondrial dysfunction,
increased expression of genes involved in oxidative damage and glutamate excitotoxicity and decreased
expression of neuroprotective genes. Other authors found that high levels of hexosylceramide C16:0 in
the CSF correlated with disability scores only in progressive patients [52]. Increasingly data support major
roles of mitochondrial dysfunction, reactive oxygen and nitrogen species, glutamate excitotoxicity and ion
channel dysfunction (mainly of calcium homeostasis) in the neurodegenerative process and progression of
the disease [69–71]. Accordingly, N-acetyl aspartate, a metabolite only produced by neuronal mitochondria
and required for myelin synthesis is decreased in NAWM and NAGM and correlated with disability [72,73].
Reduced oxygen consumption (hypoxia) and age-dependent brain iron accumulation may amplify
oxidative damage and the neurodegenerative process. Local cyclooxygenase-dependent lipid oxidation
metabolites were also suggested to contribute to the mechanisms of disease leading to disability
progression [74]. The transcriptional factor (erythroid-derived2)-like 2 (Nrf2), a target of dimethyl
fumarate therapy in MS, is activated by excessive free radical production, induces the expression of
many antioxidant defenses and is upregulated in inflammatory lesions of the disease [75]. A diminished
expression of Nrf2 was correlated with reduced levels of glutathione in EAE [76] and a marked reduction
of glutathione was recently observed in brains of progressive MS (SPMS and PPMS) in comparison
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to RRMS patients [77]. It should be noted that neuron–astrocyte interactions may have major roles
in the regulation Nrf2 signalling in the CNS [78]. In a chronic pro-inflammatory milieu, diminished
synthesis of cholesterol by astrocytes critically compromise myelin remodelling and maintenance of
neuronal structural integrity [59,60]. Several studies have shown a correlation between neuronal damage
and brain atrophy and decreased synthesis of 24S-hydroxycholesterol (24OHC), which mainly occurs in
neurons [79]. An additional element of complexity concerns the complement proteins, which in the adult
human brain are mainly synthesized in neurons and have physiological roles in synaptic elimination
and remodelling. As in the immune system, these proteins may opsonize cellular components for clearance
by activated macrophages and microglia and could drive synaptic loss from the earliest stages of MS [80].
Recent work observed a widespread and pronounced synaptic loss in the cerebral cortex of MS patients
independent of cortical demyelination and axonal loss [81]. Neuronal dysfunction could be a source of
local complement production independent of systemic circulation and genesis of acute demyelination
lesions and related with the progression of the disease [82]. Again, astrocytes constitute important players
in this scenario. Cytokines and complement from activated microglia change astrocytes to a “reactive”
and toxic phenotype, inducing synaptic loss and death of neurons and oligodendrocytes [83]. An increased
synthesis and release of lactosylceramide by astrocytes was found in EAE and MS lesions, promoting
the recruitment and activation of monocytes and microglia and neurodegeneration [84]. S1P receptors in
astrocytes control the development of acute lesions and nuclear factor-kappa B (NF-κB) activity associated
with CNS inflammation in chronic progressive EAE and MS [85]. Kynurenine acid (KA) is also produced
in the brain mainly by astrocytes, has anti-inflammatory and antioxidant effects and protects neurons
against glutamate toxicity. Abnormalities in the kynurenine pathway of tryptophan metabolism possibly
have important roles in the neurodegenerative mechanisms of MS (71) (see below). In addition, cortical
and meningeal infiltrates of lymphocytes are frequently present in progressive disease and may contribute
to grey matter and neurodegenerative pathology as well [15,70].

In summary, it is generally accepted that white matter focal demyelination and axonal lesions
are mainly driven by immune cell infiltration from the periphery, whereas a compartmentalized
diffuse microglial and astrocyte activation mainly drives grey matter and synaptic loss pathology
and progressive MS [3,15]. Nevertheless, myeloid cells and astrocytes are critical players in all
pathogenic processes of MS [2]. Furthermore, alterations in lipid, oxidative and other metabolic
pathways are present in the CNS from the earliest stages of the disease and are involved in
mechanisms modulating immune activation and the development and repair of demyelinating
and neurodegenerative lesions.

4. Systemic Metabolism in MS

4.1. Plasma Lipids

Giubilei et al. [86] were the first to report a correlation between the number of new brain lesions
evaluated by magnetic resonance imaging (MRI) and the mean plasma level of total and LDL cholesterol
in patients with the first clinical episode suggestive of MS (CIS). Recent prospective studies have
variably found associations between total cholesterol (TC), LDL, non-HDL, TC/HDL, triglycerides,
apolipoprotein B and the risk of new lesions accumulation and disability progression in patients with
RRMS and/or CIS. Some studies also reported correlations between higher plasma ApoE levels
and severity of EAE, higher disability in RRMS, and deep grey matter atrophy in CIS patients.
In contrast, higher levels of HDL and of its major apolipoprotein, ApoA1, were associated with
lower blood–brain barrier permeability and protection to the development inflammatory lesions [87].
RRMS subjects have smaller LDL in comparison to healthy controls and in some cases increased levels
of small HDL with impaired anti-inflammatory activity [88]. Interestingly, this study observed some
differences between male and female patients, suggesting gender differences in lipid metabolism
associated with MS [65]. Supporting this hypothesis, recent research from our group suggests that
sex steroids modify the serum lipid profile associated with disability in these patients (unpublished
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results). Plasma oxysterols levels are increased in RRMS and mainly associated with small dense
LDL, supporting a link with mechanisms promoting atherogenesis [89]. These data disclose many
evident similarities between MS and the mechanisms involved in atherosclerotic plaque development
and progression, as mentioned by Ludewig and Laman [90]. In their paper, these authors concluded
that . . . ”Systematic comparison of these two diseases involving foam cells in chronic lesions may
prove fruitful”. Besides hypercholesterolemia, the coexistence in the MS patient of other related
vascular pathology (such as diabetes and hypertension) may indeed be associated with more rapid
disability progression [91] and increased risk of relapses [92]. Taken together, the results from these
studies and those summarized in the above sections strongly suggest that CVD and MS may share
certain pathophysiological mechanisms [93]. Statins have well-known immunosuppressive proprieties
and decrease inflammatory activity and clinical signs in EAE. In 2003, our group published a pilot
study suggesting potential benefits of lovastatin monotherapy in RRMS [94] and similar results were
obtained by Vollmer et al. [95] using simvastatin. More recently, simvastatin was shown to reduce
brain atrophy and to improve cognitive and physical quality of life measures in SPMS patients [96,97].
Interferon beta therapy changes the associations between serum lipoprotein levels and the clinical
activity and neurodegenerative process of the disease [98,99]. Current approved drugs for MS may
induce specific alterations in systemic lipid metabolism. In one study, interferon beta was shown
to increase subspecies of ceramides and natalizumab to increase S1P and sphinganine-1 phosphate,
whereas fingolimod did not affect the levels of these lipids in plasma [100].

Systemic metabolic alterations in MS must have characteristics unique to the disease and to its
different pathological and clinical phenotypes. Metabolomic investigations have found distinctive
serum phospholipid and sphingolipid patterns in MS patients in comparison to healthy controls
subjects or patients with other neurological disorders [101–103]. In one study, an increase of
phospholipids and a decrease of sphingolipids were observed and certain phospholipids, glutamic acid,
tryptophan and arachidonic acid metabolites levels were correlated with a more severe disease [102].
In addition, Quintana et al. [104] reported different patterns of serum antibodies to lipids and other
CNS antigens associated with RR, SP and PP forms of MS and Bakshi et al. [105] found that serum
lipid antibodies associated with atrophy differed from those associated with brain focal lesions. Some
authors believe that this profile of alterations in the serum of MS patients is mainly due to the chronic
activation of the immune system [102]. However, an underlying abnormal metabolism could also
affect immune reactivity. Obviously, these two mechanisms are not mutually exclusive and their
role could differ, depending on the individual patient and activity/type of the disease. We have
found that in patients displaying similar clinical activity and disability scores, lower serum ApoE
levels were associated with the increased risk for development of neutralising antibodies to interferon
beta [106]. These results are consistent with anti-inflammatory effects of ApoE [62,63,107] and suggest
that individual differences in lipoprotein metabolism could influence the reactivity of the immune
system in these patients [106].

4.2. Metabolism and Immune Dysfunction

It is presently indisputable that specific metabolic processes are needed to support the different
functions of immune cells. Distinct metabolic programs are required for differentiation and function of
effector T cells (Th1, Th2, Th17) and inducible regulatory T cells (Treg) [108]. Activation and proliferation
of CD4+ and CD8+ T effector cells depend on glycolysis, whereas T memory cells depend on fatty acid
oxidation for ATP production [108,109]. A reduction in proliferation and suppressive functions of Treg cells
is one of the main characteristics of the immune dysfunction in RRMS patients [3,110]. Although Treg cells
also rely on lipid oxidation, an engagement on glycolysis may be necessary to generate the suppressive
functions of these cells [111]. Interestingly, an impairment of glycolysis and mitochondrial respiration
was recently observed during T cell activation in RRMS patients, which was reversed by interferon beta
treatment [112]. One of the main signalling pathways that trigger glycolysis during inflammatory immune
activations involves the transcriptional factor hypoxia-inducible factor 1α (HIF 1α), which is suppressed by
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dimethyl fumarate [113,114]. Different types of fatty acids have distinctive effects on immunity. Medium-
and long- chain saturated fatty acids (LCFA) promote the differentiation of CD4+ T cells towards Th1
and Th17 cells and pro-inflammatory M1 macrophages, while suppressing the differentiation and function
of Treg cells [114]. ω-6 PUFA may induce inflammatory reactivity, whereas ω-3 PUFA suppress innate
and adaptive immune reactivity, in line with protective effects in MS [115]. In contrast, short chain
saturated fatty acids (SCFA) promote Treg functions and suppress Th17 inflammatory activity (see below).
Proliferation of immune cells require the generation of nucleotides, cholesterol and specific fatty acids, lipids
and proteins. The glycolytic derived pentose phosphate pathway allows the production of nucleotides
and the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) which is used for fatty
acid synthesis and to generate glutathione and other antioxidants. Fatty acid synthesis is especially needed
for differentiation and inflammatory functions of M1 macrophage, dendritic cells and effector T cells [114].
Certain sphingolipids, apolipoproteins and amino acids (such as glutamate and tryptophan) also have
specific roles in the signalling or transduction mechanisms of immune cells [64,114,116] . In particular,
tryptophan derived metabolites of the L-kynurenine pathway, among many other compounds in circulation,
regulate inflammation through the aryl hydrocarbon receptor (AHR) in immune cells and astrocytes [117].
RRMS patients have lower serum levels of AHR agonists in comparison to healthy controls. However,
increased AHR agonists levels were detected during acute CNS inflammation, probably reflecting an
attempt to restrict immune activation [118]. In addition, an abnormal L-kynurenine metabolism was linked
to the development of progressive forms of MS [71,119].

Steroid hormones, insulin, leptin and adiponectin all have distinctive modulatory roles on
immune cells functions [120]. An impairment of insulin signalling following CD4+ and CD8+

effector T cells activation attenuates the symptoms in EAE [121] and alterations in peripheral
insulin sensibility have been described in RRMS patients [88,92,122]. In MS patients who developed
metabolic syndrome, metformin treatment decreases serum leptin and increases adiponectin levels.
A decreased secretion of pro-inflammatory cytokines by peripheral blood mononuclear cells (PBMC)
and increased Treg number and function was also observed after metformin treatment [122]. In EAE,
a diet mimicking fasting promotes remyelination and a lower pro-inflammatory state and increases
in plasma levels of corticosterone and adiponectin [123]. In contrast to leptin, adiponectin has
anti-inflammatory protective roles in MS possibly mediated by ceramide metabolites, such as
S1P [116,120]. Leptin-deficient genetically obese mice (ob/ob) present an altered systemic and brain
development, including in the amount and fatty acid composition of myelin [124]. Interestingly,
although these mice are congenitally resistant to EAE induction, exogenous leptin replacement
render these animals susceptible to the disease [120]. These findings support the view that alterations
induced in systemic metabolism may have critical roles in promoting the development of MS, even in
individuals not genetically susceptible to the disease.

The hypothesis that an “enteropathy” [33] or a defect in the metabolism of “some component
of westernized diet” [17] could contribute to the development of MS were discussed many years
ago. During the last decade, the evidence for important physiological roles of gut microbiota (GM)
in regulating the immune functions has revisited and illuminated those old, intriguing hypotheses.
These regulatory effects are mediated through microbiota-dependent alterations in hormonal levels
and metabolism of carbohydrates, lipids and amino acids [125–128]. Sex differences in the GM result
in altered serum levels of testosterone and of glycerophospholipids and sphingolipids, which could
contribute to the increased susceptibility of females to MS [129] . On one hand, GM is required for
the induction of autoimmune T and B cells demyelination in EAE [130]. On the other hand, GM produces
SCFA (acetate, butyrate, and propionate) from dietary polysaccharides, inducing the generation of
Treg cells and protection against the disease [131]. Butyrate was also shown to downregulate innate
response receptors in human monocytes [132]. Dietary LCFA enhances differentiation and proliferation
of effector T cells and exacerbates the symptoms of EAE, whereas administration of SCFA reduces Th1
and increase regulatory T cells and is protective [133,134]. Alterations in GM composition promoting
a pro-inflammatory milieu have been observed in MS patients regardless of immunomodulatory
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treatments and associated with clinical relapses, suggesting a decrease in fatty acid metabolism
and engagements in defence pathways linked to oestrogen signalling and production of bile acid
metabolites and glutathione [135,136]. Notably, transplanted GM from MS patients promotes the induction
or exacerbates EAE symptoms in association with reduced proportions of interleulin-10 (IL-10) secreting
Treg cells [137,138]. High frequency of intestinal Th17 cells in MS patients was correlated with decreased
abundance of Prevotella strains and increased activity of the disease [139]. Treatment with interferon beta
or glatiramer acetate raises the quantity of Prevotella and other current approved drugs for the disease
and vitamin D supplementation could change microbial intestinal composition as well [125–128]. GM
may regulate BBB permeability [140], brain myelination [141], microglia and astrocyte activities [117,142].
In humans, dietary ω-3 fatty acids change microbiota composition and induce the production of
anti-inflammatory compounds like butyrate [143]. Pilot trials in MS suggest that a ketogenic diet
normalizes the mass and diversity of the colonic microbiome [144] and that the modulation of dysbiosis
by a high-vegetable/low protein diet is associated with an increase of Treg differentiation and IL-10
production and improvement in clinical courses [145]. Several strategies to manipulate GM are presently
being considered for therapeutic proposes in MS [127]. Recent studies suggest that alterations in GM
could mediate the possible influences of salt intake on the risk and progression of the disease. A high salt
diet affects the composition of mice GM, inducing Th17 cells, the development of EAE, hypertension [146]
and cognitive dysfunction [147].

In short, the studies reviewed here and in the sections above indicate that the abnormal immune
reactivity in MS can be modulated by genetic and environmental factors shaping the metabolic
and hormonal milieu of the organism. These metabolic processes may either result in loss of immune
tolerance to self and drive the induction the disease or be protective of its development and progression.
In this context, Peroxisome proliferator-activated receptors (PPAR) may comprise important players in
MS pathogenesis, as discussed below.

5. Peroxisome Proliferator-Activated Receptors (PPAR) in MS

PPAR are transcriptional factors involved in the regulation of lipid and glucose metabolism, cell
differentiation and proliferation. The PPAR subfamily of nuclear receptors comprise the members PPARα
(NR1C1), PPARβ/δ (NR1C2) and PPARγ (NRC1C3), which, after ligand activation, regulate gene
transcription by dimerizing with the retinoid X receptor and acting in specific DNA sequences. In
addition, PPAR can repress gene expression in a DNA-binding independent way by interfering with other
transcription factors. PPAR can be activated by synthetic agonists and specific endogenous ligands, mainly
PUFA and eicosanoid metabolites [148–150]. All PPAR subtypes are variably expressed in immune cells
and have important roles in the control of innate and adaptive immune functions [151–153]. Several studies
have shown protective effects of PPAR agonists in EAE [154]. Current data suggest that each PPAR isoform
is able to control the development of T cell- mediated autoimmunity in EAE by distinctive mechanisms.
PPARα promotes Th2 cells differentiation and cytokines production [155], whereas PPARγ strongly
restricts Th17 differentiation [156] and PPARβ/δ expression inhibits the production of interferon-γ
(INF-γ)and IL-12 [157]. PPARγ could be a major driver of Treg cell accumulation and functioning [158].
Accordingly, administration of eicosapentaenoic acid in the diet ameliorates the clinical symptoms of EAE.
Importantly, although this treatment slightly increased only PPARγ in the periphery, all PPAR isotypes
were induced in CNS-infiltrating CD4 T cells [159]. In the CNS, PPAR activation inhibits the NF-κB
and Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathways of a complex
network involving adaptive immune cells, myeloid cells and astrocytes [151,160]. All subtypes of PPAR
may regulate astrocyte Toll-like receptors stimulation in inflammatory responses [161]. PPAR activation is
in general inhibitory of innate immune cells activation and foam cell formation, promoting macrophage
polarization to an anti-inflammatory phenotype [149,152]. PPARγ activation in the CNS during EAE
reduces the production of inflammatory and neurotoxic mediators by macrophages and astrocytes
and re-stimulation of infiltrating autoreactive T cells, supporting a major role in the control of disease
progression. These findings suggested that endogenous PPARγ ligands, namely induced by IL-4, could
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inhibit the formation of foam cells and CNS autoimmunity [162]. In EAE animals and active MS lesions,
specific activation PPARβ/δ was also able to promote an anti-inflammatory phenotype in macrophages
after uptake of myelin lipids and foam cell formation, decreasing immune cell infiltration in the CNS [163].

MS patients present an impairment of oligodendrocyte precursor cells (OPC) differentiation
compromising remyelination, which is increasingly deficient with the progression of the disease.
Selective PPARβ/δ agonists stimulate oligodendrocyte differentiation [164]. Gemfibrozil, an activator
of PPARα often prescribed to lower triglycerides levels, was shown to increase the expression of myelin
genes (including myelin basic protein, MBP and myelin oligodendrocyte glycoprotein, MOG) in human
oligodendrocytes via PPARβ/δ (not via PPARα or PPARγ) [165]. PPARγ agonists induce astrocyte
and prominently OPC differentiation genes of neural stem cells„ though not MBP and MOG [166].
PPARγ activators further promote OPC maturation toward myelin-forming oligodendrocytes,
increasing MBP expression and membranes enriched in cholesterol and plasmalogens [167–169].
Promotion of myelinogenesis by PPARγ signalling involves an increase of antioxidant defenses
and mitochondrial respiratory activity [168,169]. Importantly, docosahexaenoic acid and others’
endogenous and synthetic PPARγ activators may protect against the impairment of oligodendrocyte
maturation and myelination associated with inflammatory conditions [170,171]. The mechanisms
promoting remyelination in MS by PPAR could involve downregulation of NF-κB/β-catenin
and activation of PI3K/Akt pathways [172].

PPAR are expressed in all cells of adult mouse and human brains, PPARβ/δ being the most
abundant [173,174]. Curiously, all PPAR isotypes are mainly expressed in neurons. In normal
conditions, it was observed that PPARβ/δ is only expressed in neurons, whereas PPARα colocalizes in
neurons, astrocytes and microglia. PPARγ colocalizes in neurons and astrocytes, but its expression
could be induced in microglia after LPS treatment [174]. These recent observations highlight
the importance of interactions in the PPAR triad for the CNS physiology and pathology accordingly
with distinctive roles of these three isomorphs in immune function and myelin formation. In the CNS,
PPARβ/δ probably has a major integrative role and was suggested as the main target to be considered
in therapeutic strategies for neurodegenerative diseases [175]. PPARβ/δ agonist GW0742 promotes
neuronal maturation in parallel with increased expression of brain-derived neurotrophic factor (BDNF)
and activation of cholesterol synthesis [176]. Nevertheless, selective agonists of other PPAR subtypes
also induce neuroprotective effects in vitro and in animal models of neurodegenerative disorders [177].
Recent research supports an essential role of these nuclear receptors in brain development and suggest
that individual variability in PPAR signalling may be associated with susceptibility to various
neurological insults and diseases [178]. In parallel with anti-inflammatory and remyelination effects,
many studies have demonstrated protective effects of PPAR agonists against central players in
the neurodegenerative process in MS and other disorders, including mitochondrial dysfunction,
calcium dysregulation, glutamate toxicity and oxidative injury [175,177]. For example, PPARγ
agonists have protective effects on glutamate excitotoxicity by increasing the expression of the major
transporter (GLT-1) of this neurotransmitter in astrocytes [179]. As mentioned above, Nrf2 signalling
and glutathione availability are compromised very early in the disease. Deficiency in glutathione
induces macrophage CD36 expression at a translational level, independently of PPARγ activation,
resulting in enhancement uptake of oxidized LDL and foam formation [180]. PPARγ and Nrf2
are linked by a positive feedback loop that sustains the expression of both transcriptional factors
and antioxidant defences [181]. PPARγ is a critical mediator on the effects of galangin (a polyphenolic
abundant in honey and certain vegetables) in decreasing NF-κB activation and increasing Nrf2
signalling in LPS-stimulated microglia [182]. PPARγ agonists have protective effects on mouse cochlea
against gentamicin toxicity through anti-apoptotic effects and upregulation of glutathione and other
antioxidant defences [183]. Interestingly, this work revealed some protective effects of fenofibric
acid (a PPARα-specific agonist) by affecting different antioxidant mechanisms. Decreased neuronal
concentrations of glutathione stimulates the generation of 12/15-lipoxygenase metabolites and the
inhibition of this pathway by baicalein (a type of flavonoid) induces the expression of PPARβ/δ
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in microglia and attenuates inflammation in EAE [184]. Recent studies suggest protective effects
of α-lipoic acid (an endogenous antioxidant) therapy on the neurodegenerative process of EAE
and MS [185], which could be mediated by PPARγ activity [186]. In brief, a huge body of studies
in vitro and in animal models indicate that all PPAR subtypes could be involved in the control of
immune activity and mechanisms promoting myelination and neuronal protection in MS by affecting
different but complementary cellular and molecular pathways.

The Heneka group was the first to investigate PPAR signalling in MS patients. In one study,
it was shown that peripheral blood mononuclear cells (PBMC) from these patients expressed
decreased PPARγ levels correlated with disease activity and preceding the development of clinical
relapses. Moreover, pre-treatment with the PPARγ agonist pioglitazone was able to increase PPARγ
DNA-binding and decrease NF-κB DNA-binding activity in patients in a stable stage of the disease.
These results indicate a suppression of PPARγ by inflammatory stimuli and that PPARγ agonists are
protective through increased expression of their own receptors [187]. Preliminary results suggest an
influence of PPARγ gene polymorphism in modulating the onset of MS [188], and beneficial effects
of pioglitazone treatment in reducing the development of brain lesions and grey matter atrophy
and clinical progression of the disease [189–191]. A pronounced elevation of PPARγ levels was
observed in the CSF of MS patients free of therapy, which were correlated with intrathecal inflammatory
parameters and clinical disability [192]. In accordance with the results reviewed above, these findings
could reflect an attempt of PPARγ-mediated processes of brain cells in restricting immune activity.
A crucial and very early event in MS pathogenesis concerns the abnormal leucocyte transmigration to
the CNS across the BBB, a process promoted by inflammatory activation of endothelium and involving
integrin β1-mediated mechanisms. PPARγ was shown to inhibit leucocyte migration across activated
brain endothelial cells [193]. Interestingly, ω-3 PUFA increases PPARγ expression and decreases
the expression of integrin β1 in glomerular mesangial cells treated with LPS [194]. PPARγ is a
well-known inductor of CD36 receptor expression. This scavenger receptor requires interactions with
integrins for many of its functions [195], and may regulate BBB permeability [196]. Natalizumab (NTZ)
treatment blocks α4/β1 integrin resulting in peripheral sequestration of activated T cells and increased
production of proinflammatory cytokines. In female patients, we have found an increase of PPARβ/δ
mRNA and a decrease of PPARγ and CD36 mRNA expression in PBMC at three months of NTZ
therapy. In contrast, PPARα was unchanged [197]. Interestingly, inflammatory activity of monocyte
derived human macrophages is associated with lower PPARγ/CD36 and higher PPARβ/δ expression
levels [198]. In addition, PPARβ/δ agonists may stimulate pathways enhancing immune reactivity
under hypoxic stress, suggesting context-dependent functions [199]. These selective responses support
the concept that PPAR subtypes may have reciprocal or complementary roles in immune regulation.
Fingolimod (FTY720) is an S1P mimetic that down-modulates S1P signalling, retaining central memory
T cells and B lymphocytes in lymph nodes and preventing autoreactive cell infiltration in the CNS [200].
In contrast to NTZ, fingolimod treatment decreases the number of reactive lymphocytes in circulation.
Preliminary results from our group have found that, at six months of therapy, fingolimod augmented
PPARγ and CD36 mRNA expression in total blood leucocytes from female patients, whereas PPARβ/δ
and PPARα were unaffected. Importantly, this selective alteration in PPARγ/CD36 mRNA expression
was associated with a significant increase of plasma HDL levels and decrease of total cholesterol/HDL
ratio [201]. As mentioned above, S1P is mainly associated with HDL particles and is involved in
the control of BBB dysfunction and brain lesions in MS. Therefore, the diminished systemic immune
reactivity induced by fingolimod could be related to protective effects of HDL. In fact, the antioxidant
and anti-inflammatory proprieties of HDL are thought to be regulated, at least in part, by upregulation
of PPARγ/CD36 pathway [198,202] As already mentioned, MS patients display an adverse lipoprotein
metabolism that may be associated with a dysfunctional pro-inflammatory HDL particle affecting
PPARγ/CD36/Nrf2 signalling [203]. Further work by our group is now on course to evaluate whether
upregulation of PPARγ/CD36 pathway is associated with the clinical benefits of fingolimod treatment
in the disease. The fact that PPARα expression was unchanged in female patients treated with
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NTZ and fingolimod is of considerable interest. The Steinman group has shown that PPARα is
expressed at higher levels in males in comparison to female naïve T cells through androgen-mediated
effects. Higher PPARα expression in males was associated with protection to developing EAE [155].
In contrast, 17β-estradiol increases PPARγ expression, supporting evidence for an increased efficacy of
pioglitazone in females [204]. However, the neuroprotective effects of the phytoestrogen daidzein were
shown to be due to an increase of PPARγ activity not mediated by receptor binding and not additive
with rosiglitazone [205]. PPARγ signalling has more wide and profound anti-inflammatory effects in
females, selectively reducing only Th17-cell differentiation in males [206]. These data indicate gender
differences associated with the roles of PPAR in the control of immune functions and neurological
homeostasis [207], possibly contributing to the modulatory effects of sex steroids in susceptibility,
genesis/repair of CNS lesions, and clinical courses of MS [66,208,209].

PPAR-mediated processes could be implicated in other pathogenic pathways suggested for
the disease as mentioned above. Vitamin D and PPARγ may interact in the mechanisms leading
to differentiation of immune cells restricting pro-inflammatory activity [210]. In MS patients also
developing metabolic syndrome, pioglitazone treatment decreases leptin and increases adiponectin
serum levels in association with reduced secretion of pro-inflammatory cytokines by PBMC [122].
As quoted above, oxysterols’ uptake by macrophages and LXR activation is probably an important
driver in repair mechanisms of MS lesions. PPAR and LXR are well known to cooperate in suppressing
innate and adaptive reactivity and cell foam formation [149,152,153]. However, LXR activation
may affect PPARγ-dependent expression of adiponectin, promoting inflammation and insulin
resistance [211]. Therefore, LXR activation is probably not a good therapeutic approach for MS.
PPAR activation may induce LXR transcription and both PPARγ and LXR agonists upregulate ApoE
expression. Interestingly, PPARγ-mediated neuroprotective effects of daidzein were shown to be
critically dependent of ApoE induction [212]. Finally, the increasing evidence for an involvement of
gut dysbiosis in MS further supports a potential role of PPAR in its pathogenesis. The anti-inflammatory
effects of microbiota derived SCFA (butyrate and propionate) or α-linolenic acid are mediated
through PPARγ activation [213,214]. Microbiota-activated PPARγ signalling prevents gut dysbiotic
expansion [215], and a high fat diet promotes intestinal dysbiosis, at least in part by interfering with
PPARγ activation [216]. PPARα deficiency also results in microbiota-dependent increase in intestinal
inflammation [217]. Intestinal dysbiosis may affect the generation of tryptophan-derived ligands of
AHR in immune cells and astrocytes [118]. Butyrate and propionate are able to control AHR gene
expression and activity [213]. Therefore, PPAR- dependent pathways may be involved in the regulation
of systemic and brain inflammatory reactivity by AHR ligands. The main pathophysiological pathways
in MS potentially modulated by PPAR-mediated mechanisms are summarized in Figure 1.

Figure 1. Pathophysiological pathways in multiple sclerosis potentially modulated by Peroxisome
Proliferator-Activated Receptors (PPAR)-mediated metabolic processes.
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In 2011, Angelique Corthals advocated a major role of lipid dysregulation in the pathogenesis of
MS, possibly involving PPAR signalling [218]. The present review emphasized that the last decade
of research has revisited this topic with new insights, with the very old evidence for the importance
of metabolic mechanisms in MS. Nevertheless, these advances do not allow for concluding that . . .
”multiple sclerosis is not a disease of the immune system” [218]. The development and progression of
MS only occurs in a framework of immune dysfunction. If PPAR are involved in the mechanisms of
disease, it will be mainly due to the fact, that, among other roles, they are important modulators of
the innate and adaptive immune functions. Notably, metabolic pathways modulated by PPAR could
integrate the concomitant development of many systemic and neurological pathological processes
in the disease. In addition, this scenario is coherent with much clinical and epidemiological data.
However, most evidence to date is based on studies in vitro and in animal models of MS and much more
research needs to be performed in human patients. As MS is pathological and clinically heterogeneous,
and is associated with multiple potential genetic and environmental risk factors, PPAR-dependent
processes may not necessarily be implicated in every individual and type/stage of the disease. As
in other areas of human health, much work in the field is presently aimed to search for useful
biomarkers for personalized preventive and treatment strategies of the disease, the so-called “precision
medicine” [3,5,128]. In this context, PPAR deserve to be explored as potential targets to monitor
the disease and to discover improved and individualized therapeutic measures. In a real-world setting,
clinical evidence indicates that even the most powerful current strategies to modulate or suppress
immune functions are of doubtful benefit or not tolerated in some patients, and may carry the risk of
serious adverse events. Furthermore, very probably, they will never be sufficient to delay the evolution
of progressive forms and the neurodegenerative process of the disease. In the future, much effort is
still needed to trace the metabolic roads that may light and nourish “the fire” of immune activation in
MS. Perhaps we should recognize that . . . ”we have mistaken the smoke for the fire” [17].

6. Conclusions

During the last few decades, much progress has been made in clarifying the role of metabolic
mechanisms in the pathogenesis of MS. In this context, PPAR-mediated processes have emerged as
potential players able to integrate many systemic and CNS events occurring in the disease. These
nuclear receptors could be implicated in pathophysiological pathways involving lipid, glucose, amino
acid and antioxidant metabolism and the regulatory roles of insulin, adipokines, steroid hormones
and gut microbiota. Importantly, metabolic roads modulated by PPAR seem to provide strategies to
control the immune dysfunction and the genesis of CNS lesions of MS, and to promote neuroprotection
and myelin formation. PPAR seem to constitute research targets that may lead to further therapeutic
and preventive measures for this disorder.
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Abstract: Nuclear receptor PPARγ affects lipid metabolism in several tissues, but its role in intestinal
lipid metabolism has not been explored. As alterations have been observed in the plasma lipid profile
of ad libitum fed intestinal epithelium-specific PPARγ knockout mice (iePPARγKO), we submitted
these mice to lipid gavage challenges. Within hours after gavage with long chain unsaturated
fatty acid (FA)-rich canola oil, the iePPARγKO mice had higher plasma free FA levels and lower
gastric inhibitory polypeptide levels than their wild-type (WT) littermates, and altered expression of
incretin genes and lipid metabolism-associated genes in the intestinal epithelium. Gavage with the
medium chain saturated FA-rich coconut oil did not result in differences between the two genotypes.
Furthermore, the iePPARγKO mice did not exhibit defective lipid uptake and stomach emptying;
however, their intestinal transit was more rapid than in WT mice. When fed a canola oil-rich diet
for 4.5 months, iePPARγKO mice had higher body lean mass than the WT mice. We conclude that
intestinal epithelium PPARγ is activated preferentially by long chain unsaturated FAs compared
to medium chain saturated FAs. Furthermore, we hypothesize that the iePPARγKO phenotype
originates from altered lipid metabolism and release in epithelial cells, as well as changes in
intestinal motility.

Keywords: PPARγ; intestine; lipid metabolism

1. Introduction

The digestion of lipids starts in the oral cavity and involves lipases secreted by the lingual glands.
The process continues in the stomach, where fats become emulsified and enter the duodenum as fine
lipid droplets. There, they are further emulsified, micellized, and processed by bile acids and the
pancreatic juice, eventually resulting in the formation of monoglycerides, free glycerol, and free fatty
acids (FFAs) [1,2]. CD36 and various Fatty acids biding proteins (FABPs) facilitate long chain fatty
acid (LCFA) transport across the apical membrane of enterocytes [3,4]. After entering enterocytes,
FFAs and glycerol arrive at the crossroads of several pathways; they can be metabolized within
mitochondria or be transported to the endoplasmic reticulum, where several enzymes, including
GPAT, AGPAT, Lipin, and DGAT, catalyze the formation of triglycerides (TGs) [5–7]. The resulting

Int. J. Mol. Sci. 2017, 18, 2559; doi:10.3390/ijms18122559 www.mdpi.com/journal/ijms347



Int. J. Mol. Sci. 2017, 18, 2559

TGs bind to the microsomal triglyceride transport protein (MTTP), which assists in the generation of
chylomicrons in the endoplasmic reticulum [8,9]. Depending on the cellular lipid load, TGs can also be
temporarily stored in cytosolic lipid droplets (CLDs) within enterocytes [10], from which they can be
released by lipases, such as ATGL and HSL, and further trafficked to chylomicrons [11,12]. Afterwards,
chylomicrons are transported to the Golgi complex and are secreted from enterocytes to the lymph [2].
As long chain FAs (LCFAs) go through these complex absorption, rebuilding, and secretion steps,
medium chain fatty acids (MCFAs) are processed faster and more easily. Given their lower mass,
MCFAs are hydrolyzed rapidly and more completely by pancreatic lipase than LCFAs, and do not form
micelles. In addition, their short carbon chain makes them weak electrolytes that are highly ionized at
neutral pH, which increases their solubility and accelerates their transporter-free absorption. Due to
the bias of TG-assembling enzymes in enterocytes towards FAs with chains >12 carbons, MCFAs are
not incorporated into TGs. Therefore, 95% of MCFAs are not integrated into chylomicrons, but are
directly shed into the portal vein and travel quickly to the liver as FFAs. Therefore, MCFAs reach this
organ much faster than LCFAs [13,14].

Canola oil is much appreciated by nutritionists due to its high unsaturated FA content. The oil is
composed of 71% monounsaturated fatty acids (MUFAs), 21% polyunsaturated fatty acids (PUFAs),
and only 6.3% saturated FAs [15]. Because of its plant sterol and tocopherol content, canola oil is
thought to be cardioprotective [16], and canola oil-based diets reduce plasma TG and low-density
lipoprotein cholesterol (LDL-C) levels, as well as biomarkers of coronary heart disease [17]. In contrast,
coconut oil consists mainly of saturated FAs (92%) with a high lauric acid content (47%), and also other
MCFAs (17%) [13]. Lauric acid with its 12-carbon atom chain, shares only some of the properties of
MCFAs; however, during the digestion process, it can be released faster and absorbed more rapidly
than LCFAs [13]. As a plant-derived oil, coconut oil is considered as a healthier alternative to animal
fat, but it increases total cholesterol, high-density lipoprotein cholesterol (HDL-C), and LDL-C levels
in the blood [13].

PPARs form a subfamily of the nuclear receptor family, which consists of PPARα, PPARβ/δ,
and PPARγ [18]. They are expressed in various tissues at varying levels, and the individual roles of
these receptors remain distinct. In the gastrointestinal tract, PPARα regulates the expression of genes
that are associated with FA, cholesterol, glucose, and amino acid metabolism, transport, and intestinal
motility in response to dietary lipids [19,20]. PPARβ/δ in the intestine regulates multiple processes,
including cell proliferation, differentiation [21], and lipid uptake [22]. Compared to the small intestine,
PPARγ is expressed at higher levels in the colon, where it inhibits dysbiotic Enterobacteriaceae
expansion [23]. However, in both of these sections of the intestine, PPARγ is present at relatively higher
levels in the proximal regions and its expression decreases towards the distal regions [24–27]. In the
small intestine, PPARγ is directly exposed to ligands that naturally occur in food, with its activity being
regulated by FAs, glutamine, curcumin, capsaicin, and vitamin E [28,29]. Thus, dietary composition
impacts PPARγ functions. Though much attention has been paid to the anti-inflammatory [30–37] and
anticarcinogenic role of PPARγ in the colon [38–41], and intestines in general [42], very little is known
about its function in the small intestine. In this section of the intestine, its expression and nuclear
translocation is activated during inflammation and injury [43]. We previously reported that intestinal
PPARγ regulates adipocyte energy mobilization via the sympathetic nervous system during caloric
restriction (CR) [44].

When considering that PPARγ is under-investigated in the small intestine and its importance in
lipid metabolism in other tissues [45], we assessed its role in small intestine lipid metabolism using
intestinal epithelium-specific PPARγ knockout mice. This approach is superior to antagonist treatment,
which does not allow for tissue-specific inhibition of receptor activity. Here, we present evidence that
PPARγ is preferentially involved in the metabolism of LCFAs in the small intestine.
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2. Results

2.1. PPARγ Regulates Lipid Transit but Not Uptake in Small Intestine

As we reported previously, the intestinal epithelium-specific PPARγ knockout mouse
(PPARγΔ/Δ VillinCre+/−, or iePPARγKO) does not demonstrate any easily apparent phenotype in basic
ad libitum conditions with respect to body weight, internal organ size, or plasma markers (TGs, FFAs,
glucose, and cholesterol) [44]. However, advanced lipidomics analysis showed that plasma levels of
several lipids differ in ad libitum iePPARγKO compared to their wild-type (PPARγfl/flVillinCre−/−,
WT) littermates. Sphingomyelins (SMs, d18:1/18:0) and phosphatidylethanolamines (PEs, 36:0) were
underrepresented in plasma from iePPARγKO as compared to WT mice (Figure 1a), whereas the
concentrations of TGs (53:0) and several types of phosphatidylcholines (PCs) were higher in plasma
from iePPARγKO mice than WT mice. In general, saturated FAs containing lipids were less abundant
and unsaturated FAs occurred at higher concentrations in iePPARγKO when compared to WT mice.
Choline is an essential component of PC; it is also essential for bile acid homeostasis and plays a role in
the lipid uptake process. These observations suggested the involvement of PPARγ from the intestinal
epithelium in lipid uptake and/or metabolism in this tissue.

Figure 1. PPARγ does not affect lipid uptake, but regulates intestinal transit. (a) Blood was collected
from mice fed ad libitum and plasma lipid composition analyzed (n = 5). (b) Lipid uptake was
quantified by recording the radioactive tracer uptake (3H-triolein) in the duodenal epithelium 30 min
after labeled oil gavage (wild-type (WT) n = 8, KO n = 12). (c) Following 24 h incubation with the
indicated compounds, fluorescent fatty acids (FAs) were added to each well and uptake by Caco-2 cells
measured over 2 h (n = 3). (d) WT and iePPARγKO mice were gavaged with FITC-dextran in canola oil
and the fluorescence in the stomach and (e) small intestine measured. For the intestine, the geometric
center was quantified 30 min after gavage (WT n = 12, KO n = 10). The Student’s t-test was performed
for (a,b,d,e). For (c), one-way ANOVA with a Bonferroni post-hoc test was applied. Data are presented
as means ± SEM (standard error of mean). * p < 0.05.

To characterize the role of the intestinal PPARγ, we performed a lipid uptake test in the small
intestine in iePPARγKO mice. In animals that were gavaged with a mix of canola oil and 3H-triolein,
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the amount of 3H-tracer taken up by the intestinal epithelium within 30 min after gavage did not differ
between iePPARγKO and WT mice (Figure 1b). In analogous in vitro experiments, Caco-2 cells were
treated with various agonists and antagonists of the different PPAR isotypes and were incubated with
fluorescently labeled FAs. Only the agonist specific for PPARβ/δ, GW501516, clearly increased FA
uptake (Figure 1c). In contrast, rosiglitazone, an agonist of PPARγ, and WY14634, a strong agonist
of PPARα, which also weakly activates PPARβ/δ and PPARγ, did not significantly affect FA uptake.
Furthermore, GW9662, an antagonist of all three PPAR isotypes, had no significant effect on FA uptake.

Next, we performed a gastrointestinal transit assay using fluorescently labeled FAs. Stomach emptying
activity was not affected by the absence of PPARγ (Figure 1d). However, the assay revealed an increased
intestinal transit speed in iePPARγKO compared to WT mice (Figure 1e). We conclude that although
PPARγ does not affect lipid uptake in the intestinal epithelium, it regulates intestinal transit.

2.2. Long-Term Canola Oil Diet Results in Modest Body Composition Changes in iePPARγKO Compared to
WT Mice

In order to disclose an iePPARγKO phenotype, we submitted the iePPARγKO mice to an 18-week
feeding with different high-lipid diets. The animals were fed a standard high-fat diet (HFD; 60% energy
from mixed fat sources) and two fat-rich diets with 45% energy from lard or canola oil. The latter
two were set at 45% energy from fat because it was the maximum possible percentage at which the
use of liquid canola oil still allowed for the production of solid food pellets. Control groups were fed
standard chow containing 4.5% energy from fat, mostly of soy and sunflower origin. The samples
were collected in the late morning following a 2 h fast during the resting/non-eating phase to avoid
acute fat/oil effects as studied below. The animals fed HFD presented with the highest body weight
gain, followed by the canola and lard diet groups when compared to the control animals (Figure 2a).
However, only the weight increase of iePPARγKO mice fed the HFD was significant. All mice fed fat
diets (HFD, lard, and canola) consumed less food than the control mice (Figure S1a). Interestingly,
there were no significant differences in final body weight and food intake between iePPARγKO and
WT mice in any of the four groups (Figure 2a and Figure S1a). Mice fed a HFD or lard diet presented
elevated VO2 when compared to control mice (Figure S1b). Canola oil-fed mice exhibited a similar
trend, but did not reach significance. Respiratory exchange ratio (RER) was reduced in all of the mice
that were consuming fat diets (Figure S1c). No differences were noted for VO2, VCO2, RER, or heat
release between iePPARγKO and WT mice (Figure S1b–e).

Gene expression analysis revealed that PPARγ expression in the intestinal epithelium of WT mice
was not significantly modified by the fatty diets as compared to the control diet (Figure 2b). Among the
genes whose expression in the intestine was affected by canola oil gavage, only Fxr was downregulated in
iePPARγKO compared to WT mice after the 18-week canola oil diet (Figure 2c). Further perusal of the
expression of FXR target genes, such as Fabp6, Nr0b2, and Fgf15, did not reveal significant changes, not
least because of relatively high variability in expression. A trend of downregulation in the iePPARγKO
epithelium was observed for the PPAR-regulated genes Atgl, Dgat2, and Tip47. Furthermore, canola oil diet
did not trigger differences between iePPARγKO and WT mice in regards to plasma TG, FFA, cholesterol,
and glucose levels (Figure 2d). In the oral glucose tolerance test (OGTT), mice that were fed fatty diets had
significantly higher glucose plasma levels than control mice (Figure 2e and Figure S1f). Interestingly, mice
that were fed a canola diet had higher glucose levels than HFD-fed mice. No differences in plasma glucose
levels were found between iePPARγKO and WT mice at any of the time points of the OGTT for any diet.
Similarly, liver size was comparable between the two genotypes (Figure S1g).

As expected, the mice that were fed fat diets had increased relative epididymal, subcutaneous
abdominal, and dorsal white adipose tissue (WAT) weight when compared to control mice, with HFD
mice having the highest amount of WAT (Figure 2f) and the canola oil diet-fed WT mice the lowest.
The iePPARγKO mice fed a canola diet exhibited a trend towards heavier fat pads for all three of the diets
tested and increased total body fat mass compared to their WT littermates, but the difference was not
significant. EchoMRI confirmed the trend towards increased total body fat mass in canola oil-fed animals
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(Figure 2g) and revealed a significant decrease in the lean mass of iePPARγKO vs. WT canola diet mice
(Figure 2h). Expression of Acc and Fas in the WAT of mice consuming the canola diet was decreased as
compared to control mice (Figure 2i), but no difference was detected between iePPARγKO and WT mice.
Thus, a canola oil diet increased the fat mass in iePPARγKO mice when compared to WT mice and resulted
in a difference in body mass composition between the two genotypes. Furthermore, the effect on gene
expression in the duodenum of these animals fed canola oil for 18 weeks was less than that observed with
acute canola oil gavage (see below).

Figure 2. Long-term exposure to canola oil triggers mild body composition changes in iePPARγKO
vs. WT mice. (a) Body weight of mice fed chow, high fat diet (HFD), lard diet, or canola oil diet
(n = 7–10). (b) The relative mRNA expression levels of PPARγ and (c) lipid metabolism-associated
genes in the duodenal epithelium were assayed by RT-qPCR (n = 9–18). (d) Concentration of TGs, FFAs,
cholesterol, and glucose in plasma of mice fed chow and canola diet (n = 7–12). (e) Mice were submitted
to oral glucose tolerance test (OGTT) and their plasma glucose levels monitored over 2 h (n = 5–9).
(f) Weight of epididymal white adipose tissue (eWAT), subcutaneous abdominal WAT (sWAT abb),
and subcutaneous dorsal WAT (sWAT dors) presented as % of total body weight (n = 8–10). (g) Total
body fat and (h) lean mass were estimated using EchoMRI (n = 8–10). (i) Relative mRNA expression
levels in epididymal WAT from chow and canola fed mice were measured using RT-qPCR (n = 8–10).
One-way ANOVA followed by the Bonferroni post-hoc test was used to compare the experimental
groups in (b,d,f,i). The two-tail Student’s t-test was applied to verify significance (p < 0.05) in (a,c,e,g,h).
* p < 0.05 for canola iePPARγKO vs. canolaWT, a significantly differ from Chow WT, b significantly
differ from Chow KO. Data are presented as mean ± SEM.
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2.3. PPARγ Affects Lipid Metabolism in Duodenal Enterocytes

As the long-term lipid challenge with canola oil disclosed a mild iePPARγKO phenotype,
we challenged iePPARγKO and WT mice with acute lipid loads via a single gavage of canola oil
(5 μL/g body weight), which is very rich in long chain unsaturated FAs, following an overnight
fast. In WT animals, plasma TG and FFA levels were maximal after 2 h, with lower levels already
at 3 h. In iePPARγKO mice, TG levels were still increased and FFAs remained higher at 3 h with
significant differences from WT mice (Figure 3a,b). These results suggest that PPARγ in the intestinal
epithelium impacts the processing of these molecules in the small intestine. WT and iePPARγKO mice
that were gavaged with the same volume of coconut oil, which is very rich in saturated MCFAs, did
not exhibit differences in plasma TGs or FFAs, which were highest at 3 h (Figure 3a,b), but TGs were
significantly lower than after gavage with canola oil (Figure 3a). Plasma levels of total cholesterol, HDL,
and glucose were similar in iePPARγKO and WT mice after either of the two oil gavages (Figure S2a,b).
These results suggest that PPARγ selectively affected the intestinal processing of unsaturated LCFAs,
but did not impact that of saturated MCFAs.

Because PPARγ is a transcription factor, we assessed whether the above observations result from
changes in gene expression in the intestinal epithelium due to oil gavage, and whether tissue-specific
deletion of PPARγ affects them. As PPARγ is expressed at higher levels in the proximal parts of the small
intestine [24,27], we measured the mRNA levels in the duodenum. It noteworthy that the deletion of
PPARγ did not significantly affect the expression of PPARα and PPARβ/δ, which could have impacted
the results (Figure S2e). In WT mice, canola oil gavage stimulated the expression of Gip and Secretin after 2
and 3 h, respectively, whereas the expression of Cck (cholecystokinin) and Dpp4 (dipeptidyl peptidase-4)
was not affected (Figure 3c, Table S1). When compared to WT, Cck, Dpp4, and Secretin, expression was
reduced in the iePPARγKO duodenum (Figure 3c, Table S1). Plasma gastric inhibitory polypeptide (GIP)
protein levels were also significantly diminished in iePPARγKO when compared to WT mice at 3 h,
and glucagon-like peptide-1 (GLP-1) at 4 h, after canola oil gavage (Figure 3d).

Canola oil gavage resulted in the stimulation of several genes of lipid metabolism in the duodenum
of WT mice 2 and/or 3 h after gavage (Figure 3e and Figure S2c,e and Table S1). Importantly, the gene
expression profiles differed between the WT and iePPARγKO duodenum (Figure 3e and Figure S2c,d,
Table S1). In iePPARγKO mice, the genes stimulated in WT mice were expressed at lower levels 2 and/or 3
h after gavage (Figure 3e and Figure S2d, Table S1). Moreover, in iePPARγKO mice some of the genes were
initially downregulated at 2 h compared to 0 h. Among the altered transcripts were those encoded by genes
associated with lipid uptake (Cd36), TG synthesis (Dgat2, Agpat9), FA metabolism (Acot11, Fasn, Mlysd), FA
transport to mitochondria (Cact), lipid droplet formation (Hsl, Atgl, Tip47), and chylomicron production
(Mttp) (Figure 3e). Notably, the mRNA levels of Fxr were affected, suggesting a possible impact of PPARγ
on bile acid signaling. Among the genes that were not influenced by the absence of intestinal PPARγ were
those associated with cholesterol and lipid absorption (Abca1, Abcg5, Ppap2a), lipid metabolism (Lcad, Cpt-1),
lipoprotein composition (ApoAIV, ApoB, Vti1A), mitochondrial ATP production (Atp5e), and mitochondrial
respiratory chain (Uqcr2). Notably, the Pparγ mRNA level was not altered in WT mice after canola oil
gavage (Figure S2f). Importantly, the level of mRNA of Pparα was downregulated in iePPARγKO 2 h
after the gavage (Figure S2e). However, the expression pattern of Pparα and β/δ did not differ between
iePPARγKO and WT mice at any time point following the gavage (Figure S2e), which indicates that their
action in lipid metabolism is independent of Pparγ.

In contrast to the above results, coconut oil gavage did not trigger differences in intestinal
epithelium gene expression between iePPARγKO and WT mice, with the exception of Tip47, which is
involved in the biogenesis of lipid droplets (Figure 3f) and shares a significant homology with the
other members of this family, including perilipin and adipophilin [46].

Interestingly, Npy (p = 0.03), which is associated with the regulation of metabolism and behavior,
and Mchr1 (p = 0.05) whose product is thought to have a number of functions, including the
regulation of appetite [47,48], were down- and slightly up-regulated, respectively, in the hypothalami of
iePPARγKO compared to WT mice 3 h after canola oil gavage (Figure 3g). Meanwhile, the expression of
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other hypothalamic appetite-related genes (Hpmr, Hcrtr1, Mc4r, Npbw1) was not affected in iePPARγKO
mice after canola oil gavage (Figure S2g).

Collectively, these results show that PPARγ in enterocytes is activated by canola oil to specifically
control pathways that are connected with FA metabolism and mitochondrial function, and possibly affect
some hypothalamic functions. In contrast, PPARγ activity appears to not be influenced much by saturated
MCFAs. This finding is in line with the previously reported preference of PPARγ for PUFAs as ligands [49].

Figure 3. Canola oil gavage triggers differences in lipid metabolism signaling between iePPARγKO
and WT mice. (a) Triglyceride (TG) and (b) free fatty acid (FFA) levels were measured in plasma after
canola (n = 6) and coconut (n = 5–6) oil gavage. (c) Applying RT-qPCR, the relative mRNA expression
levels in the duodenal epithelium were analyzed for intestinal hormones. (d) Plasma concentrations of
insulin, GLP-1, and GIP were measured for WT and iePPARγKO mice gavaged with canola oil (n = 6–7).
(e) The relative mRNA expression levels were quantified for lipid metabolism-associated genes in
the duodenal epithelium of animals gavaged with canola oil and (f) coconut oil (n = 5–6) and (g) for
hunger-related genes in the hypothalami of canola oil gavaged WT and iePPARγKO mice (n = 6–10).
* Significant differences between iePPARγKO and WT mice. # p < 0.05; ## p < 0.08. a Significant
differences between the labeled group and 0 h WT canola, b 0 h KO canola, c 0 h WT coconut, and d 0 h
KO coconut. One-way ANOVA with a Bonferroni post-hoc test was applied for statistical analysis.
Error bars depict the standard error.
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3. Discussion

A previous investigation of iePPARγKO mice fed a chow diet when compared to WT mice did
not reveal an easily recognized phenotype [44]. Here, a more in-depth plasma analysis revealed
differences in circulating lipids, particularly the PC fraction. We also found that, after long-term
exposure to a canola oil-rich diet (18 weeks), the iePPARγKO mice had reduced relative lean mass
compared to WT animals, which correlated with a trend of higher fat mass, in line with the previously
reported adipose tissue dysregulation in these animals under CR [44]. Furthermore, after canola
oil gavage, we observed changes in plasma TG and FFA levels between iePPARγKO and WT mice.
These modifications in circulating lipids were not due to faulty lipid uptake, but were correlated with
increased intestinal transit in iePPARγKO mice, and, importantly, iePPARγ-dependent changes in
enterocyte gene expression. The modulated genes are associated with lipid metabolism, mitochondrial
functions, and gut hormones.

As mentioned above, the plasma levels of several PCs were increased in iePPARγKO mice.
In humans, PCs are derived mostly from bile acids (10–20 g/day), but also from the diet (1–2 g/day) [2].
If this also prevails in rodents, the level of PCs in plasma may reflect changes in bile acid metabolism.
The loss of Fxr upregulation after canola oil gavage and canola diet in iePPARγKO mice also suggests
that bile acid metabolism may be affected by the absence of PPARγ in the intestinal epithelium.
Although there was a trend for a lower expression of several FXR target genes in iePPARγKO mice,
the difference from WT did not reach significance. Therefore, a possible alteration of the role of FXR
in the iePPARγKO phenotype remains to be investigated more in-depth in the future. Choline and
its metabolites are needed for the structural integrity of cell membranes and their signaling roles,
cholinergic neurotransmission, and participation in the S-adenosylmethionine (SAMe) synthesis
pathways. As PCs are the predominant type of phospholipids in the intestinal lumen and were
increased in iePPARγKO mice, we evaluated whether intestinal lipid uptake was perturbed in
iePPARγKO mice. Although iePPARγ did not modify the amount of lipid that was taken up, canola
oil gavage led to differences in plasma lipid levels between WT and iePPARγKO mice, which is
in line with alterations in epithelial gene expression in the latter. The persistence of high plasma
TG and FFA levels 3 h after gavage may suggest a modified intestinal transit time, release from the
epithelium, or clearance from the bloodstream. The expression of several genes in the intestinal
epithelium was reduced in the absence of iePPARγ. Together, these genes are implicated in all of
the processes of lipid metabolism in enterocytes (Figure 4), including lipid transport (Cd36 [50–53]),
lipolysis (Hsl [50,52,54,55], and Atgl [51,55,56]), and various lipid metabolism pathways (Cact [57],
Fasn [58,59], Mlycd [60], Dgat2 [50,52,55,59], and Agpat9 [51,55,61]). Interestingly, Acot 11 (hydrolysis of
various coenzyme A esters), Tip 47 (lipid droplet formation), and Mttp (chylomicron assembly) were
previously not associated with PPARγ in any tissue. In addition, Tip 47 was differentially expressed
between the two phenotypes after both canola oil and coconut oil gavage, suggesting that coconut oil
contains some FAs that may moderately affect some PPARγ pathways. In the future, an investigation
at the protein level (expression, posttranslational modifications) will further the present study.

Previously, we demonstrated that the intestinal PPARγ negatively affects the expression of
incretins and their plasma levels during CR [44]. Here we showed that, after canola oil gavage,
the mRNA and plasma levels of incretins are reduced in iePPARγKO compared to WT mice,
which demonstrates the different roles of PPARγ in intestinal hormone synthesis in different nutritional
contexts. Interestingly, based on previously published findings by others [62,63], this downregulation
of GIP, CCK, or secretin levels in iePPARγKO mice may explain the difference in intestinal passage time,
which was increased in these mice. When considering that the lipid load increases gut motility [64],
we hypothesize that fat may act through PPARγ to regulate intestinal transit, a function that has also
been attributed to PPARα [19]. Such a putative role of PPARγ remains to be studied, as we have
observed slightly accelerated transit in the iePPARγKO mice. Interestingly, gavage with saturated
fat-rich coconut oil had much weaker effects than canola oil. This is very much in line with PPARγ
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having a preference for PUFAs as ligands, which are enriched in canola oil, over saturated FAs as
ligands, which are abundant in coconut oil [28,29,49].

Interestingly, an 18-week-long canola oil feeding with sampling after 2 h fast during the resting
non-feeding time did not produce the same clear effects as acute gavage. These observations suggest
that the feeding time and the type of fats in the food directly regulate PPARγ activity in the intestinal
epithelium. Alternatively, long-term fat feeding may change the lipid uptake and processing in
the intestine [65], and, thus, the iePPARγKO phenotype may be attenuated under this condition.
Nonetheless, we observed an effect of long-term canola oil feeding with a change in the ratio
between lean and fat body mass in iePPARγKO mice when compared to WT mice. This difference
in body composition may originate from a faulty metabolism of lipids in the intestine, as discussed
above. Alternatively, canola-activated PPARγ could also lead to a similar effect on lipid release
from WAT via PPARγ-dependent sympathetic nervous system signaling, as described previously [44].
The absence of this signal would result in fat retention in the adipose tissue, which is in line with our
present observations.

Oils with different FA composition causing different phenotypes in iePPARγKO implies that
intestinal PPARγ specifically regulates complex pathways under the influence of LCFAs, which are
enriched in canola oil as naturally occurring agonists of PPARγ [28,29]. Our results suggest that
consumption of oils rich in PPARγ agonists may improve the efficiency of lipid metabolism in the
intestine and also impact the lean/fat mass ratio. In conclusion, we hypothesize that intestinal
epithelium PPARγ affects lipid processing and/or the storage in enterocytes and adipose tissue, and its
deletion would result in delayed trafficking in enterocytes and, possibly as described for CR [44], fat
retention in adipose tissue.

Figure 4. Model of lipid processing regulation by PPARγ in enterocytes. Red font indicates genes
whose upregulation is lost or expression is reduced in enterocytes of iePPARγKO mice after canola oil
gavage. Following intestinal digestion, FAs and glycerol are absorbed by enterocytes. Medium chain
FAs (MCFA) travel through the enterocyte directly to blood (portal vein) (dashed arrow) and are
transported to the liver as free FAs. Long chain FAs (LCFAs) are taken up by the enterocytes with the
assistance of transporter proteins (CD36 and FATP). FAs are trafficked to mitochondria, where they are
catabolized, or to the endoplasmic reticulum (ER), where there serve as substrates for TG assembly.
Depending on the lipid load, TGs can be temporarily stored in cytoplasmic lipid droplets (CLD) or
incorporated into chylomicrons and secreted into the lymph.
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4. Materials and Methods

4.1. Mouse Handling

All of the animal experiment protocols were approved by the Vaud Cantonal Authority
(SCAV 24735; authorization: VD 2440.3; 01 April 2015), Switzerland. As described previously [44],
the intestinal epithelium-specific PPARγ knockout mouse was obtained by crossing floxed Pparγ

(PPARγfl/fl) mice with mice expressing the Cre recombinase transgene under control of the villin
promoter (VillinCre+/−). The offspring PPARγΔ/Δ VillinCre+/− mice with targeted disruption of
PPARγ in the intestinal epithelium were named iePPARγKO mice and were used in parallel with
littermate control PPARγfl/fl (WT) mice with the same genetic background. Male mice were kept under
a 12-h light/12-h dark cycle in standard housing cages. The animals were fed a standard laboratory
diet, unless otherwise stated, and housed with free water access. For the oil gavage experiments, 10 to
12-week-old mice were fasted overnight. The next morning, the mice received 5 μL canola or coconut
oil (Sigma-Aldrich, Buchs, Switzerland) per gram of body weight via gavage. The animals were
dissected directly after overnight fasting or 2 and 3 h after oil gavage. The mice were euthanized using
CO2 and blood was drawn by cardiac puncture. The blood was mixed with 2% aprotinin-EDTA (Sigma,
Mendota Heights, MN, USA) and DPPIV inhibitor (Merck, Kenilworth, NJ, USA), centrifuged for
10 min at 8000× g, and plasma frozen. Epididymal WAT, subcutaneous abdominal WAT, dorsal WAT,
and liver weight were recorded. Duodenum scrapings and hypothalami were collected. All tissues
were frozen in liquid nitrogen and stored at −80 ◦C until use.

For the diet experiments, five-week-old mice were randomly assigned to one of the diets: chow
containing 4.5% energy from fat, mostly of soy and sunflower origin (Diet 3436, Provimi Kliba AG,
Penthalaz, Switzerland); HFD with 60% kcal from fat in which the main fat source was lard (D12492
OpenSource Diets, Research Diets, New Brunswick, NJ, USA); or, HFD with 45% kcal fat from canola
oil or lard (custom made modified D12451 diets, Research Diets). Body weight and food intake were
measured weekly. After 15 weeks feeding with these diets, metabolic parameters (VO2, VCO2, heat
production) and locomotor activity were monitored for three days using the Comprehensive Lab
Animal Monitoring System (CLAMS, Columbus Instruments, Columbus, OH, USA). After 16 weeks
of feeding with the control and HFDs, mice were submitted to the OGTT. Briefly, mice were fasted
overnight, placed in single cages, and the first blood samples drawn from the tail. Next, the mice
were gavaged a glucose solution and received the equivalent of 3 mg of glucose per gram body
weight. Blood glucose levels were monitored after 15, 30, 60, 90, and 120 min. After 17 weeks of the
diet, bedding maintained in the cage for 24 h was collected. Feces were separated from the bedding,
dried, and fecal energy load measured using direct calorimetry (IKA-Kalorimeter C2000; IKA®-Werke
GmbH & Co. KG; Staufen, Germany). Afterwards, the mouse body composition was measured
under anesthesia using an EchoMRI whole-body composition analyzer (EchoMRI, Huston, TX, USA).
After the EchoMRI, the mice were given 1 week to recover and then dissected following the procedure
described above between 9 a.m. and 11 a.m. following 2 h fasting.

4.2. Intestinal 3H-Triolein

After overnight fasting, mice received 200 μL canola oil containing 15 μCi 3H-triolein by gavage
and sacrificed 30 min later. Blood was removed by perfusing the heart for 3 min with PBS. The intestinal
lumina was flushed four times with 5 mM taurocholate, the small intestine divided into three equal
segments (proximal, medial, and distal), and the segments were dissolved in SolvableTM (Perkin Elmer,
Courtaboeuf, Villejust, France) overnight at 60 ◦C and incubated in scintillation fluid (Betaplate Scint,
Perkin Elmer, Waltham, MA, USA). The radioactivity in each intestinal segment was measured by a
liquid scintillation analyzer.
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4.3. Gastric Emptying and Intestinal Motility

Overnight-fasted mice were gavaged with 200 μL of 5 mmol/L FITC-dextran (70 kDa
FITC-dextran, Sigma) in canola oil and sacrificed 30 min later. Animals’ small intestines were divided
into 10 equal parts. The stomach and each part of the intestine was opened longitudinally, vortexed
thoroughly with PBS, and centrifuged at 1200 rpm for 5 min. The intensity of fluorescence in the
supernatant was measured. The geometric center used as an index of intestinal transit was calculated
as the sum of the % fluorescence per segment × segment number [66].

4.4. RT-qPCR

RNA was isolated from intestinal scrapings using the RNeasy mini kit (Qiagen, Hombrechtikon,
Switzerland). Samples were thawed in lysis buffer, disrupted using a syringe and needle, and processed
following the manufacturer’s recommendations. RNA was extracted from adipose tissue and the
hypothalamus using the RNeasy Lipid Tissue mini kit (Qiagen). SuperScript® II Reverse Transcriptase
(Thermo Fisher Scientific, Lausanne, Switzerland) and random primers (Promega, Madison, WI, USA)
were used for the reverse transcription step for all of the samples. Quantitative real-time PCR (qRT-PCR)
reactions were carried out using the Applied Biosystems 7900HT (Thermo Fisher Scientific) with the
SYBR green PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific). Primers used for
qRT-PCR are listed in Table S2.

4.5. Plasma Analysis

Serum (10 μL) samples were diluted with 0.9% NaCl (10 μL) buffer. All of the samples were spiked
with an internal standard (10 μL). Subsequently, the samples were extracted with chloroform: methanol
(2:1) solvent (100 μL), homogenized with a glass rod (serum) at 4 ◦C by adding two zirconium oxide
grinding balls, vortexed (1 min), incubated at room temperature (1 h), and centrifuged at 5590× g for
3 min. An aliquot of the separated lower phase (60 μL) was mixed with a labeled standard mixture
(three stable isotope-labeled reference compounds; 10 μL) and 0.5–1.0 μL injection used for the analysis.
The sample order for analysis was established by randomization. Lipid extracts were analyzed on a
Q-ToF Premier mass spectrometer (Waters, Milford, MA, USA), and combined with an Acquity ultra
performance liquid chromatograph (UPLC/MS).

Plasma glucose, lipid, and cholesterol levels were measured using a Hitachi chemistry analyzer
(Roche Diagnostics, Basel, Switzerland), according to the manufacturer’s instructions.

Plasma insulin, GLP-1, and GIP concentrations were estimated using Bio-Plex® (Luminex Corporation,
Austin, TX, USA).

4.6. Cell Culture

Caco-2 cells were maintained in high glucose DMEM supplemented with 10% fetal bovine serum,
100 U/mL penicillin and 100 U/mL streptomycin (all from Sigma-Aldrich) in a humidified atmosphere
of 5% CO2 at 37 ◦C. Cells were cultured for 10 days after reaching confluence. Rosiglitazone, WY14634,
GW501516, and GW9662 (all from Sigma) were added to the culture at final concentrations of 10 μM for
24 h. Control cells received the DMSO (Sigma) vehicle or no treatment. Afterwards, BODIPY-labeled
fatty acids (QBT Fatty Acid Uptake Assay Kit, Molecular Devices, Wokingham, Berkshire, UK) were
added to the culture and fluorescence measured over 2 h. The results are presented as area under
the curve.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/12/2559/s1.
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Abstract: The objective of this study was to evaluate the effects of peroxisome proliferator-activated
receptor α (PPARα) activation by clofibrate on both mitochondrial and peroxisomal fatty acid
oxidation in the developing kidney. Ten newborn pigs from 5 litters were randomly assigned to two
groups and fed either 5 mL of a control vehicle (2% Tween 80) or a vehicle containing clofibrate
(75 mg/kg body weight, treatment). The pigs received oral gavage daily for three days. In vitro fatty
acid oxidation was then measured in kidneys with and without mitochondria inhibitors (antimycin A
and rotenone) using [1-14C]-labeled oleic acid (C18:1) and erucic acid (C22:1) as substrates. Clofibrate
significantly stimulated C18:1 and C22:1 oxidation in mitochondria (p < 0.001) but not in peroxisomes.
In addition, the oxidation rate of C18:1 was greater in mitochondria than peroxisomes, while
the oxidation of C22:1 was higher in peroxisomes than mitochondria (p < 0.001). Consistent
with the increase in fatty acid oxidation, the mRNA abundance and enzyme activity of carnitine
palmitoyltransferase I (CPT I) in mitochondria were increased. Although mRNA of mitochondrial
3-hydroxy-3-methylglutaryl-coenzyme A synthase (mHMGCS) was increased, the β-hydroxybutyrate
concentration measured in kidneys did not increase in pigs treated with clofibrate. These findings
indicate that PPARα activation stimulates renal fatty acid oxidation but not ketogenesis.

Keywords: peroxisome proliferator-activated receptor α (PPARα); clofibrate; fatty acid β-oxidation; pigs

1. Introduction

The kidney is an organ with a high energy requirement due to its central role in the elimination
of water-soluble metabolic waste products. Thus, energy metabolism is very active and important
for renal physiology. In support of the high energy metabolism, renal fatty acid oxidation and
carnitine biosynthesis are very active, generating ketone bodies when fatty acids are catabolized and
in maintaining carnitine homeostasis, respectively [1]. Recently, a strong link between impaired renal
energy metabolism and chronic kidney disease has been highly identified [2,3].

Peroxisome proliferator-activated receptor α (PPARα), a member of a large nuclear receptor
superfamily, is expressed primarily in the liver, the intestine, and the kidney [4,5]. The critical role of
PPARα activation in regulation of hepatic fatty acid oxidation, lipid metabolism, and inflammatory
and vascular responses has been well studied [6]. In contrast with the liver, however, the data on
the role of PPARα activation in the regulation of renal fatty acid oxidation and metabolism is scant,
especially for developing animals. By comparison, both mitochondrial and peroxisomal β-oxidation
enzymes are expressed in the liver and the kidney, but the enzymes in peroxisomes are less abundant
in the kidney than in the liver. The response of mitochondrial and peroxisomal β-oxidation enzymes
to PPARα activation in the kidney is also moderate [7]. Despite all this, the importance of peroxisomal
β-oxidation in short-, long-, and very long-chain fatty acids has been well recognized. Moreover, the
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essential role of PPARα-induction of fatty acid metabolism in the prevention of renal ischemia and
renal damage induced by drugs has been observed in rodent species [8–10].

Potential ligands for the PPARα transcription factor include fatty acids, eicosanoids, and
pharmacological drugs such as the fibrates. Clofibrate is a potent PPARα activator that stimulates
peroxisome proliferation and increases fatty acid oxidation in rodent species. The target genes
of PPARα encode enzymes involved in peroxisomal and mitochondrial β-oxidation and ketone
body synthesis. The peroxisome proliferation elicited by fibrates has drawn much attention because
peroxisome proliferation has been associated with oxidative stress and hepatocellular carcinoma [11].
However, less is known about the impacts of the agonist in the kidney. Fatty acids are the preferred
energy substrate for the kidney, and defects in fatty acid oxidation and mitochondrial and peroxisomal
dysfunction are involved in acute renal injury and chronic disease. Indeed, PPARα signaling may play
a protective role in acute free fatty acid-associated renal tubule toxicity [12]. PPARα activation has
been recognized as essential for kidney function under both healthy and pathophysiological states [7].

Data regarding inborn errors in the kidney such as neonatal urea cycle defects and disorders
of long-chain fatty acid oxidation associated with energy deficiency in infants is very limited in the
literature. Understanding the renal kinetics and adaptation of energy metabolism is very important for
human infant health. The domestic neonatal pig (Sus scrofa) ranks among the most prominent research
models for the study of pediatric nutrition and metabolism due to the similarity of human infant and
piglet physiology [13]. Unlike rodent species, the peroxisome proliferation and hepatocarcinogenic
potencies of clofibrate are not observed in the livers of humans or pigs [14,15]. Peroxisomal β-oxidation
(enzymes) increase with the age in the renal cortex of suckling rat pups, and this might be involved
in PPARα-mediated mechanisms [16]. Similarly, previous work from our laboratory showed that
fatty acid β-oxidation capacity was increased with age in the kidney of pigs as well, and the capacity
was higher during the preweaning period than in adults [17]. The enzymatic responses to PPARα
activation also were compared in the heart, kidney, and liver of pigs in our previous work, but effects
of the activation on fatty acid oxidative metabolism were not determined. Promoting energy supply
and thermogenesis after birth are critical for the survivor of neonatal piglets [17]. Therefore, to provide
basic knowledge on the regulation of energy metabolism in the developing kidney, the present study
assessed changes in peroxisomal and mitochondrial long-chain fatty acid oxidation in the kidney
during early development in response to the activation of PPAR by clofibrate.

2. Results

2.1. β-Hydroxybutyrate Concentration

No differences were detected in β-hydroxybutyrate concentration measured in plasma and kidney
tissues between control and clofibrate-treated pigs (p > 0.05). The concentration of β-hydroxybutyrate
was on average 8-fold higher in kidney tissue compared with plasma (Figure 1).
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Figure 1. β-Hydroxybutyrate concentration in plasma and kidneys of neonatal piglets. Values are
means ± SE (n = 5).
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2.2. Fatty Acid Oxidation In Vitro

Clofibrate had no effects on the accumulation of 14CO2 in peroxisomes from either [1-14C]-C18:1
or C22:1 oxidation (p > 0.05), but the accumulation in mitochondria and in homogenates (a total of
peroxisomes and mitochondria) from [1-14C]-C18:1 was significantly higher in clofibrate-treated than
control piglets (p < 0.05; Figure 2A). The 14CO2 accumulation from [1-14C]-C18:1 and C22:1 oxidation
were on average 133- and 25-fold higher in mitochondria than peroxisomes (p < 0.0025). In addition,
the 14CO2 accumulation in mitochondria or homogenates were 2.5-fold greater from [1-14C]-C18:1
than C22:1 (p < 0.0009).
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Figure 2. Effects of oral clofibrate on renal β-oxidation (14C accumulation in CO2 * (A); ASP # (B) and
CO2 + ASP & (C)) in peroxisomes and mitochondria of neonatal pigs. Values are least square
means ± SEM (n = 5). Abbreviations: ASP: acid soluble product; c-C18:1: control with oleate; t-C18:1:
treatment with oleate; c-C22:1: control with erucate; t-C22:1: treatment with erucate. * Clofibrate
effect (p < 0.037) and fatty acid effect (p < 0.0001); # Clofibrate effect (p < 0.0001) and fatty acid effect
(p < 0.0001); & Clofibrate effect (p < 0.0001) and fatty acid effect (p < 0.0001). Column with different
letters differ (p < 0.05).

Clofibrate tended to increase the accumulation of 14C in acid-soluble product (ASP) in peroxisomes
from both [1-14C]-C18:1 and C22:1 oxidation (p = 0.06), but the accumulation of 14C in ASP from C18:1
and C22:1 in mitochondria and in homogenate were increased in clofibrate-treated compared to the
control pigs (p < 0.006; Figure 2B). There was no difference between C18:1 and C22:1 in 14C-ASP
accumulation in peroxisomes, but the 14C-ASP accumulation from C18:1 was greater than that from
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C22:1 in mitochondria. The accumulations of 14C-ASP in the homogenates also were 1.5-fold higher
from [1-14C]-C18:1 compared with C22:1 (p < 0.001).

By combining both 14CO2 and 14C-ASP (Figure 2C), the total oxidation (CO2 + ASP) from either
C18:1 or C22:1 was not affected by clofibrate in peroxisomes (p > 0.05). However, clofibrate increased
mitochondrial oxidation of C18:1 by 56% and C22:1 by 70%. Thus, the total oxidation in homogenates
was significantly higher from clofibrate-treated than control piglets (p < 0.001). The oxidation from
C18:1 was on average 1.7-fold greater than that from C22:1 (p < 0.03).

No difference was observed in the percentage of 14C accumulation in CO2 (less than 2%) in
peroxisomes (p = 0.9), but clofibrate reduced the percentage of accumulation of C22:1 in CO2 in
mitochondria (p < 0.01) (Figure 3A). Over 98% of the oxidative metabolites were ASP in peroxisomes,
while only about 60% (54–64%) of the ASP was detected in mitochondria (Figure 3B). Clofibrate
administration did not affect the percentage of ASP from C18:1 (p = 0.13) but increased the ASP from
C22:1 significantly (p < 0.04) (Figure 3B). The percentage of total oxidation (CO2 + ASP) from C22:1
in peroxisomes was 1.5-fold higher than that from C18:1, and the percentage of total oxidation from
C18:1 in mitochondria was 1.5-fold higher than that from C22:1 (Figure 3C).
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Figure 3. Percentage distribution of renal β-oxidation (% of 14C accumulation in CO2 * (A), ASP # (B),
and CO2 + ASP & (C)) in peroxisomes and mitochondria of neonatal pigs. Values are least square
means ± SEM (n = 5). Abbreviations: ASP: acid soluble product; c-C18:1: control with oleate; t-C18:1:
treatment with oleate; c-C22:1: control with erucate; t-C22:1: treatment with erucate. * Clofibrate effect
(p < 0.040) and fatty acid effect (p = 0.39); # Clofibrate effect (p < 0.0001) and fatty acid effect (p = 0.39); &

Clofibrate effect (p = 1.0) and fatty acid effect (p = 1.0). Column with different letters differ (p < 0.05).
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2.3. Renal Enzyme Activity

The activity of carnitine palmitoyltransferase I (CPT I) was increased 25% by clofibrate (p < 0.05),
but no effect on the activity of CPT II was detected (p > 0.05; Figure 4A). The activity of acyl-CoA
oxidase (ACO) was increased 2.2-fold in clofibrate-treated pigs (p < 0.05; Figure 4B).
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Figure 4. Effects of oral clofibrate on renal enzyme activity in neonatal pigs. Values are least square
means ± SEM (n = 5). CPT I and CPT II, carnitine palmitoyltransferase I and II (A), and ACO, acyl-CoA
oxidase (B). Columns with different letters are different (p < 0.05).

2.4. Renal mRNA Enrichment

Clofibrate administration had a great impact on the relative mRNA abundance of CPT I, CPT II,
and mHMG-CoA, but had no effects on PPARα and ACO (Figure 5). The mRNA enrichments of CPT I,
CPTII, and mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase (mHMG-CoA) were 3.5-, 2.6-,
and 9.7-fold greater from clofibrate-treated pigs than control pigs (p < 0.001).

Figure 5. Renal mRNA abundance in pigs with and without oral clofibrate. Values are least square
means ± SEM (n = 5). PPARα: peroxisome proliferator-activated receptor α; ACO: acyl-CoA
oxidase; CPT I and CPT II: carnitine palmitoyltransferase I and II; mHMGCS: mitochondrial
3-hydroxy-3-methylglutaryl-coenzyme A synthase. * Significant difference between control and
treatment groups (p < 0.05).
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3. Discussion

Activation of PPARα by oral clofibrate administration to newborn piglets resulted in a significant
increase in renal fatty acid β-oxidation. Similar observations were reported in humans and rats [18].
Fatty acid β-oxidation is the primary pathway of ATP production for the kidney to meet its daily
function requirement. Therefore, this result implied that PPARα could play an important regulatory
role in ATP production and energy metabolism in the developing kidney. We also noticed that the
induction profiles were different in mitochondria and peroxisomes for the long- and very long-chain
fatty acids, suggesting that the response of renal fatty acid β-oxidation to PPARα activation depends
on the subcellular and substrates.

The activation had no significant impact on the fatty acid β-oxidation (14C accumulation in CO2

or/and ASP) in renal peroxisomes, although the ACO activity increased 2.2-fold in clofibrate-treated
piglets. Only a tendency of increase in ASP (p = 0.06) was observed, and the mild response of
peroxisomal β-oxidation to the PPARα agonist was similar to that reported in adult rats [19]. As
in mitochondria, fatty acid β-oxidation in peroxisomes involves multiple enzymes that ultimately yield
acetyl-CoA [20]. However, the peroxisomal fatty acid β-oxidation is not coupled with ATP synthesis
and catalase is required for H2O2 produced in peroxisomes by transferring electrons to O2. It was
reported that the activation of PPARα had no influence on catalase activity in 14-day-old piglets [21],
and catalase increases fast after birth [22]. This result could be related to the catalase or other enzymes
in β-oxidation system of peroxisomes such as the bifunctional protein and 3-ketoacyl-CoA thiolase
during development. In addition, we did not find any difference in renal PPARα and ACO mRNA
enrichments between control and clofibrate-treated piglets. The low response of PPARα and ACO
mRNA to clofibrate induction was observed in the livers of newborn, 24-hour-old, and 4-day-old
fasted neonatal piglets [21,23,24]. Besides, the ACO activity measured in kidneys of 14-day-old control
pigs was not different from pigs treated with clofibrate [21]. Because the rates of mitochondrial and
peroxisomal β-oxidation of palmitate change during postnatal development and food deprivation in
pig kidneys [22], age or physiological status and even species could contribute to these differences.

A similar 14C-accumulation rate in CO2 or/and ASP from both C18:1 and C22:1 was detected in
peroxisomes, indicating that the chain-length of these two fatty acids had no effects on peroxismal
fatty acid β-oxidation. However, the percentage of peroxisomal fatty acid β-oxidation increased with
the increase in the fatty acid chain-length. The percentage of β-oxidation of C22:1 was on average 40%
higher than that of C18:1, although the total fatty acid oxidation rate had no difference. A similar result
was detected in the liver [23], demonstrating that C22:1 has a preference to be oxidized in peroxisomes.
The preference for C22:1 appeared to be associated with the affinity of fatty acid activation systems for
long-chain fatty acid and very-long-chain fatty acid identified in rat [25]. It was very interesting that a
high percentage (about 42–67%) of the fatty acids were oxidized in renal peroxisomes with 98–99% as
ASP and 1–2% as CO2, and the activation of PPARα had no influence on the percentage distribution
of fatty acid oxidation. The contribution of peroxisomal fatty acid β-oxidation to the total fatty acid
β-oxidation in the kidney was similar to that measured in the liver (40–47) and 2-fold higher than that
in rats (20–35% [26]).

Mitochondrial fatty acid oxidation was increased significantly by the activation of PPARα induced
by clofibrate administration. Consistent with the increase in fatty acid β-oxidation, the CPT I activity
was increased by 25% and mRNA expression was increased 3.5-fold. In addition, the chain-length
of fatty acid significantly affected mitochondrial β-oxidation, and the 14C-accumulations were much
greater from C18:1 than C22:1 in both of CO2 (2.6-fold) and ASP (2.3-fold). Similar results were
observed in livers of PPARα-activated neonatal pigs with clofibrate administration [23]. Swine milk
fat is known to be composed of mainly long chain fatty acids (LCFAs) and very long chain fatty acids
(VLCFAs). These results indicate that mitochondrial oxidation of LCFAs provides an important source
of energy for kidneys, and activation of PPARα could promote the utilization of LCFAs and VLCFAs
in developing kidneys.
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The 14CO2 accumulation rates from C18:1 and C22:1 (μmol/h·g protein) were on average 64% and
50% higher in the kidney (10.7 and 4.3) than in the liver (3.9 and 2.2; [23]), while the 14C accumulations
in ASP from C18:1 and C22:1 were 52% and 55% greater in the liver (44.9 and 30.8; [23]) than in
the kidney (29.6 and 19.9). It was recently demonstrated that, in rat kidneys, proximal tubules do
not generate energy via glycolysis and are completely dependent on oxidative phosphorylation for
ATP production, although energy production is primarily from fuels such as lactate, glutamine, and
free fatty acids [27]. On the other hand, fatty acid elongation can occur in both livers and kidneys,
but it was reported that the specific activity of the fatty acid elongation in the kidney is about 30%
compared to the liver. Different incorporation rates [1-14C] acetate into fatty acids were observed
in the mitochondria elongation system between livers and kidneys in the presence of nicotinamide
adenine dinucleotide + hydrogen (NADH), nicotinamide adenine dinucleotide phosphate + hydrogen
(NADPH), or both NADH and NADPH as the hydrogen donor [28]. Thus, the results demonstrated
that fatty acid catabolic metabolism in mitochondria and citric acid cycle is the primary emergent
source in developing kidneys and that activation of PPARα might have a benefit to kidney development
via improving fatty acid utilization. Compared with kidneys, the liver may need to produce more ASP
in which acetate was found to be one of the primary product in piglets [29].

The mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase (mHMGCS) mRNA increased
9.7-fold in clofibrate-treated pigs, but the induction of mHMGCS had no influence on plasma and
renal β-hydroxybutyrate concentrations. Although the activity of mHMGCS was not measured in this
study, available evidence confirms that the enzyme activity in the liver remains low until the weaned
age of pigs [30]. Ketone bodies are transferred in and out of cells by monocarboxylate transporter 1.
In wild-type mice, treatment with WY 14,643 increased mRNA concentrations of monocarboxylate
transporter 1 in the liver, the small intestine, and the kidney, but no upregulation was observed in
PPARα-null mice [31]. This suggested that activation of PPARα could potentially promote ketone
body production and transfer from organs to plasma. However, we found that β-hydroxybutyrate
concentration was 8-fold higher in the kidney tissue than plasma, suggesting that the contribution of
the kidney to plasma ketone bodies is minimal in this species. It has been well known that suckling
pigs are hypoketonemic despite elevated dietary fat after birth [30].

4. Materials and Methods

4.1. Experiment Design and Animal Model

All experimental procedures were approved by the North Carolina State University Animal Care
and Use Committee. Ten male newborn pigs (Landrace × Yorkshire × Duroc), 2 from each of 5 L,
were used in this experiment. The selected newborn piglets (Body weight (BW) = 1.61 ± 0.06 kg) were
allocated randomly into two treatments: control and clofibrate. The control piglets were orogastrically
gavaged with 2 mL of 2% Tween 80, and the clofibrate-treated piglets were orogastrically gavaged
to 2 mL of 2% Tween 80 containing clofibrate (75 mg/kg BW; Cayman Chemicals, Ann Arbor, MI,
USA) at 8:00 a.m. of each day for 4 days as described previously [23]. All piglets were kept with
their dams and siblings at the North Carolina State University Swine Educational Unit in Raleigh,
North Carolina during the experiment. The piglets were euthanized by AVMA-approved electrocution
on Day 4 after gavaging and feeding, and kidney and blood samples were collected. Fresh kidney
samples were collected and stored in a homogenate buffer, and extra kidney samples were immersed
in liquid nitrogen and stored at −80 ◦C. The blood was sampled with vacutainer containing sodium
heparin and centrifuged at 2500 rpm × 10 min. The plasma was collected and stored at −20 ◦C.

4.2. β-Hydroxybutyrate Concentration

A BioVision β-hydroxybutyrate assay kit (K632-100; BioVision, Milpitas, CA, USA) was used
to measure the β-hydroxybutyrate concentration in the plasma and kidney samples. The standard
curve and samples were prepared according to the BioVision assay procedure and allowed to develop
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at room temperature for 30 min. The samples were measured with a BioTek reader (Synergy HT,
Winooski, VT, USA) at an absorbance of 450 nm.

4.3. Fatty Acid Oxidation In Vitro

Fresh kidney homogenates (~5 mg) were incubated in 3 mL of reverse Krebs–Henseleit bicarbonate
medium with or without rotenone and antimycin A (10 + 50 μmol/L), blockers of mitochondrial
respiratory system. Mitochondrial and peroxisomal fatty acid oxidations were measured in the
medium using either [1-14C]-labeled oleic acid (C18:1) or erucic acid (C22:1) purchased from
American Radiolabeled Chemicals (ARC; Saint Louis, MO, USA) as substrate. The biochemical
and radio-chemical purities of both C18:1 and C22:1 were greater than 99% based on TLC and HPLC
analyses. The fatty acids were bound to fatty acid-free BSA (5:1, molar ratio) and dissolved in the
reaction medium. The measurements were performed in 25 mL Erlenmeyer flasks containing 2 mL
of the reaction medium. The medium was incubated with 2 μmol [1-14C]-C18:1 (0.98 kBq/μmol) or
[1-14C]-C22:1 (1.37 kBq/μmol). The incubation was stopped after 30 min by the addition of 0.5 mL of
35% HClO4. The 14C accumulation in CO2 and acid-soluble products (ASP) were collected, processed,
and analyzed by liquid scintillation spectrometry (Beckman LS 6000IC, Fullerton, CA, USA) according
to the procedures by Lin et al. [24].

4.4. CPTI Activity

Kidney mitochondria were isolated from fresh samples. The samples were homogenized in an
isolation buffer and centrifuged with a gradient centrifugation [32]. The mitochondria pellet was
collected, and the protein concentration was determined using the biuret method as previously
described [32]. The CPTI activity was assayed in the mitochondria at 30 ◦C with 80 μmol/L
palmitoyl-CoA following the method used previously [32]. The assays were performed with or
without supplementation of 4.7 μg/mL of malonyl-CoA. The assay was initiated by the addition of
20 μL of 3H-carnitine (166.5 kBq/μmol) purchased from ARC and terminated with the addition of
4 mL of 6% HClO4 after 6 min incubation. The activity was determined by measuring the 3H-labeled
palmitoyl-carnitine generated from the reactions. The radioactivity was determined using the Beckman
liquid scintillation spectrometry (Beckman LS 6000IC, Fullerton, CA, USA).

4.5. ACO Activity

The fatty acyl-CoA oxidase (ACO) activity was measured by using a fluorometric procedure with
scopoletin, a fluorescing compound as described previously [24]. The reduction of the ACO produced
H2O2 was coupled to the oxidation of scopoletin to its non-fluorescing product. The control and
treatment kidney samples were prepared as described previously [32] and were incubated at 37 ◦C for
20 min. A standard curve was generated consisting of (0–0.1 μm) concentrations of H2O2. The samples
were measured with a BioTek reader (Synergy HT, Winooski, VT, USA) with an emission at 460 nm
and an excitation at 360 nm.

4.6. mRNA Expression

Total mRNA was extracted using guanidine isothiocynate and phenol, and was quantified using
NanoDrop spectrometer (Thermo Scientific, Wilmington, DE, USA). The mRNA was treated with
Turbo DNase (Ambion, Austin, TX, USA) and transcribed using iScripTM Select cDNA synthesis
kit (Bio-Rad Laboratories, Hercules, CA, USA). Primers were designed with the use of GenBank as
described previously [32]. The mRNA abundances were measured with MyiQ Single Color RT-PCR
(Bio-Rad Laboratories, Hercules, CA, USA).
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4.7. Statistical Analysis

Data from plasma β-hydroxybutyrate, tissue enzyme activity and mRNA enrichment assays,
were analyzed using the GLM procedure of SAS (Proprietary Software 9.3 (TS1M1), SAS Institute Inc.,
Cary, NC, USA) according to a randomized complete block design with 2 treatments (control and
clofibrate), blocked by litter. Data from in vitro fatty acid oxidation measurements were analyzed with
a split-plot design, including a main plot (control vs. clofibrate) in randomized blocks and a subplot
modeling fatty acid chain length (C18:1 vs. C22:1) effects, subcellular (mitochondria vs. peroxisomes)
differences, and interactions. Multiple comparisons between treatments were performed using Tukey’s
test, with significance declared when p ≤ 0.05 and tendencies noted when 0.05 ≤ p ≤ 0.1.

5. Conclusions

Activation of PPARα by clofibrate resulted in a greater increase in mitochondrial long-chain
fatty acid oxidation in developing kidneys. The increase was elicited with induced enzyme activity
and mRNA expression implies that PPARα activation could improve renal energy utilization during
development. More than 40% of the catabolic metabolism occurred in mitochondria and citric acid
cycle, suggesting that mitochondrial fatty acid oxidation plays a primary role in energy generation in
developing kidneys. However, the activation did not alter the β-hydroxybutyrate concentration in
plasma or kidneys.
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Abstract: The nuclear receptor superfamily includes ligand-inducible transcription factors that play
diverse roles in cell metabolism and are associated with pathologies such as cardiovascular diseases.
Lysophosphatidic acid (LPA) belongs to a family of lipid mediators. LPA and its naturally
occurring analogues interact with G protein-coupled receptors on the cell surface and an intracellular
nuclear hormone receptor. In addition, several enzymes that utilize LPA as a substrate or generate
it as a product are under its regulatory control. Recent studies have demonstrated that the
endogenously produced peroxisome proliferator-activated receptor gamma (PPARγ) antagonist
cyclic phosphatidic acid (cPA), which is structurally similar to LPA, inhibits cancer cell invasion
and metastasis in vitro and in vivo. We recently observed that cPA negatively regulates PPARγ
function by stabilizing the binding of the co-repressor protein, a silencing mediator of retinoic
acid, and the thyroid hormone receptor. We also showed that cPA prevents neointima formation,
adipocyte differentiation, lipid accumulation, and upregulation of PPARγ target gene transcription.
The present review discusses the arbitrary aspects of the physiological and pathophysiological actions
of lysophospholipids in vascular and nervous system biology.

Keywords: lysophospholipids; PPARγ; vascular diseases; dementia; spinal cord injury

1. PPARγ and Lysophospholipids

Phospholipids are hydrolyzed by phospholipase A2 (PLA2) to produce lysophospholipids and
free fatty acids. One of the most attractive targets of PLA2 is lysophosphatidic acid (LPA), a naturally
occurring phospholipid that functions as a bioactive lipid mediator and a second messenger [1].
It consists of a glycerol backbone with a hydroxyl group, a phosphate group, and a long-chain
saturated or unsaturated fatty acid. LPA has been detected in biological fluids, and it performs
a wide range of biological functions in cell proliferation, migration, and survival [2,3]. LPA is
produced by platelet activation after activation of multiple biochemical pathways [4,5]. The plasma
contains nanomolar quantities of LPA, whereas LPA concentration can reach physiological levels
in the serum during blood clotting [6,7]. LPA has attracted considerable interest because of its
multiple roles in physiological and pathological conditions. Recent studies suggest that LPA receptor
(LPAR) antagonists abolish platelet aggregation elicited by mildly oxidized low-density lipoprotein
(LDL) (mox-LDL), indicating that an LPA-like lipid plays an essential role in the thrombogenic
effects of mox-LDL [8]. LDL oxidation generates peroxisome proliferator-activated receptor (PPAR)γ
agonists [9], including alkyl glycerophosphate (AGP) [10]. AGP is also formed enzymatically from
alkyl dihydroxyacetone phosphate [11]. AGP concentration in the brain is 0.44 nmol/g, which is
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15% that of acyl-LPA [12]. Here, we provide evidence that AGP is a PPARγ ligand, with potency
similar to that of the thiazolidinedione rosiglitazone, but with only 40% efficacy. Computational and
mutational analysis of the AGP-PPARγ complex indicates differential interaction with key residues in
the ligand binding and activation domains that explains the partial activation elicited by AGP. Several
reports have identified putative intracellular agonists of PPARγ. For example, selected forms of LPA,
which accumulate as oxidatively modified LDL, also activate PPARγ [13]. LPA exerts growth-like
effects in almost every mammalian cell type. Although LPA is the known ligand for G-coupled cell
surface LPARs, some of the effects of LPA are also mediated by PPARγ activation [8]. PPARγ plays
key roles in regulating lipid and glucose homeostasis, cell proliferation, apoptosis, and inflammation.
In contrast, cPA, which is structurally similar to LPA, is generated by phospholipase D2 (PLD2)
and negatively regulate PPARγ functions [14]. cPA shows several unique functions compared to
LPA [15]. Unlike LPA, cPA inhibits cell proliferation [16]. Reports show that cPA attenuates neointima
formation, which is an early step in the development of atherosclerotic plaques [17]. cPA is a second
messenger and a physiological inhibitor of PPARγ, revealing that PPARγ is regulated by both agonists
and antagonists.

2. Lysophospholipid and Vascular Pathologies

LPA has been identified as a platelet-activating lipid of mox-LDL in human atherosclerotic
lesions [8]. Relatively few intracellular binding partners for LPA are known. Previous studies have
identified some candidate proteins, including C-terminal-binding protein/brefeldin A-dependent
ADP ribosylated substrate [18], liver fatty-acid-binding protein [19], and gelsolin [20]. Recently,
we reported that the isolation and purification of heart-type fatty-acid-binding protein (FABP3)
from human coronary artery endothelial cells (HCAECs) were coupled to their identification by
proteomics techniques [21]. FABP3, a small cytoplasmic protein with a molecular mass of about
15 kDa, transports fatty acids and other lipophilic substances from the cytoplasm to the nucleus,
where these lipids are released to a group of nuclear receptors such as PPARs [21]. FABP3 did not
bind LPC or activate PPARγ in HCAEC, showing that FABP3 distributes from the cytosol to the
nucleus in response to LPA-mediated PPARγ activation. Recent reports showed that AGP plays an
important role in the vascular system [22]. Our group reported that AGP activates PPARγ-mediated
transcription more than LPA [10]. Activation of biochemical pathways linked to platelet activation
induces AGP production in the serum [8]. Binding studies using the PPARγ ligand-binding domain
(LBD) showed that the binding affinity of AGP to PPARγ was similar to that of the synthetic agonist,
rosiglitazone [10]. AGP has been detected in several biological fluids and tissues, including the
human brain, ascitic fluid, and saliva [23–25]. Recently, we identified that AGP and rosiglitazone
induce neointima formation when applied topically within the carotid artery [14]. Neointimal
lesions are characterized by the accumulation of cells within the arterial wall and are a prelude
to atherosclerotic disease [8]. Recent reports showed that the knockdown of the gene encoding
1-acyl-sn-glycerol-3-phosphate acyltransferase β (AGPAT2) increased cPA levels [26]. AGPAT2
is located the endoplasmic reticulum membrane and converts LPA to phosphatidic acid (PA).
Mutations in AGPAT2 have been associated with congenital generalized lipodystrophy (CGL) [26,27].
Lipodystrophies, including CGL, are heterogeneous acquired or inherited disorders characterized by
the selective loss of adipose tissue and development of severe insulin resistance. Histone deacetylases
(HDACs), which have been shown to activate PPARγ and enhance the expression of its target
genes, regulate chromatin structure and gene transcription via interactions with nuclear receptor
corepressors, such as SMRT and nuclear receptor corepressor (NCoR) [28]. HDAC3 inhibits PPARγ
and nuclear transcription factor-κB (NF-κB) [29], and HDAC3 inhibition restores PPARγ function in
obesity [30]. Additionally, HDAC2-containing complexes are involved in the regulation of nuclear
receptor-dependent gene transcription [31]. A previous study demonstrated that topical application of
AGP onto uninjured carotid arteries of rats induces arterial wall remodeling in a PPARγ-dependent
manner [14]. Our current study also identified increased AGP levels in the carotid artery of apoE−/−
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mice [32]. These results suggest that AGP in the circulatory system may be a risk factor for development
of diabetes-mediated atherosclerosis.

3. Lysophospholipids and Vascular Dementia

The brain is a lipid-rich organ, the structure and function of which are influenced by diet and
nutrients [33]. Bioactive lipids within the brain are shown to be pivotal for central nervous system
homeostasis by modulating neurotransmission, synaptic plasticity, enzyme function, ion channel
activities, gene expression, and inflammation [34]. Lysophospholipids are also involved in a variety of
important processes, including vascular dementia. Vascular dementia is a progressive disease caused
by reduced blood flow to the brain, and it affects cognitive abilities especially executive function [35,36].
Vascular dementia is poorly understood, and the dearth of suitable animal models limits the
understanding of the molecular basis of the disease and development of suitable therapies [36].
On the basis of their chemical structures, different bioactive lysophospholipids can be assigned
either to the group of lysophospholipids, LPA, and lysophosphatidylcholine (LPC), or the group of
lysosphingolipids, lysosphingomyelin (SPC), and sphingosine 1-phosphate (S1P). LPA is present in
the embryonic brain, neural tube, spinal cord, and cerebrospinal fluid at nanomolar to micromolar
concentrations and plays several significant roles in the nervous system during development and
injury [34]. In the adult brain, LPA receptors are differentially expressed in various neural cell types;
for example, the LPA1 receptor affects cerebral cortical neuron growth, growth cone and process
retraction, survival, migration, adhesion, and proliferation [37]. Our recent study suggested that
LPA treatment profoundly induced the expression of Kruppel-like factor 9 (KLF9) in human induced
pluripotent stem cell-derived neurons [38]. Furthermore, we observed that the effects of LPA on neurite
outgrowth and proliferation were also mediated through the PPARγ pathway [38]. Studies show that
KLF9, a member of the KLF family of evolutionarily conserved zinc finger transcription factors [39],
has been implicated in mediating a diverse range of biological processes including neural stem
cell maintenance [40]. KLF9 expression is induced by neuronal activity as dentate granule neurons
functionally integrate in the developing and adult dentate gyrus (DG). During brain development,
dentate granule neurons lacking KLF9 show delayed maturation as reflected by the altered expression
of early-phase markers and dendritic spine formation [41,42]. Adult KLF9-null mice exhibit normal
stem cell proliferation and cell fate specification in the DG but show impaired differentiation of
adult-born neurons and decreased neurogenesis-dependent synaptic plasticity [41]. Although further
investigations will be needed to ascertain the underlying mechanism, these reports highlight that the
KLF9-LPC axis is essential for neuronal development. The presence of PPARs has been extensively
studied in nervous tissue [43]; PPARs are present in astrocytes, oligodendrocytes, microglia, and
neural stem cells (NSCs) [44–47], where it inhibits proinflammatory gene and protein expression.
For example, PPARγ inhibits proinflammatory transcription factors, nuclear factor-κB (NF-κB) [48],
and activator protein 1 (AP-1) [49]. Owing to the anti-inflammatory and potentially neuroprotective
effects of PPARγ, PPARγ agonists are increasingly being used for the treatment of neurodegenerative
diseases [50]. Since PPARγ does not colocalize significantly within microglia, several studies indicated
a reduction in microglial activity after PPARγ agonist administration [51]. A recent study suggested
that LPC, a precursor of LPA, exerts direct biological effects, especially on vascular dementia [52,53].
Plasma LPC is produced by lecithin-cholesterol acyltransferase, hepatic secretion, or by the action
of phospholipase A2 (PLA2) [54]. PLA2 are enzymes that catalyze the cleavage of fatty acids from
the sn-2 position of phospholipids, producing free fatty acids and LPC. However, abundant evidence
exists regarding the capacity of free LPC to increase cytosolic Ca2+ and activate inflammatory signaling
pathways [55]. In a study of the plasma metabolic profile of Alzheimer’s disease (AD), a decrease in
LPC 16:0 and 18:2 was reported [56]. Furthermore, previous studies have suggested that oxidative
stress is related to AD [57]. These stimulations can activate PC metabolism and downregulate LPC [58].
Therefore, it is important to further evaluate the significance of targeting these bioactive lipids.
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4. Lysophospholipids and Spinal Cord Injury (SCI)

A recent estimate shows that the annual incidence of spinal cord injury (SCI) is approximately
54 cases per one million people in the United States, or about 17,500 new SCI cases per year [59].
SCI results in serious damage at the site of injury in the initial stages of neurotrauma, and is complicated
by the inflammatory response, which prevents neuronal regeneration and recovery by the central
nervous system (CNS) [60]. In addition, a considerable extent of the post-traumatic degeneration of the
spinal cord is due to a multifactorial secondary injury [61]. Currently, therapeutic research is focused
on two main areas—neuroprotection and neuroregeneration. Several therapeutic strategies have
been developed to potentially intervene in these progressive neurodegenerative events and minimize
secondary damage to the spinal cord. A variety of promising drugs have been tested in animal models,
but few can be applied on human patients with SCI. Neuroprotective drugs target secondary injury
effects, including inflammation, oxidative stress-mediated damage, glutamate excitotoxicity, and
programmed cell death. Several potentially neuroprotective agents that target the above pathways
are under investigation in human clinical trials [62]. Reports show that blocking of LPA signaling is
a useful and novel therapeutic strategy for SCI [63]. In the murine SCI model, the use of a specific
anti-LPA monoclonal antibody indicated that LPA produced endogenously after neurotrauma inhibits
SCI regeneration [63]. In the normal spinal cord, six different LPA receptors (LPA1-LPA6) were
expressed constitutively, and LPA1 was the most highly expressed [64]. LPA leads to demyelination
via activation of microglia LPA1. Moreover, we demonstrate that selective blockade of LPA1 after
SCI reduces functional deficits and demyelination, altogether revealing important contributions of
LPA–LPA1 signaling in secondary damage after SCI [64]. In addition, FTY720, an orally available
sphingosine-1-phosphate (S1P) receptor modulator known clinically as fingolimod [65], protects an
animal model of ischemia-reperfusion after cerebral ischemia and improves functional outcomes in a
rat model of SCI. FTY720 is a first-in-class S1P receptor modulator that was highly effective in phase
II clinical trials for multiple sclerosis. S1P is a bioactive lysophospholipid mediator that produces
a variety of cellular responses, including proliferation, survival, and motility via association of the
receptor with G protein-coupled receptor (GPCR) [66]. The efficacy of FTY720 in SCI is possibly
because of its role in immune modulation. These studies suggest that lysophospholipids are key
modulators of nervous system disorders, including SCI. Furthermore, PPARγ can potentially minimize
or prevent dysfunction after SCI [67]. Increased intracellular calcium levels, mitochondrial dysfunction,
arachidonic acid breakdown, and activation of nitric oxide synthase (NOS) immediately after SCI
results in the formation of reactive oxygen (ROS) and nitrogen species (RNS) [67]. Treatment with
the PPARγ agonist pioglitazone increased the number of motor neurons after SCI, which might
partially reduce post-SCI oxidative damage [67]. However, none of the agents tested until now
have demonstrated strong clinical beneficial outcomes in patients with SCI. Thus, the search for
pharmacological drugs capable of improving neurological function is still on. Strategies targeted at
modulating lysophospholipid levels in the injured CNS may lead to new therapeutic approaches
toward repairing various CNS disorders.

5. Conclusions

In this review, we have focused on recent developments that elucidate the role of
lysophospholipids in vascular and nervous system biology. Our proposed mechanism of action
for lysophospholipid-related diseases is summarized in Figure 1. Lysophospholipids act as mediators
via the activation of cell surface GPCRs, and as intracellular second messengers through PPARγ
activation and inhibition in diseases such as atherosclerosis, dementia, and spinal cord injury. However,
the physiological role of lysophospholipids in PPARγ signaling is still unclear; further understanding
would promote the synthesis of novel medicines that modulate lysophospholipid-mediated
PPARγ regulation.
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Figure 1. Schematic diagram of lysophospholipid-mediated PPARγ signaling. Lysophosphatidylcholine
(LPC) is a bioactive phospholipid generated primarily by the action of phospholipase A2 (PLA2)
enzymes on the plasma membrane. After cellular uptake, free LPC is reacylated yielding PC or
deacylated yielding FA and choline. LPA and AGP are generated intracellularly in a stimulus-coupled
manner by the ATX or PLA2 enzyme. cPA is generated intracellularly in a stimulus-coupled manner
by the PLD2 enzyme. LPA and AGP induced neointima formation through the activation of PPARγ,
whereas cPA inhibited PPARγ-mediated arterial wall remodeling in a noninjury infusion model.
However, the physiological context of cPA in PPARγ signaling in brain is still unclear. Imbalance
of the PPARγ agonist-antagonist equilibrium is involved in changes in cellular functions, including
ROS generation, NOS and cytokine expression. These endogenous lysophospholipids regulate PPARγ
function required for vascular wall pathologies, and metabolic-related diseases. PPRE (PPAR response
element); RXR (retinoid X receptor); ATX (autotaxin).
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PPAR Peroxisome proliferator-activated receptor
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AGP 1-O-octadecenyl-2-hydroxy-sn-glycero-3-phosphate
LPC Lysophosphatidylcholine
cPA Cyclic phosphatidic acid
S1P Sphingosine 1-phosphate
SPC Lysosphingomyelin
KLF9 Kruppel-like factor 9
mox-LDL Mildly oxidized low-density lipoprotein
NF-κB Nuclear factor-κB
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ROS Reactive oxygen species
RNS Reactive nitrogen species
NOS Nitric oxide synthase
CNS Central nervous system
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Abstract: Peroxisome proliferator-activated receptors (PPARs), members of the nuclear receptor
superfamily, are important in whole-body energy metabolism. PPARs are classified into three
isoforms, namely, PPARα, β/δ, and γ. They are collectively involved in fatty acid oxidation, as
well as glucose and lipid metabolism throughout the body. Importantly, the three isoforms of
PPARs have complementary and distinct metabolic activities for energy balance at a cellular and
whole-body level. PPARs also act with other co-regulators to maintain energy homeostasis. When
endogenous ligands bind with these receptors, they regulate the transcription of genes involved
in energy homeostasis. However, the exact molecular mechanism of PPARs in energy metabolism
remains unclear. In this review, we summarize the importance of PPAR signals in multiple organs
and focus on the pivotal roles of PPAR signals in cellular and whole-body energy homeostasis.

Keywords: PPARs; energy homeostasis; fatty acid oxidation; glucose-lipid metabolism

1. Introduction

Energy is essential for the survival of all living organisms, and energy metabolism describes the
process of generating energy from nutrients. In humans, dietary-derived glucose and long-chain fatty
acids are used as sources of energy. Energy demand in cells is fulfilled by oxidative metabolism in
mitochondria. Demand and supply within cells of differing physiological states are controlled by a
transcriptional regulatory network in both normal and induced cells, for example, when exercising
or fasting. Peroxisome proliferator-activated receptors (PPARs) are members of a nuclear receptor
superfamily within this network that regulate nutrient-dependent transcription. These receptors were
first identified in the 1990s in rodents and named after their property of peroxisome proliferation [1–3].
In more recent work, it has become clear that PPARs also regulate gene transcription of eicosanoids
and fatty acids (FAs) [4]. Moreover, PPARs have been established as a group of structurally diverse
chemicals associated with transcriptional activation of the peroxisome FA β-oxidation system [5].

Similar to the other nuclear receptor family members, PPARs have a canonical domain
structure. They possess an amino terminal region, which comprises a DNA binding domain and a
ligand-independent transactivation domain, AF-1. At the carboxyl terminal region is a dimerization
and ligand-binding domain with a ligand-dependent transactivation domain, AF-2 [6,7]. Different from
other nuclear receptors, the ligand binding pocket of PPARs is unusually large and can accommodate
a variety of endogenous lipids, including FAs, eicosanoids, oxidized and nitrated FAs, and derivatives
of linoleic acids [8].
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Three isoforms of PPAR, α, β/δ, and γ, have been identified and are each expressed in
various tissues. PPARγ may be further classified as PPARγ-1, γ-2, and γ-3 [2]. PPARγ-2 is
generated by alternative splicing and contains 28 additional amino acids at the N-terminal region
compared to PPARγ-1. PPARγ-3 is a splicing variant of PPARγ-1 that gives rise to the same
protein [9]. Three PPAR isoforms exhibit 80% homology and are more divergent in the ligand-binding
domain, explaining their different responses to various ligands [10]. PPARs act as FA sensors to
control many metabolic activities and they are involved in various biological processes, including
adipogenesis, lipid metabolism, insulin sensitivity, inflammation, reproduction, and cell growth and
differentiation [8,11,12]. They regulate this function upon activation of target genes by endogenous
ligands. Binding of endogenous ligands to the ligand binding domain of the receptor causes
a conformational change that facilitates PPARs to heterodimerize with the retinoid X receptor.
This conformational change helps with binding and the release of small accessory molecules that are
essential for transcription. The heterodimerized complex now assembled at PPAR response elements
(PPREs) causes the transactivation of target genes of mitochondria and peroxisomes. This series of
events regulates a network of proteins that are involved in systemic energy homeostasis [3,11,12].

PPARα is highly expressed in hepatocytes, enterocytes, as well as vascular and immune
cell types, such as monocytes/macrophages, endothelial cells, smooth muscle cells, lymphocytes,
and non-neuronal cells, such as microglia and astroglia. PPARα activates genes encoding enzymes
involved in fatty acid oxidation (FAO), which include carnitine palmitoyltransferase 1 (CPT1),
medium-chain acyl CoA dehydrogenase, acyl-CoA oxidase, fatty acyl-CoA synthase, FA transport
proteins, and their derivatives to enter into the β-oxidation pathway [13]. In the liver, it plays a
crucial role in FAO, thereby providing energy for peripheral tissues and elevating mitochondrial and
peroxisomal fatty acid β-oxidation rates. PPARα is also involved in ketogenesis, by lowering plasma
triglyceride levels and increasing plasma high-density lipoprotein (HDL) levels. PPARα is activated
by several molecules such as long-chain unsaturated fatty acids, eicosanoids, and hypolipidemic
drugs [9]. PPARγ is expressed in skeletal muscle, liver, heart, and intestine. Among the three types of
PPARγ, PPARγ1 is expressed in a broad range of tissues, whereas PPARγ2 is limited to the adipose
tissue. PPARγ3 is abundantly found in macrophages, large intestine, and white adipose tissue (WAT).
In adipose tissue, PPARγ controls FA uptake, adipogenesis, adipokine production, lipid partitioning to
fat, in addition to increasing insulin sensitivity. PPARβ/δ is expressed in skeletal muscle, adipocytes,
macrophages, lungs, brain, and skin. It promotes FA metabolism and obesity resistance, improves
insulin sensitivity, helps to form oxidative muscle fibers through exercise physiology, and suppresses
macrophage-derived inflammation [3,6,8,12]. PPARβ/δ activators have been proposed for treating
metabolic disease and are currently under clinical trials [9].

All three PPAR isotypes play essential roles in lipid and FA metabolism by directly binding to,
and modulating, genes involved in fat metabolism [1]. Although they share similarities in function and
mechanism of action, PPAR isotypes display important physiological and pharmacological differences.
The metabolic effects of PPARβ/δ and PPARα are similar in promoting energy dissipation; in contrast,
PPARγ promotes energy storage. PPARβ/δ enhances FAO in several tissues and normalizes plasma
lipid levels. PPARγ and PPARβ/δ enhance insulin sensitivity, whereas PPARα is not involved in
this process. PPARβ/δ-mediated glucose handling is not similar to that of PPARγ, but PPARγ and
PPARβ/δ both are involved in skeletal muscle fiber type distribution, hepatic glucose metabolism,
and pancreatic islet function [12]. PPARα promotes FAO under lipid catabolism, in events such as
fasting, and PPARγ promotes lipogenesis during anabolism by acting on adipose tissue [4]. This review
will discuss the role of PPARs in energy metabolism within various parts of the body.

2. PPAR Signals in Liver

Liver is the primary organ involved in whole-body energy metabolism because it can metabolize FAs
and glucose. Among the three isoforms, PPARα is predominantly expressed in the liver where it regulates
energy metabolism by FAO [5]. During fasting, it regulates FA uptake, ketogenesis, and β-oxidation [14].
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In a previous study, it was demonstrated that FA uptake and FAO became suppressed in PPARα knockout
mice. In addition to this, ketogenesis and gluconeogenesis were impaired in PPARα knockout mice.
A different isotype, PPARβ/δ, has been shown to possess a different role in energy metabolism regulation
in the liver. Overexpression of PPARβ/δ upregulates genes involved in energy metabolism, and deletion
of PPARβ/δ reduces the expression of genes that are responsible for lipogenesis and utilization of
glucose [1]. There was a significant decrease in the blood glucose level of PPARα-deficient mice after 24 h
of fasting. Upregulation of TRB3 (an inhibitor of Akt/protein kinase B and a positive regulator of the
cellular response to insulin) by the direct transcriptional control of PPARα has a negative effect on insulin
signaling. It suggests that PPARα is important for glucose homeostasis in the liver [15]. FAO by PPARα
in the liver also has an important role in ketosis, which fulfils the energy requirement in fasting [14].

PPARα enhances the expression of mitochondrial acyl-CoA dehydrogenase and, thus, it increases
FA oxidation and acetyl-CoA enzyme production [12]. In the case of fasting, uptake and mitochondrial
transport of FAs from adipose tissue is increased by PPARα by enhancing levels of mitochondrial
HMG-CoA synthase, which converts acetyl-CoA to ketone bodies. PPARα modulates levels of
glycoprotein CD36, which is responsible for FA uptake. PPARα regulates the enzymes involved in the
degradation of straight chain FAs in the peroxisome. Hepatic enzymes, such as glycerol-3-phosphate
dehydrogenase (GPDH) and glycerol kinase, which converts glycerol to glucose, are regulated by
PPARα [15]. In the case of feeding, PPARα directs de novo lipogenesis to supply FAs that are stored as
triglycerides and can be utilized in starvation [12].

Expression of PPARγ in the liver of mice causes liver steatosis. PPARs are considered as the target
molecules of non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH) that
might cause liver cirrhosis. NASH is involved in the misregulation of PPAR signaling accompanied
by PPARγ and SREBP-1c-mediated metabolic disorders. Administration of PPARγ ligand aggravates
concanavalin A-induced liver injury. Abnormal stimulation of PPARα generates hepatocellular
carcinoma through fatty liver [16].

3. PPAR Signals in Adipose Tissue

Adipose tissue is essential for energy homeostasis in the body. There are two functional types:
WAT and brown adipose tissue (BAT). WAT acts as a caloric reservoir for other organs. In conditions
of excess nutrition, it stores nutrients as lipids. During starvation, it releases energy through lipolysis.
BAT is specialized for storage of lipids and increases energy expenditure by production of heat. Adipose
tissues perform endocrinal functions, and secrete various hormones, cytokines, and metabolites called
adipokines that signal for systemic energy metabolism. They regulate energy balance by obtaining signals
from the central nervous system and metabolic activity in peripheral tissues [17–19]. PPARγ is extensively
expressed in both types of adipose tissue. It is involved in the induction of genes that are essential for
FA uptake and storage, as well as adipose tissue differentiation [20]. Ectopic expression of PPARγ in
non-adipogenic cells converts them into adipocytes effectively [21]. Knockout of PPARγ in embryonic
fibroblasts abolishes their differentiation into adipocytes [22]. A previous in vivo model has shown that
PPARγ is essential for adipocyte generation and survival in animals. Heterozygous, dominant negative
PPARγ mutations cause lipodystrophy in humans [8,23]. PPARα is highly expressed in BAT, but not in
WAT, and it functions to regulate the expression of mitochondrial uncoupling proteins, UCP1 (Uncoupling
protein 1) and PGC1α. Knockout of PPARα reduces the expression of these mitochondrial proteins
under normal and cold exposure conditions. However, FA metabolism in BAT remains unaffected.
When PPARα is activated in human and mouse adipocytes, it induces FAO gene expression and increases
energy expenditure. PPARβ/δ is also expressed in both BAT and WAT. It plays an important role in the
regulation of FAO and thermogenesis in BAT. When PPARβ/δ is ectopically expressed in adipose tissue,
it dramatically induces the expression of genes involved in FAO, oxidative phosphorylation (OXPHOS),
and thermogenesis. Furthermore, deletion of PPARβ/δ in BAT reduces the expression of FAO and
thermogenic genes. The role of PPARβ/δ in WAT remains to be explored [1]. In rodents, BAT plays an
important role in protection against obesity and obesity-associated metabolic problems. Activation of
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PPARγ in adipose tissue induces the expression of genes for fatty acid transport and storage as well as
promotes de novo adipogenesis so that PPARγ activator thiazolidinediones (TZD) has been widely used
in treatment of type II diabetes [8].

4. PPAR Signals in Skeletal Muscle

Skeletal muscle covers approximately 40% of the total body mass and is an important site for glycogen
storage, insulin mediated glucose use, lipid metabolism, FAO, and glucose metabolism. In addition, it is
also involved in the regulation of cholesterol and HDL levels. As a result, it has a significant role in insulin
sensitivity and lipid metabolism. PPARβ/δ expression is dominant in skeletal muscle and it regulates gene
expression involved in energy metabolism by relying on FAs as an energy source [14,24–26]. It regulates
genes for triglyceride hydrolysis, lipid uptake, and FA oxidation, as well as activating uncoupling proteins
to provide energy for OXPHOS. It also encodes mitochondrial protein CPT1 to regulate long chain FAO.
PPARβ/δ activates FOXO1, a transcription factor for metabolic adaptation, and pyruvate dehydrogenase
kinase 4 (PDK4), which inactivates the pyruvate dehydrogenase complex and is, therefore, a rate-limiting
step in muscle carbohydrate oxidation. PDK4 acts on several genes that code for lipid efflux and energy
expenditure [25]; it also upregulates fatty acid β-oxidation. Furthermore, glucose metabolism was shown
to be increased in PPARβ/δ transgenic mice [24]. To control muscle FA metabolism, PPARβ activates gene
transcription of lactate dehydrogenase B (LDHB), which is important for glucose oxidation, by converting
glucose and lactate into pyruvate for mitochondrial oxidation [27].

Energy metabolism in skeletal muscle is regulated by PPARγ coactivator-1α (PGC-1α), a regulator
of mitochondrial biogenesis [28], involved in the catabolic process to synthesize aerobic adenosine
triphosphate (ATP). PGC-1α expression is directly activated by PPARβ/δ to regulate skeletal muscle
metabolism by increasing the expression of mitochondrial proteins [29,30]. PGC-1α stimulates the
expression of genes responsible for glucose and lipid metabolism, energy transfer, and muscle
contractile function. Furthermore, PGC-1α knockout mice have shown defects in skeletal muscle
energetics, and have decreased mitochondrial biogenesis and oxidative function [31]. In skeletal
muscle, the increment in lipid oxidation and reduction of glucose utilization is conducted by the
activation of PPARδ. In the nucleus, transcription factor EB (TFEB) induces the expression of genes
involved in lysosomal biogenesis and lipid metabolism through PGC-1α during fasting [32].

5. PPAR Signals in Kidney

All three isoforms of PPARs (PPARα, PPARβ/δ, and PPARγ) are found in the kidney. PPARα is
highly expressed in the renal proximal tubules and the medullary thick ascending limbs of Henle [33].
PPARγ is mainly found in the medullary collecting duct with low expression in glomeruli and proximal
tubules [34]. The nuclear receptors, PPARα and PPARγ, are concerned with the control of FAs and
glucose metabolism. FAs are the main source of fuel for energy production in kidney cortex tissue [33].
PPARγ alters large numbers of target genes involved in peripheral glucose and FA metabolism leading
to improved insulin sensitivity and glycemic control [34]. PPARα is the master regulator of lipid
metabolism by controlling the transcription of its target genes such as acyl-CoA oxidase, acyl-CoA,
CPT1a, PGC1α, UCP2, and UCP3 [35]. It regulates renal FA β-oxidation [33,36], which provides the
source of ATP in proximal renal tubular cells. PPARs regulate FAO and control energy homeostasis,
as well as lipid and glucose metabolism by gluconeogenesis, stimulating ketone body synthesis and
adipogenesis [33]. In renal proximal tubule cells, FA metabolites derived from arachidonic or linoleic
acids via cyclooxygenase or lipoxygenase pathways activate PPARα. Mouse kidney cortex cells
use polyunsaturated FAs as the primary source of energy production. Mitochondrial biogenesis is
controlled by PPARα through OXPHOS, FA metabolism, and the tricarboxylic acid (TCA) cycle [37].

Moreover, the kidney has a role in energy balance because of its vast gluconeogenic enzyme
activities including that of PDK4 and its contribution to glucose during fasting. Furthermore, fasting
induces high levels of PGC-1α along with its regulating partners, estrogen-related receptors (ERRs) in
the kidney, which are involved in the TCA cycle and mitochondrial OXPHOS [38]. PPAR agonists and
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antagonists may approach to modulate renal diseases like glomerulonephritis, glomerulosclerosis and
diabetic nephropathy [39].

6. PPAR Signals in Heart

The heart consumes ATP to maintain its contractile function [40] and FAs are the main source of
energy [41]. Around 70% of ATP used by the heart is obtained from FAO. Cardiac FAO is regulated at
different stages such as FA uptake, triglyceride formation and storage, triglyceride lipolysis to release
unesterified FAs, transfer of FA into mitochondria for FAO, and ATP production. Most of the proteins
are transcriptionally regulated by PPARα [42]. PPARβ/δ in the myocardium controls glucose and
lipid utilization, and promotes insulin sensitivity. The activity of PPARs in the heart is regulated by
PGC-1α, which is responsible for mitochondrial biogenesis and metabolism [43].

PGC-1α is a highly expressed gene in the heart. PGC-1α interacts with PPARα, PPARγ, ERR,
the retinoid X receptor, and nuclear respiratory factors to co-activate the transcription factors. Overexpression
of PGC-1α significantly increases nuclear- and mitochondrial-related gene expression that changes the
metabolic energy substrate from glucose to FA. The G-protein-coupled receptor kinase interacting protein-1
(GIT1) is a regulator of cardiac mitochondrial biogenesis that helps PGC-1α-regulated gene expression [44].
Under mild stress conditions like exercise, the level of FAO is increased due to oxidation of palmitate.
However, the ATP produced by FAO is more than that produced by glucose oxidation because glucose
oxidation needs oxygen, thus making it an efficient mode of cardiac energy production [45].

PPARα regulates cardiac FAO by activating genes in FA metabolism pathways such as FA uptake
and β-oxidation, but not in the TCA cycle. Mitochondrial OXPHOS genes regulated by PGC-1α and
ERRs in the heart are suppressed by the activation of PPARα, and thus, PPARα reduces glucose import
and glycolysis by inducing cellular FA uptake and β-oxidation. Moreover, the importance of PPARα
in regulating FAO was confirmed when PPARα knockout showed reduced FA uptake and β-oxidation.
In addition, overexpression of PPARβ/δ induces FAO by upregulating genes in mitochondrial FA
transport and β-oxidation. However, PPARβ/δ overexpression does not cause lipid accumulation
and cardiac dysfunction. This may be due to high glucose utilization. The deletion of PPARβ/δ
downregulates FAO genes and causes cardiac hypertrophy by lipid accumulation [1].

Patients with metabolic syndrome and aortic stenosis express high level of PPARγ in heart which
is strongly correlated cardiac lipid accumulation and poor cardiac function. When the level of PPARγ
is high under certain pathological conditions, it may cause cardiomyopathy [8].

7. PPAR Signals in Brain

All three PPARs (α, β/δ and γ) are expressed in the central nervous system (CNS) [46,47].
Among them, PPARγ is a key neuronal isoform used to regulate energy homeostasis [47–52].
It regulates genes involved in FA metabolism like acetyl-coenzyme A carboxylase (ACC), fatty acid
synthase (FAS), and CPT1. It is expressed within the ventromedial nucleus (VMN) and the arcuate
nucleus of the hypothalamus (ARC) of the brain. Overexpression of central PPARγ increases food
intake, abdominal fat, activity of neuropeptide Y (NPY), and the expression of pro-opiomelanocortin
(POMC) in the ARC. Conversely, the roles of PPARα and PPARβ/δ in energy metabolism are less
understood. Knockdown of PPARβ/δ showed a decrease in leptin sensitivity with no change in food
intake, but an increase in the expression of genes that are responsible for lipid uptake, lipid synthesis,
and FA oxidation in the hypothalamus [51].

Recent studies suggest that activation of PPARα and/or PPARγ contribute to weight gain
and obesity. Knockout of PPARγ in neurons and the hypothalamus prevents the development
of diet-induced obesity (DIO). PPARα activation in the hypothalamus corrected the hypophagic
phenotype in a model of increased CNS fatty acid sensing. Studies using rodent models suggest that
the hypothalamic lipid accumulation is associated with obesity, and this may be due to the role of
PPARβ/δ in the regulation of genes coded for lipid oxidation in the CNS [47]. The identification of
PPARγ expression in dopaminergic neurons of the ventral tegmental area of the brain has helped
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to investigate a surprising role between food and other stimuli. ARC neurons, such as NPY/AgRP
and POMC neurons with nuclear PPARγ, play important roles in the sensing of signals related to
nutritional state, such as leptin, insulin, ghrelin, glucose, and FAs and transduce these signals to
affect food intake, energy expenditure, and insulin sensitivity [53]. Thus, the maintenance of glucose
homeostasis and food intake is controlled by central signaling of glucose, regulated by PPARs [51].

PPARγ agonist have shown their effect in Parkinson disease, Alzheimer disease, brain injury and
amyotrophic lateral sclerosis. They are effective in suppressing the development of animal models of
CNS inflammatory and neurodegenerative disorders [6].

8. PPAR Signals in Pancreatic β-Cells

PPARβ/δ is abundantly expressed in the pancreatic tissue of rats and human. PPARβ/δ is highly
expressed in β-cells, but PPAR-α and -γ are relatively lowly expressed here [54–57]. PPARγ reduction
leads to abnormal glucose metabolism in islets, meaning that it is required to maintain glucose
metabolism [56]. PPARα and PPARγ play important roles in FA metabolism by regulating genes
in FAO and energy uncoupling in mitochondria, such as CPT1 and UCP2. PPARβ/δ regulates
mitochondrial energy metabolism and insulin secretion in β-cells [54,55,58], and increases the activation
of FA β-oxidation enzyme genes, long chain acyl-CoA dehydrogenase (LCAD), PDK4, and UCP2.
PPARβ/δ upregulates the mRNA level of PDK4 and increases the utilization of FAs, thus reducing
insulin secretion. UCP2 is the bridge between mitochondrial energy metabolism and insulin secretion
function [54]. The treatment of db/db mice with a PPARβ/δ agonist decreased blood glucose levels
and improved insulin sensitivity and pancreatic islet function. It suggests that PPARβ/δ contributes
as a FA sensor and to improve insulin secretion in β-cells [59]. Recent studies have shown that PPARα
is ectopically expressed in INS-1 cells that could induce lipid accumulation alone with an increase in
β-oxidation. PPARγ promotes FA disposal in pancreatic β-cells [56].

9. PPAR Signals in Intestine

PPARα and PPARβ/δ are highly expressed in the intestine [60,61]. In the lumen of the colon,
short chain FAs (SCFAs) such as acetic acid, propionic acid, and butyric acid are produced. A recent
study showed that propionate lowers FA content in the plasma and reduces food intake. Dietary
triglyceride (TG) is hydrolyzed into free FAs in the lumen of the intestine. These free FAs are taken
up by intestinal epithelial cells to the endoplasmic reticulum where they are resynthesized into TG.
This intestinal TG metabolism process is very important for systemic energy homeostasis [61].

Animal studies have demonstrated relationships between intestinal colonization, energy
utilization, and weight gain. The mechanism of this process involves regulation of angiopoietin-like
protein 4 (ANGPTL4) expression in the intestinal epithelium. ANGPTL4 is a secreted protein that
regulates lipid and glucose homeostasis. The amino terminal domain of ANGPTL4 inhibits lipoprotein
lipase activity and decreases triglyceride uptake and storage. In addition, it induces lipolysis and
results in the elevation of circulating triglyceride levels. Deletion of ANGPTL4 results in changes in
metabolism, decreased intestinal absorption of oils, and thickening of the intestinal mucosa. PPARγ is
involved in regulating FA metabolism through β-oxidation. PPARγ regulates ANGPTL4 expression
and PPRE within the third intron of the ANGPTL4 gene. SCFAs activate PPARγ and are the products
of dietary fibers and main energy sources for colonocytes [62].

PPARα agonist Wy-14643 induces the protein expression of enzymes involved in FAO and
ketogenesis such as CPT1A and mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase in the small
intestine [63]. PPARα regulates various transporters and phase I enzymes involved in FA uptake
and oxidation. Nutritional-activated PPARα controls FAO and cholesterol and glucose transport [64].
During fasting, PPARα plays an important role in regulating transporter and phage I/II metabolism
genes in the small intestine [65].

Similarly, administration of another PPARα modulator, K-877, regulates intestinal FAO and
apolipoprotein mRNA expression and reduces plasma TG levels. K-877 administration significantly reduces
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Npc1l1 expression and increases Abca1 expression. Npc1l1 is a rate-limiting transporter for cholesterol
absorption in the small intestine of mice, whereas Abca1 is an important molecule involved in HDL-C
production by transporting intracellular cholesterol from the small intestine. Intestinal Abca1 deficiency
leads to deficient HDL biogenesis and therefore reduces cholesterol influx in to the circulation [66].

10. Co-Regulators of PPAR in Energy Homeostasis

Balanced energy homeostasis is the result of high pathway interconnectivity and feedback control.
The Nuclear Receptor Signaling Atlas has reported around 320 nuclear receptor co-regulators, and there
have been 38 co-regulators identified for PPARs alone. Not only do PPARs contribute to systemic
energy homeostasis on their own, but crosstalk of PPARs with various pathways also has an effect [67].
Co-activators and co-repressors collectively regulate mitochondrial energy balance. PPARγ and PGC-1α
are the co-regulators for induction of mitochondrial oxidative metabolism. Nuclear co-repressor 1
(NCOR1) antagonizes the effect of PGC1α on mitochondria. Knocking out NCOR1 phenotypically mimics
PGC-1α overexpression. PGC-1α participates in the transcriptional response of ERR and PPARs. Nuclear
receptor interacting protein 1 (NRIP1) binds to the PPAR nuclear receptors, as well as ERR, and represses
the expression of target genes that are involved in energy consumption. NIRP1-deficient mice are lean, and
show increased insulin sensitivity and glucose tolerance, and resistance to diet-induced obesity [1,67,68].
Under different nutritional conditions, hepatocyte nuclear factor α (HNFα), Hes6, and the PPARs balance
the expression of each other and regulate the transcription cascade in metabolism [23,69]. PPARγ with
the transcription factor, CCAAT/enhancer-binding protein α (C/EBPα), is an important driver in the late
stage of adipogenesis. Mice with the liver specific knockout of mediator complex subunit 1 (MED1) were
shown to have impaired PPARα and PPARγ activities. This suggests that MED1 plays an important role
in energy homeostasis via PPARs [67].

PPARs regulate lipid and glucose metabolism and are involved in a variety of diseases, ranging
from metabolic disorder to cancer [9,70]. They have a significant, energetic, plastic, and signaling
roles in the pathophysiology of cancer cells. Most cancer cells show increased aerobic glycolysis and
use PPAR signaling pathways to generate ATP as a main source of energy. Stimulated peroxisomal
β-oxidation increases free radical oxygen species that may increase oxidative stress. This significantly
contributes to the carcinogenic properties of PPAR ligand in rodents, particularly in the liver. Activation
of PPARs (α, β/δ, γ) by natural or synthetic agonists can inhibit growth and induce differentiation
or death of tumor cells. Synthetic ligands of PPARs show an important link with cancer. PPARγ and
PPARα ligands have been shown to promote the differentiation of various tumor cell lines, including
breast, lung, prostate, leukemia, colon, melanoma, and liver cancers [71].

PPARs are involved in controlling the genes responsible for not only energy homeostasis but also
cell proliferation, apoptosis, tumorigenesis, and metabolic disease development [72]. A previous study
showed that ANGPTL4 and PPARs play potential synergistic roles in the crosstalk between metabolic
syndromes and cancer [10]. PPAR transcriptional activity can be modulated through cross-talk with
phosphates and kinases, including ERK1/2, P38-MAPK, PKC, AMPK, and GSK3. PPARs activate the
transcription of genes involved in anticancer effects in a variety of human tumors. PPARγ appears
to be mostly involved in tumorigenesis regulation [73]. The shortage of vitamin D and decreased
level of PPARγ may be involved in obesity and cancer development [74]. PPARβ/δ is involved in
the initiation and promotion of mammary tumorigenesis by regulating metabolism, inflammation,
and immune tolerance [75]. All PPARs, including α, β/δ, and γ, have been shown to be important
in lung cancer biology. PPARα activation inhibits tumorigenesis through its antiangiogenic and anti-
inflammatory effects. Activated PPARγ is also anti-tumorigenic and anti-metastatic, regulating several
function of cancer cells and controlling the tumor microenvironment [76]. Among the synthetic
ligands of PPARγ, thiazolidinediones, which are used to treat diabetes mellitus type 2, increase the
risk of bladder cancer [77]. FAs from conjugated linoleic acid-enriched egg yolks (EFA-CLA) act as a
potential ligand for PPAR receptors in the breast cancer cell line MCF-7. PPAR-responsive genes can
be regulated by EFA-CLA, leading to reduced tumor cell proliferation, which has a greater influence
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than non-enriched FAs or single synthetic CLA isomers [78]. PPAR modulators may have beneficial
effects as chemo-preventive agents. However, it remains unclear whether PPARs act as oncogenes or
tumor suppressors [9]. The co-regulators of PPARs in carcinogenic process is summarized in Figure A2.
Further studies are needed to develop new approaches for treating neoplasia.

PPARs are involved in various pathways for energy homeostasis in different organs. These pathways
are affected in disease conditions and cause the metabolic energy imbalance. Thus, PPARs can
provide therapeutic targets for different diseases such as dyslipidemia, diabetes, obesity, inflammation,
neurodegenerative disorders and cardiomyopathy [6,8].

11. Conclusions

Thus, PPARs are crucial transcriptional factors involved in energy metabolism for the whole body
and the three isotypes have complementary and distinct metabolic activities. PPARs also act with
other co-regulators in the maintenance of energy homeostasis. The overview of PPARs in cellular and
whole body energy homeostasis is illustrated in Figure A1. However, the exact molecular mechanism
of PPARs within energy metabolism remains unclear. Future research in this field should be oriented
towards the molecular mechanism, to ensure the use of PPAR as a therapeutic targets.
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Abbreviations

PPARs Peroxisome proliferator-activated receptors
FAs Fatty acids
PPREs PPAR response elements
FAO Fatty acid oxidation
CPT1 Carnitine palmitoyltransferase 1
HDL High-density lipoprotein
WAT White adipose tissue
BAT Brown adipose tissue
GPDH Glycerol-3-phosphate dehydrogenase
OXPHOS Oxidative phosphorylation
PDK4 Pyruvate dehydrogenase kinase 4
LDHB Lactate dehydrogenase B
PGC-1α PPARγ coactivator-1α
UCP1 Uncoupling protein 1
ATP Adenosine triphosphate
TFEB Transcription factor EB
TCA Tricarboxylic acid
GIT1 G-protein-coupled receptor kinase interacting protein-1
ACC Acetyl-coenzyme A carboxylase
FAS Fatty acid synthase
VMN Ventromedial nucleus
ARC Arcuate nucleus of the hypothalamus
NPY Neuropeptide Y
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POMC Pro-opiomelanocortin
CNS Central nervous system
DIO Diet induced obesity
LCAD Long chain acyl-CoA dehydrogenase
NCOR1 Nuclear co-repressor 1
HNFα Hepatocyte nuclear factor α
C/EBPα CCAAT/enhancer-binding protein α

MED1 Mediator complex subunit 1
ANGPTL4 Angiopoietin-like protein 4
TG Triglyceride
HMG-CoAS2 Mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase
SCFAs Short chain fatty acids
EFA-CLA Fatty acids from conjugated linoleic acid-enriched egg yolks
CLA Conjugated linoleic acid
NAFLD Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis
TZD Thiazolidinediones
ERK1/2 Extracellular signal-regulated kinase type 1 and 2
P38-MAPK Mitogen-activated protein kinase p38
PKC Protein kinase C
AMPK 5’Adenosine monophosphate-activated protein kinase
GSK3 Glycogen synthase kinase 3

Appendix A

 

Figure A1. A schematic overview of role of PPARs in energy metabolism in various body organs.
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Figure A2. Co-regulators of PPARs in carcinogenic process.
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Abstract: Therapeutic approaches to metabolic syndrome (MetS) are numerous and may target
lipoproteins, blood pressure or anthropometric indices. Peroxisome proliferator-activated receptors
(PPARs) are involved in the metabolic regulation of lipid and lipoprotein levels, i.e., triglycerides
(TGs), blood glucose, and abdominal adiposity. PPARs may be classified into the α, β/δ and γ

subtypes. The PPAR-α agonists, mainly fibrates (including newer molecules such as pemafibrate)
and omega-3 fatty acids, are powerful TG-lowering agents. They mainly affect TG catabolism and,
particularly with fibrates, raise the levels of high-density lipoprotein cholesterol (HDL-C). PPAR-γ
agonists, mainly glitazones, show a smaller activity on TGs but are powerful glucose-lowering
agents. Newer PPAR-α/δ agonists, e.g., elafibranor, have been designed to achieve single drugs with
TG-lowering and HDL-C-raising effects, in addition to the insulin-sensitizing and antihyperglycemic
effects of glitazones. They also hold promise for the treatment of non-alcoholic fatty liver disease
(NAFLD) which is closely associated with the MetS. The PPAR system thus offers an important hope in
the management of atherogenic dyslipidemias, although concerns regarding potential adverse events
such as the rise of plasma creatinine, gallstone formation, drug–drug interactions (i.e., gemfibrozil)
and myopathy should also be acknowledged.

Keywords: metabolic syndrome; PPARs; pemafibrate; elafibrinor

1. Introduction

The incidence of metabolic syndrome (MetS), representing a global public health issue, has been
estimated to vary from 20 to 27% in developing countries [1,2] to 35% in the USA [3]. MetS is a cluster
of cardiometabolic risk factors, from high triglycerides (TGs), to elevated waist circumference (WC),
high blood pressure (BP) and insulin resistance [4].

Following the first definition of MetS by the World Health Organization (WHO), several
expert panels attempted to introduce stricter diagnostic criteria. In 2001, the National Cholesterol
Education Program (NCEP) Adult Treatment Panel III (ATP III) [5] recognized that the clustering of
the metabolic risk factors included in the syndrome were indeed cardiovascular (CV) risk factors.
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In 2003, the American Association of Clinical Endocrinologists (AACE) modified the ATP III criteria
highlighting the central role of insulin resistance in the pathogenesis of the syndrome [6]. In 2005,
the International Diabetes Federation (IDF) issued a consensus document aimed at introducing
a clinically useful definition of MetS in order to identify individuals at high risk of CV disease
(CVD) and type 2 diabetes mellitus (T2D) on a worldwide basis [7]. In the same year, the American
Heart Association (AHA)/National Heart, Lung and Blood Institute (NHLBI) suggested more specific
criteria for the diagnosis of MetS [7]. Finally, a joint statement of IDF, NHLBI, AHA, World Heart
Federation and International Association for the Study of Obesity, best known as the “Harmonization
definition”, has been introduced and now represents the most commonly recognized criterion for the
clinical diagnosis of MetS [4] (Table 1).

Table 1. Risk factors for the clinical diagnosis of metabolic syndrome.

Value Alternative Indicator

Waist circumference * >94 cm in males, >80 cm in females
** >102 cm in males, >88 cm in females

Raised blood pressure Systolic ≥130 and/or
diastolic ≥85 mm Hg

Treatment of previously
diagnosed hypertension

Raised FPG ≥100 mg/dL (5.6 mmol/L) Previously diagnosed of T2DM

Raised TG >150 mg/dL (1.7 mmol/L) Specific pharmacological treatment

Reduced HDL-C <40 mg/dL (1.0 mmol/L) in males
<50 mg/dL (1.3 mmol/L) in females Specific pharmacological treatment

* Based on the International Diabetes Federation (IDF) threshold for Europid population. ** Based on the AHA/NHLBI
(ATP III) threshold for USA population. FPG, Fasting Plasma Glucose; TG, triglycerides; HDL-C, High-Density
Lipoprotein-Cholesterol; T2DM, Type 2 Diabetes Mellitus. Conversion factors: (i) mg/dL cholesterol = mmol/L × 38.6;
(ii) mg/dL triglycerides = mmol/L × 88.5 and (iii) mg/dL glucose = mmol/L × 18. Reproduced with permission [8].

Carriers of MetS are at higher risk of developing atherosclerotic CVD, a condition worsened by
the so called “atherogenic dyslipidemia”. This mixed dyslipidemia has emerged as the most clinically
relevant “competitor” of elevated low-density lipoprotein cholesterol (LDL-C) among lipid risk factors.
It is characterized by hypertriglyceridemia, low high-density lipoprotein (HDL)-cholesterol levels,
and the prevalence of small, dense low-density lipoprotein (LDL) particles as well as an accumulation
of cholesterol-rich remnant particles [9].

In this metabolic derangement, peroxisome proliferator-activated receptors (PPARs), i.e., nuclear
receptors involved in the regulation of metabolic homeostasis, represent a valuable therapeutic target.
PPAR activators have provided significant benefit in patients with primary hypertriglyceridemia
(i.e., fibrates and omega-3 fatty acids, both PPAR-α agonists), as well as in cases of mixed
hyperlipidemias with raised TGs and low HDL-C; conversely, PPAR-γ activators have become choice
drugs in T2D.

PPAR agonists are generally recognized as effective pharmacological tools for the management of
MetS [10,11]. A growing interest in PPAR activators has been acknowledged in recent years as they
have been used in the more and more frequent occurrence of non-alcoholic fatty liver disease [12],
the hepatic manifestation of MetS. However, post-marketing adverse effects should be recalled [13],
i.e., weight gain, fluid retention, congestive heart failure, liver and gallbladder disease, renal effects,
bone fractures, myopathy and rhabdomyolysis; these two last particularly with fibrates with an added
risk when co-administered with statins [14,15].

Hence, the present review was aimed at discussing available evidence on new PPAR agonists in
the clinical setting as well as at describing molecular mechanisms underlying the effects of these drugs.
This review also attempts to reduce the current disagreement on the interpretation of outcomes of
clinical trials with fibrates. To this end, we have revised and updated the available English-language
studies relevant to the key clinical questions, published up to April 2018.
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2. Peroxisome Proliferator-Activated Receptor: Key Players in Energy Homeostasis

PPARs are a subfamily of three ligand-inducible transcription factors, belonging to the superfamily
of nuclear hormone receptors. In mammals, three different isoforms of PPARs have been described
so far: PPAR-α, PPAR-β/δ and PPAR-γ. PPARs belong to the nuclear hormone receptor superfamily
and, by binding to PPAR-responsive regulatory elements (PPRE), heterodimerise with the retinoid X
receptor (RXR) and control a group of genes involved in adipogenesis, lipid metabolism, inflammation
and maintenance of metabolic homeostasis [16–20]. PPAR-α is the first identified member and is
mainly expressed in energy-demanding tissues that show high rates of β-oxidation (i.e., liver, kidney,
heart and muscle). On the other hand, PPAR-β/δ is ubiquitously expressed in humans, whereas in
mice it is expressed to a higher extent in the gastrointestinal duct, specifically stomach, large and small
intestine. PPAR-γ is expressed at high levels in the adipose tissue.

PPARs are activated by fatty acids and eicosanoids [21], as well as by small molecules,
such as fibrates for PPAR-α, GW501516, GW0742, bezafibrate and Telmisartan for PPAR-β/δ,
and glitazones for PPAR-γ. PPAR-α mediates the hypolipidemic function of fibrates in the treatment
of hypertriglyceridemia and hypoalphalipoproteinemia [22], being the main regulator of intra- and
extracellular lipid metabolism. Indeed, fibrates downregulate hepatic apolipoprotein C-III (ApoCIII)
and stimulate lipoprotein lipase gene expression, thus being key players in TG metabolism [23].

Moreover, PPAR-α activation raises plasma HDL-C via induction of hepatic apolipoprotein A-I
and apolipoprotein A-II expression in humans. On the other hand, glitazones exert hypotriglyceridemic
activity by activating PPAR-γ, in turn inducing lipoprotein lipase expression in adipose tissue [23].
Finally, PPARs exert their function on intracellular lipid metabolism by regulating key proteins
involved in the conversion of fatty acids to acyl-CoA esters, fatty acid import into mitochondria and
peroxisomal and mitochondrial fatty acid oxidation [24,25]. Major roles and functions of the PPAR
isotypes are depicted in Figure 1.

Figure 1. Major roles of different peroxisome proliferator-activated receptors (PPARs) isotypes. PPARs
are a class of nuclear transcription factors that heterodimerize with retinoid X receptor (RXR, gray
boxes) upon physiological (i.e., fatty acids) and synthetic activation (i.e., fibrates, glitazones etc.) to
regulate the specific indicated pathways. FA, Fatty Acids; NFκB, Nuclear Factor-κB.
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2.1. PPAR-α

PPAR-α (also called NR1C1) activation occurs mainly under energy deprivation. This leads
to the upregulation of intracellular energy metabolism, ultimately inducing ATP production
from oxidative phosphorylation. PPAR-α mRNA is upregulated in mouse liver during fasting,
whereas PPAR-α knock-out (KO) fasted mice display significant hypoglycemia, hypoketonemia,
hypothermia, and increased plasma free fatty acids, thus suggesting an inhibition of fatty acid
uptake and oxidation [26]. PPAR-α-mediated fatty acid catabolism is crucial for the synthesis
of several metabolites to be used as energy sources by other tissues such as ketone bodies in
the brain [27]. Classical genes regulated by this nuclear receptor are the β-oxidative enzymes,
e.g., carnitine palmitoyltransferase 1A and 2 (CPT1A and 2), acyl-CoA dehydrogenase very long
chain (ACADVL), hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit-α
(HADHA); similarly, important ketogenic genes like 3-hydroxy-3-methylglutaryl-CoA synthase 2
(HMGCS2), 3-hydroxymethyl-3-methylglutaryl-CoA lyase (HMGCL) and acetyl-CoA acetyltransferase
1 (ACAT1) are stimulated by PPAR-α. This last seems to control liver glucose metabolism as well.
Administration of fenofibrate to mice decreases expression levels of glucokinase and flux through
this enzyme, suggesting a lower liver glucose uptake upon PPAR-α activation [28]. In another study,
PPAR-α was found to induce pyruvate dehydrogenase kinase 4 (PDK4) expression, suppressing
pyruvate transition to acetyl-CoA. Conversely, PPAR-α KO pups displayed a primary defect in
gluconeogenesis, specifically from glycerol, leading to significant hypoglycemia [29].

PPAR-α induction also exerts an anti-inflammatory activity in mouse models, even though
contrasting data are reported. The first evidence of PPAR-α involvement in the regulation of inflammation
was provided by the group of Wahli more than 20 years ago [30]. The authors demonstrated that
leukotriene B4 acts as a ligand for PPAR-α transcription, and the inflammatory response is prolonged
in PPAR-α KO mice [31]. More recent studies have confirmed this association, showing that PPAR-α
activation in mouse liver downregulates the CCAAT/enhancer binding protein β (C/EBPβ) as well as
alpha (C/EBPα) and nuclear factor-κB (NFκB) protein expression, leading to lower levels of C-reactive
protein, interleukin-6 and prostaglandins [32]. Conversely, dietary treatment with PPAR-α agonists
increased lipopolysaccharide-induced plasma tumor necrosis factor α (TNF-α) levels that is instead
reduced in PPAR-α-deficient mice, highlighting a possible role for PPAR-α also as a pro-inflammatory
factor [33].

2.2. PPAR-β/δ

PPAR-β/δ (also called NR1C2) is the least well characterized isotype among PPARs. Nevertheless,
it plays an important role in the metabolic adaptation of numerous tissues to environmental stimuli [34].
Physiologically, this isotype is activated by long-chain fatty acids, saturated and unsaturated, and by
prostacyclin [35,36]. Notably, specific PPAR-β/δ activation leads to increased levels of fatty acid
β-oxidation [37]. Moreover, PPAR-β/δ expression is upregulated specifically in skeletal muscle during
fasting. These data were confirmed in PPAR-β/δ agonist treated L6 rat myocytes, showing increased
fatty acid uptake and β-oxidation compared to controls [37].

Further studies suggest that PPAR-β/δ and physical exercise are tightly related; indeed, endurance
training (6 weeks) boosted an up to 2.6-fold PPAR-β/δ protein expression in the tibialis anterior
muscle [38]. The indispensable role of PPAR-β/δ in cell energy metabolism has been also shown in rat
breast adenocarcinoma cells [39]. Specifically, the authors demonstrated that high PPAR-β/δ protein
was associated with increased cancer cell growth in vitro and in vivo, suggesting that PPAR-β/δ favors
breast cancer cell survival by regulating specific metabolic pathways.

PPAR-β/δ ligands have also been proposed as potential anti-inflammatory drugs [40,41].
Pharmacological activation of PPAR-β/δ in endothelial cells is associated with a potent anti-inflammatory
effect, possibly by involving antioxidative genes and release of nuclear corepressors [42]. Moreover,
investigation of PPAR-β/δ role in the modulation of NF-κB-driven inflammatory response confirmed
the anti-inflammatory activity of this isotype [43]. The highly selective PPAR-β/δ agonist GW0742 in
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rats effectively antagonized lethality consequent to cecal ligation and puncture: drug treated animals
had reduced release of pro-inflammatory cytokines and neutrophil infiltration in lung, liver, and cecum.

2.3. PPAR-γ

PPAR-γ (also called NR1C3) is mainly expressed in adipocytes (brown and white) and plays
a major role in cell differentiation and energy metabolism [44,45]. Upregulation of PPAR-γ activity
in vivo leads to bone loss and higher bone marrow adiposity, whereas downregulation leads to elevated
bone mass [46]. The PPAR-γ agonists thiazolidinediones (TZDs) have a hypoglycemic action in ob/ob
mice and improve insulin action in several models of obesity and diabetes [47,48]. A high correlation
between the hypoglycemic activity of TZDs and their affinity for PPAR-γ has been repeatedly shown.
While PPAR-γ-KO animals show embryonic lethality dying at 10.5–11.5 days postcoitum due to
placental dysfunction, PPAR-γ heterozygote KO are characterized by higher insulin sensitivity and
resistance to high-fat diet-induced insulin resistance [49–51].

PPAR-γ Pro12Ala partial loss-of-function mutation in humans leads to decreased body mass
index, higher insulin sensitivity and protection from T2D [52]. The most accepted hypothesis is
that PPAR-γ facilitates energy storage after high-fat diet challenge, partly by suppressing leptin
expression in adipocytes [49]. In addition, PPAR-γ directly binds the promoter of almost all adipogenic
genes, such as factors involved in glucose and fatty acid metabolism, indicating that this isotype is
fundamental for the activation of metabolic programs during adipogenesis [53]. While PPAR-γ is not
needed for macrophage differentiation, it is fundamental for a proper anti-inflammatory activity in
adipose tissue macrophages [54]. This specific feature of PPAR-γ is due to cell type specific DNA
binding, as shown in macrophages, where PPAR-γ cooperates mainly with the spleen focus forming
virus (SFFV) proviral integration into the oncogene transcription factor [55]. On the other hand, it is
well established that CCAAT/enhancer binding protein (C/EBP) α and β transcription factors are
major partners of PPAR-γ during adipocyte differentiation [53].

Comparative analysis of PPAR-γ binding patterns in adipocytes and macrophages indicates that
it binds to immune defense genes in macrophages, whereas the only cluster of genes shared with
adipocytes is the one encoding metabolic factors [55]. Notably, myeloid lineage-specific PPAR-γ KO
mice display lower alternative macrophage activation and a strong metabolic phenotype, characterized
by diet-induced obesity, insulin resistance, and glucose intolerance [55]. In addition, PPAR-γ activation
decreases T-lymphocyte-dependent inflammation of adipose tissue and development of insulin
resistance in diet-induced obese mice [56]. Recently, it has been demonstrated that the PPAR-γ agonist
pioglitazone may prevent or delay aortic aneurysm progression in patients [57]. Treated patients
show decreased macrophage infiltration into the retroperitoneal periaortic fat, as well as tumor
necrosis factor α (TNFα) and matrix metallopeptidase 9 (MMP9) gene expression. On the other hand,
treatment increased adiponectin expressions in both tissues compared to controls. Neurons are
protected by pioglitazone treatment [58]; indeed, neuron and axon susceptibility to both nitric-oxide
donor-induced and microglia-derived nitric oxide-induced toxicity are reduced, whereas catalase
expression is raised [58].

3. PPAR-α: Fibrates and Omega-3 Fatty Acids in the Metabolic Syndrome

The characteristic features of MetS, i.e., increased triglyceridemia, abdominal obesity, reduced
HDL-C levels and increased glycemia, in addition to raised blood pressure, clearly indicate that
PPAR-α agonists have an ideal profile to control most of these features [59].

3.1. Fibrates

The role of fibrates in the clinical management of disorders characterized by elevated TGs is
now well established [60]. Fibrates, activators of the PPAR system, mainly PPAR-α, have shown
significant benefit in clinical trials of CV prevention, i.e., reducing the occurrence of nonfatal myocardial
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infarction, particularly when restricting evaluation to patients with concomitant TG elevation and
HDL-C reduction [61].

Clinical findings, at times disappointing (FIELD—Fenofibrate Intervention and Event Lowering
in Diabetes—study) [62], have been hampered by inappropriate patient selection and, possibly, by the
use of non-optimal drug formulations [63,64]. On the other hand, long-term re-evaluation of most
recent studies, particularly the ACCORD—Action to Control Cardiovascular Risk in Diabetes—trial
with fenofibrate, has clearly indicated that the agent has a heterogeneous response, but may have
a valid indication in reducing CVD in appropriately selected patients, i.e., those with diabetes,
hypertriglyceridemia and low HDL-C [65]. In these subjects, a definite benefit on the CV outcomes
may be predicted.

When projected to the growing field of lipid-lowering treatments in clinical practice,
these observations have fostered the development of newer pharmacological approaches, partially
based on the PPAR target, but providing additional or alternative mechanisms which may lead to
lipoprotein changes and altered glycemic parameters, not found with the established agents. Hence,
this pharmacological approach may be of potential value in the clinical approach to the more and more
frequent occurrence of MetS [66].

A recent meta-analysis from 22 RCTs involving a total of 11,402 subjects showed that fibrate
administration decreased fasting plasma glucose (−5 mg/dL), insulin levels (−0.56 μIU/mL),
and insulin resistance (HOMA-IR: −1.09), but not HbA1C. This latter evidence may be due to the
short-term duration—less than three months—of the included studies. Moreover, the reduction
in glucose, although statistically significant, was small and, thus, not clinically relevant [67].
These findings have been well characterized from studies with fenofibrate and bezafibrate. This
latter, differently from the most selective PPAR-α modulator fenofibrate, acts as a pan PPAR activator
for all three PPAR isoforms (α, γ and δ) [68]. Bezafibrate, similar to the selective PPAR-γ agonists,
i.e., thiazolidinedione (TZDs) that are specifically used in T2D treatment, may exert a glucose-lowering
activity but apparently without causing water retention, weight gain and peripheral edema that are
potential side effects of glitazones [69,70]. Bezafibrate, compared with other fibrates, reduces the
incidence of T2D, with a better reduction of blood glucose, HbA1C and insulin resistance [71].

Fibrates: Evidence from the Most Recent Clinical Trials

Pemafibrate (formerly known as K-877) is one of the newest members of the selective PPAR-α
modulators, being >2000-fold more selective for PPAR-α vs. either PPAR-γ or -δ (delta) [72]. Pemafibrate
has been recently approved in Japan for the treatment of hyperlipidemias, with a recommended dosage
of 0.1 mg bid with the possibility of reaching a maximum of 0.2 mg bid [73].

The long-term efficacy of pemafibrate has been recently reported in a phase 3 multicenter,
placebo-controlled, randomized, double-blind, parallel-group study (JapicCTI-142412) on T2D patients
(HbA1c ≥ 6.2%) with fasting TGs ≥ 150 mg/dL, not on statins. The primary endpoint was the
percentage change in fasting TG levels from baseline and secondary endpoints were changes in fasting
and postprandial lipoproteins and glycemic parameters. Among the 167 eligible participants (mean
age 60.5 years), 54 and 55 were randomized to pemafibrate 0.1 or 0.2 mg bid, respectively, and 57 to
a placebo. Twenty-four weeks of treatment led to a significant 45% decrement of TGs regardless of
dose; fasting TGs ≤ 150 mg/dL were achieved by 81.5% and 70.9% of patients on 0.2 and 0.4 mg/day,
respectively; statistically significant when compared to the placebo group. In addition, non-HDL-C,
cholesterol remnants, ApoB100, ApoB48, and ApoCIII levels were reduced with a concomitant rise of
HDL-C and ApoA-I (Table 2) [74]. The reduction of ApoCIII levels confirmed the general activity of
PPAR activators on this variable, in line with what reported with statin treatments [75].

Notably, pemafibrate led to a more anti-atherogenic profile, i.e., higher levels of medium, small
and very small HDL particles vs very large and large particles at baseline. Although no changes were
seen in LDL-C levels, a significant increment of large LDL and a reduction of small and very small
particles were found in the pemafibrate arms. Modest changes were seen in glycemic parameters: only

401



Int. J. Mol. Sci. 2018, 19, 1197

the 0.2 mg dose significantly reduced the HOMA-insulin resistance score with no significant changes
in fasting glucose, insulin, glycated albumin and HbA1c. Both pemafibrate doses significantly raised
circulating levels of FGF-21 [74]. All groups displayed comparable rates of adverse events and drug
reactions, i.e., serum creatinine and liver enzyme increases.

The efficacy of pemafibrate over that of fenofibrate was reported in a 24-week, randomized,
double blind, active-controlled, phase 3 trial. Patients with fasting TG ≥ 150 mg/dL as well as
HDL-C ≤50 mg/dL for men and ≤55 mg/dL for women were randomly assigned to pemafibrate 0.1
(n = 73) or 0.2 (n = 74) mg bid or to fenofibrate 106.6 mg qd (n = 76). The primary efficacy analysis,
i.e., percent change in fasting TG from baseline, demonstrated that pemafibrate treatments reduced
TGs around −46% vs. −39.7% for fenofibrate. These findings can be translated into a further −6.5%
and −6.2% difference in TG reduction for patients on 0.2 and 0.4 mg/day pemafibrate vs. fenofibrate.
TC, non-HDL-C, ApoB, and VLDL-C were significantly decreased, and HDL-C, ApoAI, and ApoAII
increased by both agents with no significant differences among treatment groups. Conversely, FGF-21
levels were raised to a greater extent in the 0.4 mg/day pemafibrate group vs. fenofibrate [76] (Table 2).
Adverse drug reactions, such as rises in liver enzymes and serum creatinine, were observed in the
fenofibrate group, not in the pemafibrate groups.

The non-inferiority of pemafibrate over fenofibrate was confirmed in a 12-week phase 3 trial
enrolling 489 patients with TG ≥ 200 mg/dL and HDL-C ≤ 50 mg/dL. The TG lowering effects
of pemafibrate were dose dependent −46.3% (0.1 mg/day), −46.7% (0.2 mg/day) and −51.8%
(0.4 mg/day) and non-inferior to those of fenofibrate, −38.3% (100 mg/day) and −51.5% (200 mg/day)
(Table 2). Adverse events were less frequent than with fenofibrate 200 mg/day [77].

The long-term efficacy of pemafibrate to treat residual hypertriglyceridaemia during statin
treatment has been recently evaluated in two randomized, double-blind, placebo-controlled phase 2
trials. The primary endpoint was the percentage changes in fasting TGs from baseline [78]. The first
trial study enrolled 188 patients with residual dyslipidemia (fasting TGs from 347 to 382 mg/dL) on
a pitavastatin background with LDL-C in the range of 116–125 mg/dL. The 12-week pemafibrate
administration (0.1, 0.2 or 0.4 mg/day) significantly reduced TG levels by −46.1%, −53.4% and
−52%, respectively. Conversely, no TG reduction was observed in the pitavastatin monotherapy group.
Combination therapy led to a significant rise of HDL-C (range: +12.7–19.7%), ApoAI (range: +1.5–6.6%)
and ApoAII (range: +18.5–27.6%) and a reduction of non-HDL-C (range: −10.7–13.1%) and ApoB
(range: −7.9–8.6%) (Table 2). Notably, all of these changes were statistically significant when compared
to pitavastatin alone. Pemafibrate as an add-on therapy resulted in a more anti-atherogenic lipoprotein
profile, i.e., increment of cholesterol in medium, small, and very small HDL subclasses and in large
and medium LDL subclasses [79].

In the second trial, pemafibrate (0.2 mg/day) was given for 24 weeks to 423 patients with
residual dyslipidemia (TGs ranging from 325 to 333 mg/dL) on statins (most commonly atorvastatin,
rosuvastatin and pitavastatin); LDL-C was around 108 mg/dL. Notably, if TGs were ≥ 150 mg/dL after
12 weeks, pemafibrate was up-titrated to 0.4 mg/dL. Regardless of statin background, combination
therapy with pemafibrate 0.2 or 0.4 mg/day led to TG reductions of about 50% from baseline [79]
(Table 2). Compared to the monotherapy arm, patients receiving pemafibrate showed a significant
decrement in non-HDL, ApoB and ApoCIII, as well as an increment in HDL-C, ApoAI and ApoAII [79].
As previously described, the addition of pemafibrate led to an increment in medium and small
lipid-poor HDL, more efficient in reverse cholesterol efflux [80]. In both of these last two studies,
the incidence of adverse events during treatment was similar across all groups. The proportion of
patients experiencing elevated alanine transaminase (ALT), creatine kinase (CK) and serum creatinine
were comparable.

The clear definition of efficacy of pemafibrate on the lipid profile, i.e., TG reduction and
HDL-C increment, in preclinical studies as well as in phase 1 and phase 2 clinical trials (previously
reviewed [73,81]) led to the planning of the PROMINENT (pemafibrate to reduce cardiovascular
outcomes by reducing triglycerides in patients with diabetes) trial (registered as NCT03071692).
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The primary objective of this phase 3 study is evaluation in T2D patients already on statin (fasting
TGs: ≥200 to <500 mg/dL; HDL-C ≤ 40 mg/dL), testing whether pemafibrate (0.2 mg bid) can
delay the time of the first occurrence of nonfatal myocardial infarction (MI), nonfatal ischemic stroke,
hospitalization for unstable angina requiring unplanned coronary revascularization, and CV death.
Changes in lipid end-points including ApoAI, ApoCIII, ApoE and non-fasting remnant cholesterol are
listed as secondary outcomes [82].

The efficacy of fibrates on CV prevention has been disputed, mainly on the ground of studies on
non-selected patients [63,64]. Long-term re-evaluation of some of the most recent trials has clearly
confirmed that fenofibrate in particular may have a valid indication in reducing CVD in patients with
diabetes, hypertriglyceridemia and low HDL-C [65]. The recently available low-dosage pemafibrate
seems to provide a higher activity on the HDL system and the ongoing studies on vascular prevention
will provide further data on the link between biochemical markers of the MetS and CV risk.

3.2. Omega-3

Fatty acids of the n-3 series (i.e., with multiple double bonds, the first one being in the n-3 position
from the terminal methyl group) have provided an important addition to the dietary treatment in
syndromes characterized by elevated TGs. Omega-3s act as “fraudulent fatty acids” [83] i.e., they,
somewhat similar to drugs with a fatty acid-like structure, particularly fibrates, do not enter the liver
metabolic handling by the classical fatty acetylCoA oxidative mechanism, with carnitine mediated
transport to mitochondria [84]. They are instead handled by a non-mitochondrial regulated pathway,
differently expressed both in the liver and other tissues [85]. Peroxisomal associated receptors are
stimulated in the presence of those fatty acids catabolized not only by the classical mitochondrial
pathway [86]. Both fibrates and omega-3s, thus, will not act as classical substrates of mitochondrial
metabolism, but rather stimulate the metabolism of fatty acids coming from diet or end products of,
e.g., TG metabolism by the PPAR-α mediated pathway. Peroxisomal stimulation is less extensive
than in the case of fibrates, but it can well stimulate fatty acid oxidation. An additional mechanism,
more closely related to the plasma glucose elevation in MetS, is the activation of tissue glucose uptake
by the GLUT4 transporter in adipocytes; this mechanism appears to be mediated by the GPR120
protein, functioning as an omega-3 fatty acid receptor/sensor [87].

Controlled trials in patients given relatively elevated daily doses of omega-3 in the form of TGs
or, more recently, of ethyl esters of eicosapentaenoic (EPA) and docosahexaeneoic (DHA) acids, as well
as with novel formulations of separate fatty acids [88], have repeatedly confirmed a TG reduction in
hypertriglyceridemic conditions associated or not with diabetes [89,90]. Controlled studies indicate
lowering, in general, of 20–30% of fasting triglyceridemia in these conditions [91], with a moderate rise
of HDL cholesterolemia as well as an increment in reverse cholesterol transport mainly by influencing
HDL remodeling and promoting hepatobiliary sterol excretion [92].

A general review on the mechanism of omega-3, improving abnormalities characteristic of MetS,
may in addition to the classical activation of fatty acid metabolism involve increased adipocyte
differentiation, reduced lipolysis and lipogenesis, as well as a significant activity on low grade
inflammation, including reduced adipokines and specialized pro-resolving lipid mediators [93]. By the
activation of fat metabolism and consequent energy expenditure, it being peroxisomal and to some
extent also mitochondrial, positive effects on obesity may be observed. Indeed, PPAR-α KO-obese mice
show, in fact, a clear worsening of obesity that may be instead improved by omega-3 administration in
different diet-induced conditions [94]. Reduced lipogenesis and low-grade inflammation may be of
value in the treatment of complex metabolic disorders.

In the case of adipose tissue biology, the most recent evidence points out to the importance of
both white and brown adipose tissue (WAT and BAT) function. “Healthy adipocytes” in WAT are
relatively small fat cells with a high capacity for mitochondrial oxidative phosphorylation, TG/FA
cycling and de novo lipogenesis [94]. These cells, with a flexible phenotype, may provide beneficial
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local and systemic effects by protecting against inflammatory responses during lipolysis, preventing
fat accumulation and dyslipidemia caused by increased liver VLDL-TG synthesis.

Indeed, dietary omega-3s may indeed redirect adipose tissue to a “healthy phenotype” [94].
These polyunsaturated fatty acids appear to stimulate the “G protein coupled receptor” GPR120 [95],
promoting BAT activation [96], thus inducing brown as well as beige adipocyte differentiation
and thermogenic activation which seems to be linked to an increase in blood FGF-21 levels.
Characteristically, in animals devoid of GPR120, adipose tissue thermogenic activation is not
achieved [97]. These observations are of ethnological significance, in view of the high consumption of
omega-3 from fish in individuals living in cold areas such as the Eskimos [98]. Interestingly, in in vitro
systems only BAT and not WAT cells synthesize DHA [99].

Inflammatory changes in the adipose tissue are characteristic of obesity. They are driven by
rises in circulating endotoxins and infiltrate immune cell populations. This will lead to an increased
secretion of inflammatory adipokines (e.g., IL-6, TNF–α, monocyte chemoattractant protein (MCP)
and chemokine (C-C motif) ligand (CCL) from multiple cellular sources [100]. The end result of the
increased secretion of inflammatory mediators is the development of insulin resistance. A characteristic
reduction in chemokine secretion from LPS stimulated co-cultures of omega-3 fed rodents is followed
by a reduced secretion of IL-6 (−42%) and TNF-α (−67%), as well as by a similar reduction of
other inflammatory mediators. Concomitantly, omega-3s increase the mRNA expression of negative
regulators of inflammatory signaling, such as the monocyte chemoattractant 1-induced protein (MCPIP;
+9.3-fold) and the suppressor of cytokine signaling 3 (SOCS3; +1.7-fold) [101]. In patients with MetS
a reduction of high sensitivity CRP levels [102] has been found, although data from a number of clinical
studies on this topic have been inconsistent [91,103].

It can thus be concluded that, in the adipose tissue, besides the stimulation of fatty acid
catabolism, well-characterized anti-inflammatory and anti-chemotactic effects can be exerted by
omega-3s. All these effects, recognized at the cellular level, may be followed by biochemical changes
in patients with MetS and diabetes mellitus. In these patients, statistically significant TG reductions,
compared to placebo, have been observed with, however, somewhat differential effects on LDL-C.
Apparently, products containing DHA may increase LDL-C levels, whereas those containing EPA only
products do not lead to a similar consequence [104,105].

Omega-3: Evidence from the Most Recent Clinical Trials

Most recently, the effect of omega-3 fatty acids (2 g daily) in reducing TGs and other lipid
concentrations in patients with severe hypertriglyceridemia (TG > 500 mg/dL and <2500 mg/dL) was
evaluated in the EVOLVEII (Epanova® for lowering very high triglycerides II) trial, a double-blind,
randomized, olive oil-controlled study. After an 8-week screening period for patients who required
washout or stabilization of lipid-lowering therapy (e.g., statin or cholesterol-absorption inhibitors),
they were randomized to receive two 1 g soft gelatin capsules with omega-3 (550 mg EPA +
approximately 200 mg DHA in a new formulation) or olive oil once a day for 12 weeks. Notably,
stratification was carried out based on TG levels, i.e., ≥ 500 ≤ 885 mg/dL or > 885 < 2500 mg/dL.
Omega-3 capsules reduced TG by −28.1% vs. −10.2% (olive oil) in the group with TGs ≥ 500 and
by −37.5% vs. −9.3% (olive oil) in the group with TGs > 885 mg/dL. In the whole population,
TG differences between the two treatment groups were −14.2%. Non-HDL-C percentage changes
were instead −8.8% (omega-3) vs. +0.4% (olive oil) in the group with TGs ≥ 500, with more marked
differences in those with TG > 885 (−14% vs. +3.1%), and an overall −9% non-HDL-C reduction
(Table 2). Omega-3 supplementation led to a significant lowering of VLDL-C, both when compared to
baseline or to the olive oil arm. The decrease of VLDL-C concentrations was similar to that of TGs.
HDL-C were modestly raised by both treatments, with no extra benefit given by omega-3 [106].

The results of this trial are in line with those found in the previous EVOLVE (Epanova for
lowering very high triglycerides) double-blind, randomized, parallel, 4-arm study. In subjects with
severe hypertriglyceridemia (TGs ≥ 500 mg/dL but <2000 mg/dL), administration of omega-3-FA 2
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g/die (plus olive oil 2 g/day), omega-3FA 3 g/die (plus olive oil 1 g/day), or omega-3-FA 4 g/day
for 12 weeks in combination with diet and lifestyle changes led to a −31% reduction in fasting TG in
the group receiving omega-3-FFA 4 g/die vs. 25% in the other two treatment groups. A minimal TG
reduction (−4.3%) was found in patients receiving olive oil 4g/day. A similar trend was found for
non-HDL-C, with a maximal −9.6% reduction with omega-3-FA 4 g/day, vs. a +2.5% increment in the
olive oil group (Table 2). HDL-C were not significantly changed at any dosage [107].

The effect of omega-3 as an add-on therapy to a statin background was evaluated in the ESPRIT
(Epanova combined with a statin in patients with hypertriglyceridemia to reduce non-HDL cholesterol)
trial, on persistently hypertriglyceridemic patients already on a maximally tolerated dose of statin or
statin + ezetimibe, with TG levels ≥ 200 mg/dL and <500 mg/dL). Compared to olive oil (4 g/day),
omega-3-FA 2 g/day or omega-3-FA 4 g/day administration led to a significant reduction in non-HDL-C
(−3.9% and −6.9%, respectively) and TG (−14.6% and −20.6%, respectively) (Table 2) [108].

A limited number of studies have selectively evaluated the efficacy of omega-3 fatty acids on
CV outcomes, both in primary and secondary prevention. Positive outcomes were reported from
the GISSI (Gruppo Italiano per lo studio della sopravvivenza nell’infarto miocardico) [109] study
which dealt mainly with patients with an acute coronary syndrome, and from the JELIS (Japan
eicosapentaenoic acid lipid intervention study) [110] testing the efficacy of omega-3 (1800 mg/day) in
primary prevention moderately hypercholesterolemic patients, mainly on statins. In contrast, the large
alpha omega trial on coronary patients on a smaller daily intake of EPA + DHA (400 mg/day) failed to
reach the targeted reduction of CV events [111]. While these last authors, in a recent meta-analysis
on 77,917 patients in 10 different studies, appeared to confirm the lack of a significant impact of
omega-3 on CV endpoints [112], at present, the effect of omega-3 supplementation on CV outcomes,
i.e., any component of the composite of major adverse cardiac events (MACE), is being evaluated in
the STRENGTH (study to assess statin residual risk reduction with Epanova in high cardiovascular
risk patients with hypertriglyceridemia) and REDUCE-IT (reduction of cardiovascular events with
icosapent ethyl–intervention) trials [113] targeting particularly hypertriglyceridemic patients.

Unquestionably, the efficacy of omega-3 intake on metabolic parameters and on inflammatory
changes is now well established, with a convincing series of mechanistic studies, but the efficacy of
these nutritional supplements on CV outcomes is at present unsettled. The ongoing studies should shed
light on this last issue, particularly as pertains to patients with hypertriglyceridemia associated risk.

4. PPAR-γ Agonists

Agonists of PPAR-γ belong to the thiazolidinedione (TZDs) drug class and are currently in
use for T2D [114]. Pioglitazone and rosiglitazone are the only two drugs available. Following
epidemiological data indicative of a raised CV risk after rosiglitazone [115,116], the drug was taken
off the market in Europe. Pioglitazone appears instead to reduce CV events [117]. Clinical trials with
pioglitazone, e.g., PERISCOPE, PROactive and CHICAGO, have, in fact, demonstrated that in addition
to beneficial effects in reducing TGs and increasing HDL-C levels, pioglitazone can reduce CV risk in
T2D patients [118].

The PERISCOPE trial (pioglitazone effect on regression of intravascular sonographic coronary
obstruction prospective evaluation) recruited patients with baseline HbA1c ≥ 6.0% to ≤9.0% (if on
a glucose-lowering medication) or ≥6.5% to ≤10% (if not on drug therapy) with positive coronary
angiogram (at least 1 angiographic stenosis with at least 20% narrowing). Pioglitazone, compared
with glimepiride, raised HDL-C by +5.7 mg/dL vs. 0.9 mg/dL, whereas TG levels were decreased
by −16.3 mg/dL vs. a rise of +3.3mg/dL. Fasting insulin levels were decreased by pioglitazone and
raised by glimepiride. The primary end-point, namely the percent atheroma volume change measured
by intravascular ultrasound (IVUS), was reduced by −0.16% in the pioglitazone arm vs. a +0.73% rise
in the glimepiride group (Table 2); these between group changes were statistically significant [119].
Interestingly, a post-hoc analysis showed a greater relative increase in HDL-C (+14.2% vs. 7.8%) with
a concomitant relative reduction of TGs (−13.3% vs. −1.9%), TG/HDL-C ratio (−22.5% vs. −9.9%) and
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HbA1C (−0.6% vs. −0.3%) upon pioglitazone administration, possibly responsible for the atheroma
regression [120].

The CHICAGO (carotid intima-media thickness in atherosclerosis using pioglitazone) trial tested
the hypothesis that pioglitazone would have a beneficial effect in reducing carotid intima-media
thickness (IMT) progression compared with glimepiride [121]. The reported reduced progression of
IMT appeared to be associated with a rise of HDL-C (+14%) following pioglitazone (Table 2) [122].
The positive effect of pioglitazone on carotid IMT is thus independent of its glucose lowering effect. Of
note, weight and body mass index were higher in the pioglitazone arm.

The IRIS (insulin resistance intervention after stroke) trial showed that pioglitazone reduced the
occurrence of fatal and non-fatal stroke or MI in insulin resistant patients without diabetes, also halving
the occurrence of diabetes (Table 2). Notably, this latter occurred in 3.8% of patients on pioglitazone vs.
7.7% of those assigned to placebo (hazard ratio: 0.48; 95% CI: 0.33–0.69) [123,124]. Evaluation of safety
outcomes indicated that pioglitazone led to (i) a weight gain of 4.5 kg (52.2% of patients) vs. +13.6 kg
(11.4% of patients) for placebo [123]; with (ii) an increment in the absolute risk of fractures risk by 1.6%
vs. 4.9%, depending on fracture classification [125]; and (iii) a higher incidence of edema (+35.6% vs.
+24.9%) [123], this last being an as yet poorly understood frequent side effect of glitazones [126].

The clinical outcome studies on PPAR-γ agonists have been focused mainly on pioglitazone,
particularly in view of the better tolerability. These have concluded that this treatment may be
associated both with a reduced atheroma progression and a lower incidence of diabetes. Further,
the IRIS study provided clear evidence of the efficacy of pioglitazone in preventing CV outcomes in
insulin resistant patients [123,124].

5. PPAR Dual Agonists

Dual PPAR agonists or partial agonists, e.g., dual α/γ, α/δ or β/δ [127] were developed with
the aim of achieving the TG-lowering and HDL-raising effects of PPAR-α activators as well as the
insulin-sensitizing and antihyperglycemic effects of TZDs with a single drug. Such a combination of
effects would be ideal for the treatment of T2D, MetS and NAFLD, which all share as common features
atherogenic dyslipidemia and insulin resistance [128].

Of particular interest is the case of NAFLD, for which dual PPAR-α/δ agonists offer significant
hope. Elafibranor (formerly known as GFT-505), with preferential α (EC50 = 6 nM) and complementary δ

(EC50 = 47 nM) receptor agonist activity, is targeted to the liver, where it is converted to the main active
metabolite, GFT-1007, in a dose-dependent manner. Elafibranor has been shown to be effective in disease
models of NAFLD/NASH and liver fibrosis [129], as well as in T2D patients for whom a reduction
in TG and LDL-C levels and improved insulin sensitivity were reported [130]. Recent results from
the Phase 2b GOLDEN trial (NCT01694849) indicated that elafibranor treatment leads to a substantial
histological improvement of NASH, including resolution of steatohepatitis and reduced CV risk. NASH
was resolved without fibrosis worsening in 23% and 21% of patients assigned to receive either 80 mg
or 120 mg/day elafibranor vs. 17% in the placebo arm; no significant differences between groups were
found. When a more stringent definition of NASH was considered, changes in NASH resolution were
19% after elafibranor administration vs. 12% in the placebo group (p = 0.045) (Table 2) [131].

For activators of PPAR α + γ receptor, only preliminary data are available for saroglitazar,
i.e., positive effects on the lipid profile, blood pressure, atherosclerosis, inflammation, and clotting [132].
Saroglitazar is being tested in an ongoing phase 3 trial in non-cirrhotic biopsy-proven NASH patients,
in order to evaluate a possible improvement in NASH histology without worsening of fibrosis [133].
Interestingly, this agent is currently approved in India for the treatment of diabetic dyslipidemia [134].
Other glitazars, i.e., tesaglitazar and rasaglitazar have been discontinued from clinical development
due to renal side effects, anaemia and leukopenia (tesaglitazar) and bladder tumor development
(ragaglitazar) [135].

At present, dual agonists show an attractive metabolic profile, including an activity on MetS
associated liver abnormalities. Clinical outcome studies are awaited with interest.
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6. Conclusions

The management of MetS represents one of the major targets in atherosclerosis prevention.
While treatment of hypercholesterolemia or diabetes can be successfully handled with drugs targeting
cholesterol biosynthesis or beta-islet-cell function, MetS is characterized by a number of diverse
metabolic abnormalities which are more difficult to pursue. While lifestyle modifications [136],
including changes in diet and increased exercise, can provide help to a small number of patients,
an improved knowledge of drugs affecting PPAR system has led to more frequent and better focused
treatment choices. PPAR agonist “fraudulent fatty acids”, i.e., fibrates and omega-3 fatty acids, find
a growing role in the handling of hypertriglyceridemia and, in the case of fibrates, also positively
affecting HDL-cholesterol and the consequently raised CV risk. PPAR-γ agonists are instead targeted
to the glycemic abnormalities of MetS; they may, however, lead to weight increase. The causal role of
hypertriglyceridemia as a CV risk factor, confirmed by Mendelian randomization studies, has brought
clinicians back to this somewhat forgotten risk marker, now rated by many as an unmet need [137].
The HDL-C raising approach has also become of high interest after the preventive failure of drugs
such as the cholesteryl ester transfer protein inhibitors [138], disclosing the as yet not fully clarified CV
protective mechanism of HDL [139].
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Abstract: Research in recent years on peroxisome proliferator-activated receptor (PPAR)β/δ indicates
that it plays a key role in the maintenance of energy homeostasis, both at the cellular level and within
the organism as a whole. PPARβ/δ activation might help prevent the development of metabolic
disorders, including obesity, dyslipidaemia, type 2 diabetes mellitus and non-alcoholic fatty liver
disease. This review highlights research findings on the PPARβ/δ regulation of energy metabolism
and the development of diseases related to altered cellular and body metabolism. It also describes the
potential of the pharmacological activation of PPARβ/δ as a treatment for human metabolic disorders.
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1. Introduction

Acquired metabolic disorders, particularly obesity and its associated co-morbidities currently
pose a risk to human health on a global scale. These metabolic disorders are closely related to adipose
tissue dysfunction, one of the primary defects observed in obesity that may link this condition to
its co-morbidities such as non-alcoholic fatty liver disease (NAFLD), atherogenic dyslipidaemia,
type 2 diabetes mellitus and cardiovascular disease [1–3]. In fact, up to a third of obese subjects are
metabolically healthy and they do not develop obesity-related metabolic or cardiovascular disorders [4],
probably because of the preservation of normal adipose tissue architecture and function. Adipose
tissue dysfunction in obese patients results from the interactions of genetic and environmental factors
that lead to the presence of hypertrophic adipocytes, which have a pro-inflammatory, insulin-resistant
phenotype compared to small adipocytes [5]. In addition, a critical factor contributing to the difference
between metabolically healthy and unhealthy obese individuals is the anatomical distribution of
the adipose tissues. Expansion of the visceral adipose tissue, which is considered a dysfunctional
adipose tissue unable to store excessive levels of lipids, to a greater extent than that of subcutaneous
adipose tissue, is associated with metabolic alterations [6]. Failure to store surplus lipids into visceral
adipose tissue causes a chronic elevation of circulating fatty acids (FA), which can reach toxic levels in
non-adipose tissues, such as skeletal muscle, the liver and the pancreas [7]. The deleterious effect of
lipid accumulation in non-adipose tissues is known as lipotoxicity. This surplus of fatty acids (FAs),
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especially saturated FA and their derived metabolites, such as diacylglycerol and ceramides, induces
chronic low-grade inflammation and has harmful effects on multiple organs and systems.

Given the enormous stress on global health services caused by the increasing incidence of obesity
and its co-morbidities on global health services, there is a need to better understand the mechanisms
behind the relationship between obesity and the development of metabolic disorders to prevent and
to improve the outcomes of these diseases. Peroxisome proliferator-activated receptor (PPAR)β/δ
is a nuclear receptor that exerts many metabolic effects. Its activation may prevent and improve the
outcome of obesity-related metabolic disorders. In this review, we will summarize the molecular
features of PPARβ/δ and the benefits of using its agonists to treat obesity and its related co-morbidities.

2. Basic Overview of the Molecular Features of PPARβ/δ

PPARβ/δ is a member of the nuclear receptor (NR) superfamily of ligand-inducible transcription
factors and belongs to the PPAR family, which comprises three isotypes: PPARα (NR1C1, according
to the unified nomenclature system for the NR superfamily); PPARβ/δ (NR1C2); and PPARγ
(NR1C3) [8,9]. PPARβ/δ was initially called PPARβ when it was first cloned in Xenopus laevis.
However, when cloned in other species it was not clearly identified as being homologous to the
Xenopus PPARβ and it was alternatively called NUC-1 in humans and PPARδ in mice. Currently,
it is accepted that Xenopus PPARβ is homologous to murine PPARδ, giving rise to the terminology
PPARβ/δ [8]. PPARβ/δ consists of four major functional domains: The N-terminal ligand-independent
transactivation domain (A/B domain), often known as activation function 1 (AF-1); the DNA binding
domain (DBD or C domain); the hinge region (D domain); and the carboxy-terminal E domain or AF-2,
which includes the ligand-binding domain and the ligand-dependent transactivation domain [8,9].
The major physiological functions of PPARβ/δ result from its activity as a transcription factor,
modulating the expression of specific target genes. Through this mechanism, PPARβ/δ regulates lipid
metabolism and glucose homeostasis [8–11]. In addition, PPARβ/δ can regulate inflammation [12].
The involvement of PPARβ/δ in all these functions depends on its tissue distribution, ligand binding
and the recruitment of co-activators or co-repressors.

PPARβ/δ is ubiquitously expressed, although it is most abundant in metabolically active tissues,
especially in those organs/cells associated with FA metabolism, such as skeletal and cardiac muscle,
hepatocytes and adipocytes. It has also been particularly characterized in macrophages. Compared to
other NRs, PPARs present a large ligand-binding pocket (≈1300 Å3) [8], which directly contributes to
the ability of PPARs to bind a great variety of endogenous and synthetic ligands. FAs are considered
endogenous PPAR ligands but they show little selectivity for the different PPAR isoforms. Although
all-trans retinoic acid has been reported to be a PPARβ/δ agonist [13], this has not been confirmed
by other groups [14,15] and therefore remains controversial. To elucidate PPARβ/δ functions,
synthetic ligands with high affinity and specificity (GW501516, GW0742 and L-165041) that only
activate PPARβ/δ at very low concentrations both in vivo and in vitro have been developed [8].
At present, there are no clinically available drugs targeting PPARβ/δ but three PPARβ/δ agonists have
reached clinical trials: Seladelpar (MBX-8025) (CymaBay Therapeutics) [16]; KD-3010 (Kalypsys) [17];
and CER-002 (Cerenis).

To activate transcription, PPARβ/δ forms an obligate heterodimer with retinoid X receptor (RXR or
NR2B) and binds to peroxisome proliferator response elements (PPREs) located at the promoter regions
of target genes, thereby increasing gene transcription in a ligand-dependent manner (transactivation) [8].
In the absence of a ligand, the PPARβ/δ-RXR heterodimer is bound by nuclear co-repressor proteins,
which block transcriptional activation by preventing the binding of the heterodimer to the promoter.
Ligand binding induces a conformational change within PPARβ/δ, resulting in the dissociation of the
co-repressors and the recruitment of co-activators, which subsequently lead to PPARβ/δ-RXR binding
to PPREs to initiate transcription [8]. PPARβ/δ also regulates gene expression independently of DNA
binding, via cross-talk with other types of transcription factors, thus influencing their function through
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a mechanism termed receptor-dependent transrepression [8]. Most of the anti-inflammatory effects of
PPARs probably occur through this mechanism [12].

3. PPARβ/δ as a Major Regulator of Metabolic Disorders

3.1. Obesity

PPARβ/δ-deficient mice exhibited a marked reduction in adiposity compared to wild-type mice
levels [18]. This effect, however, cannot be reproduced in mice harbouring an adipose tissue-specific
deletion of PPARβ/δ, indicating that PPARβ/δ elicits peripheral functions in systemic lipid metabolism.
In fact, PPARβ/δ activation prevents weight gain in diet- or genetically-induced animal models of
obesity by increasing fat burning in different tissues [19,20] or switching muscle fibre type, which,
in turn, increases the muscle oxidative capacity [21] (Figure 1). A recent study also suggests that
intestinal PPARβ/δ protects against diet-induced obesity, since intestinal epithelial cell-specific deletion
of PPARβ/δ in mice results in increased amounts of omental white adipose tissue [22].

Figure 1. PPARβ/δ activation prevents obesity through several mechanisms. PPARβ/δ activation
reduces pre-adipocyte proliferation and differentiation, attenuates angiotensin II-mediated dysfunctional
hypertrophic adipogenesis and inhibits inflammation in adipose tissue. PPARβ/δ ligands reduce the
availability of fatty acids to be stored in adipose tissue since these drugs induce fat burn in skeletal muscle
by either increasing fatty acid oxidation or switching muscle fibre type towards oxidative metabolism.
Blue arrow: increases. Red arrow: decreases.

Additional PPARβ/δ-mediated mechanisms can also contribute to the reduction in adiposity,
since PPARβ/δ also regulates preadipocyte proliferation and differentiation through different
mechanisms [23–25], such as by regulating of the expression of PPARγ, a key regulator of terminal
adipocyte differentiation. Moreover, PPARβ/δ ligands prevent angiotensin II-induced adipocyte
growth and lipid accumulation [26]. Angiotensin II increases levels of reactive oxygen species
(ROS), which attenuate the canonical Wnt signalling pathway, leading to dysfunctional hypertrophic
adipogenesis. PPARβ/δ agonists prevent oxidative stress and the reduction in Wnt signalling pathway
induced by angiotensin II by increasing the expression of heme oxygenase 1 in adipose tissue.
Consequently, PPARβ/δ activation delays preadipocyte maturation and lipid accumulation, leading
to increased numbers of smaller adipocytes with an improved adipocytokine profile. Thus, overall,
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PPARβ/δ activation prevents oxidative stress and dysfunctional adipogenesis under conditions of
overactive renin-angiotensin system [26].

In humans, PPARβ/δ expression is reduced in both the subcutaneous and in visceral adipose
tissues of morbidly obese patients compared to non-obese subjects [27]. This might result in adipose
tissue dysregulation since PPARβ/δ has anti-inflammatory effects in white adipose tissue. PPARβ/δ
activation inhibits lipopolysaccharide (LPS)-induced cytokine expression and secretion by preventing
nuclear factor (NF)-κB activation in adipocytes via the activation of mitogen-activated protein kinase
(MAPK)–extracellular signal-regulated kinase (ERK)1/2 (MEK1/2) activation [28]. Furthermore,
adipose tissue inflammation is characterized by increased infiltration and an altered polarization of the
macrophages from the anti-inflammatory M2 phenotype towards the pro-inflammatory M1 phenotype,
with PPARβ/δ a crucial signalling molecule that activates polarization towards the anti-inflammatory
M2 phenotype [29]. Consistent with the effects of PPARβ/δ in adipose tissue, it has been reported
that overweight patients with mixed dyslipidaemia who were administered the PPARβ/δ agonist
MBX-8025 for 8 weeks presented favourable trends in their body fat percentage, lean body mass and
waist circumference, although the differences did not reach statistical significance [30].

3.2. Dyslipidaemia

Atherogenic dyslipidaemia, often observed in patients with obesity, insulin resistance, metabolic
syndrome and type 2 diabetes mellitus, is a significant risk factor for cardiovascular disease. This
dyslipidaemia is characterized by the presence of low high-density lipoprotein (HDL) cholesterol
levels, elevated triglyceride (TG)-rich very low-density lipoprotein (VLDL) amounts and an increased
proportion of small and dense low-density lipoprotein (LDL) particles. It is presently accepted that
atherogenic dyslipidaemia is initiated by insulin resistance through the overproduction of TG-rich
VLDL [31]. Under conditions of insulin resistance, adipose tissue lipolysis is enhanced, leading
to an increase in plasma non-esterified FA (NEFA). The subsequent increase in the flux of NEFA
into the liver overcomes the oxidative capacity of hepatocytes and NEFA are then esterified for TG
production, causing hepatic steatosis and VLDL over secretion in the plasma [31]. Finally, in the
presence of hypertriglyceridemia, the cholesterol-ester content of LDL and HDL decreases, whereas
these lipoproteins are enriched in their TG content through the activity of cholesteryl ester transfer
protein. These TG-enriched particles are then hydrolysed by hepatic lipase, leading to the formation of
small, dense LDL and to the decrease in HDL-cholesterol levels [31].

PPARβ/δ agonists show a strong TG-lowering action in vivo. Given that the main factor affecting
hepatic TG secretion is FA availability, the hypotriglyceridaemic effect of PPARβ/δ activators has
been attributed, at least in part, to their ability to induce FA β-oxidation in the liver [32] and
other tissues [21,33] (Figure 2). In the liver, this role of PPARβ/δ involves the increased expression
of the genes involved in FA oxidation via amplification of the lipin 1/PPARγ-coactivator 1α
(PGC-1α)/PPARα signalling system and increased levels of the hepatic endogenous ligand for PPARα,
16:0/18:1-phosphatidylcholine [32]. Moreover, the increased FA β-oxidation caused by PPARβ/δ
activators might be due to the activation of AMP kinase (AMPK), probably through an increase in
the AMP:ATP ratio in hepatocytes [32]. Likewise, the effects of PPARβ/δ on the expression of several
genes (VldlR, ApoA5, ApoA4 and ApoC1) involved in lipoprotein metabolism can contribute to its
hypotriglyceridaemic effect [32,34]. In accordance with these effects of PPARβ/δ, mice deficient
in this receptor fed a high-fat diet (HFD) show increased plasma TG levels due to hepatic VLDL
overproduction. Moreover, these mice also exhibited reduced activity of the enzyme lipoprotein lipase,
which catalyses the hydrolysis of the TG component of circulating chylomicrons and VLDL.
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Figure 2. Effects of PPARβ/δ activation in dyslipidaemia. PPARβ/δ activation ameliorates atherogenic
dyslipidaemia by reducing the amounts of very low-density lipoprotein (VLDL)-triglyceride (TG)
and small dense low-density lipoprotein (LDL) particles and increasing the levels of high-density
lipoprotein (HDL)-cholesterol. PPARβ/δ ligands reduce VLDL-TG by increasing hepatic fatty acid (FA)
oxidation, which decreases the availability of this lipid for TG synthesis and changing the expression
of several apoproteins. PPARβ/δ ligands increase HDL-cholesterol levels by elevating the amounts of
the main apopoproteins of these lipoproteins (ApoA1 and ApoA2) in the liver and raising the levels
of ATP-binding cassette A1 (ABCA1) in macrophages. Reduced LDL-cholesterol levels results from
a decrease in cholesterol absorption and an increase in faecal excretion that are mediated by PPARβ/δ
activation. Blue arrow: increases. Red arrow: decreases.

PPARβ/δ agonists also increase plasma HDL-cholesterol levels and reduce LDL-cholesterol and
NEFA levels in both animal models and humans [30,33–36]. The increase in plasma HDL-cholesterol
levels following PPARβ/δ activation has been linked to an increased expression of the two major
apolipoproteins of HDL, ApoA1 and ApoA2 [36], in the liver. In addition, PPARβ/δ activation
increases the expression in macrophages of the reverse cholesterol transporter, ATP-binding cassette A1
(ABCA1) [36,37], which is crucial for the formation of HDL particles through its transport of cholesterol
and phospholipid to apolipoprotein acceptors in the bloodstream. Furthermore, PPARβ/δ agonists
also regulate the expression of hepatic phospholipid transfer protein (Pltp), which regulates the size
and the composition of HDL and plays an important role in controlling plasma HDL levels [38]. More
recently, it has been reported that the absence of intestinal PPARβ/δ abolishes the ability of its agonists
to increase HDL-cholesterol plasma levels [22].

Regarding the reduction in LDL-cholesterol levels, PPARβ/δ agonists have been shown to
decrease the efficiency of intestinal cholesterol absorption possibly by reducing the intestinal abundance
of the cholesterol absorption protein, Niemann-Pick C1-like 1 (NPC1L1) [39]. Furthermore, PPARβ/δ
activation also stimulates faecal excretion of cholesterol in mice, primarily by the two-fold increase
in trans-intestinal cholesterol efflux [40], a non-hepatobiliary-related route that transports cholesterol
from the blood to the intestinal lumen directly via enterocytes.

The assessment of PPARβ/δ agonists in several small-scale clinical trials mainly for the treatment
of atherogenic dyslipidaemia has confirmed that these drugs reduce plasma TG levels, increase
the amounts of HDL-cholesterol and decrease the levels of small dense LDL particles in humans,
indicating that treatment with these drugs initiates a transition towards a less atherogenic lipoprotein
profile [30,37,41–43].
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3.3. Type 2 Diabetes Mellitus

More than 90% of patients with type 2 diabetes mellitus are overweight or obese, since obesity
is associated with insulin resistance. Insulin resistance, which is defined as a defect in the ability
of insulin to drive glucose into its target tissues, predicts and precedes the development of type 2
diabetes mellitus [44]. However, patients with insulin resistance do not develop hyperglycaemia and
type 2 diabetes mellitus until the pancreatic β cells fail to secrete sufficient amounts of insulin to meet
the increased metabolic demand for this hormone. Adipose tissue expansion in obese individuals
releases increased amounts of NEFAs, hormones, pro-inflammatory cytokines and other factors that
contribute to the development of insulin resistance. Most of these molecules cause a chronic low-level
inflammation, which contributes to insulin resistance and type 2 diabetes mellitus [45].

PPARβ/δ agonists improve glucose tolerance and insulin sensitivity in animal models [20,46].
The antidiabetic effects of these drugs are exerted in different tissues. For instance, macrophage
infiltration into adipose tissue and polarization towards the pro-inflammatory M1 phenotype promotes
inflammation and correlates with the degree of insulin resistance [47]. As mentioned above, PPARβ/δ
activates polarization towards the anti-inflammatory M2 phenotype in macrophages [29] (Figure 3).
In accordance with this, myeloid-specific PPARβ/δ−/− mice show adipocyte dysfunction and insulin
resistance [29]. Interestingly, a link exists between metabolism and function in macrophages. Thus,
M2 macrophages require oxidative metabolism for their responses, whereas M1 macrophages depend
on aerobic glycolysis [48,49]. In fact, blocking oxidative metabolism leads to the polarization of
macrophages from the M2 to the M1 phenotype. Similarly, forcing oxidative metabolism in an
M1 macrophage potentiates the M2 phenotype [50,51]. Given that PPARβ/δ activation increases
β-oxidation in macrophages [52], this effect might also contribute to the polarization to the M2
phenotype caused by the agonists of this receptor. Macrophages also play a key function in
a specialized phagocytic process called efferocytosys [53] that contributes to promoting the resolution
of inflammation and PPARβ/δ activation enhances this process [53,54]. Since a defective efferocytosys
has emerged as a causal factor in the etiopathogenesis of atherosclerosis [55], the increase in this
process caused by PPARβ/δ activation might contribute to its beneficial effects in atherosclerosis.

Interleukin (IL)-6 is one of the inflammatory mediators released by adipose tissue that correlates
most strongly with obesity and insulin resistance, predicting the development of type 2 diabetes
mellitus [56]. PPARβ/δ activation prevents IL-6-induced insulin resistance by inhibiting the signal
transducer and activator of transcription 3 (STAT3) pathway in adipocytes, whereas this pathway is
over activated in PPARβ/δ-null mice compared to wild-type animals [57].

Skeletal muscle is the primary site of insulin resistance in obesity and type 2 diabetes mellitus
since it displays the highest level of insulin-stimulated glucose utilization [5]. Increased plasma
levels of saturated NEFAs, caused by the expansion of adipose tissue, promote inflammation and
insulin resistance through several mechanisms: the synthesis of FA-derived complex lipids such
as diacylglycerol and ceramides; the impairment of the function of cellular organelles (endoplasmic
reticulum [ER] stress and mitochondrial dysfunction); and the activation of pro-inflammatory pathways
through membrane receptors, such as toll-like receptor 4 (TLR4). PPARβ/δ activation the decrease in
insulin sensitivity by suppressing the FA-induced increase in diacylglycerol levels and the subsequent
activation of protein kinase C (PKC)θ and NF-κB by enhancing the expression of the genes involved in
FA oxidation via PGC-1α and by increasing AMPK phosphorylation [58,59]. Furthermore, PPARβ/δ
overexpression in the skeletal muscle of mice has been reported to promote the interaction between
PPARβ/δ and AMPK, which enhances glucose uptake, FA oxidation and insulin sensitivity [60].
PPARβ/δ agonists also prevent palmitate-induced ER stress in myotubes through a mechanism
involving AMPK activation [61]. Overall, it is believed that PPARβ/δ activation in skeletal muscle
produces changes that resemble the effects of exercise training [61], making it a potential candidate for
mimicking the effects of exercise to treat metabolic diseases [62].
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Figure 3. Effects of PPARβ/δ in type 2 diabetes mellitus. This figure depicts the effects of PPARβ/δ
ligands in adipose tissue, skeletal muscle, the liver and pancreatic β cells that contribute to the
attenuation of type 2 diabetes mellitus. In adipose tissue, PPARβ/δ activation switches macrophage
polarization towards the anti-inflammatory M2 phenotype and prevents IL-6-induced insulin resistance
by inhibiting STAT3. In skeletal muscle, PPARβ/δ ligands induce FA oxidation, reducing their
availability for the synthesis of deleterious complex lipids involved in inflammation and prevent
endoplasmic reticulum (ER) stress by activating AMPK. PPARβ/δ activation in hepatocytes blocks the
effects of IL-6 by inhibiting the STAT3 pathway through several mechanisms and increasing FGF21
levels. PPARβ/δ activators promote the beneficial effects of GLP-1 in the pancreas and enhance GSIS.ER,
endoplasmic reticulum; FA, fatty acid; GLP-1, glucagon-like peptide 1; GSIS, glucose-stimulated insulin
secretion; IL-6, interleukin 6; STAT3, signal transducer and activator of transcription 3. Blue arrow:
increases. Red arrow: decreases.

In the liver, IL-6 induces insulin resistance by activating STAT3-suppressor of cytokine signalling 3
(SOCS3) pathway [63]. We have previously reported that PPARβ/δ activation prevents the attenuation
of the insulin signalling pathway in human liver cells by preventing IL-6-induced STAT3 activation
through a mechanism that inhibits ERK1/2 phosphorylation and suppresses the reduction in
phospho-AMPK levels [64]. More recently, the inhibitory effect of PPARβ/δ on STAT3 was confirmed,
with a new mechanism described involving a T cell protein tyrosine phosphatase 45 (TCPTP45)
isoform [65]. According to this recent study, short-term PPARβ/δ activation prevents IL-6-induced
insulin resistance as a result of PPARβ/δ forming a complex with nuclear TCPTP45 and retaining it in
the nucleus, thereby deactivating the STAT3-SOCS3 signalling [65]. Fibroblast growth factor 21 (FGF21)
is a liver-derived circulating hormone that has emerged as an important regulator of glucose and lipid
metabolism, making it a promising agent for the treatment of insulin resistance and type 2 diabetes
mellitus [66]. Since PPARβ/δ activators increase the plasma levels of FGF21 in humans [67], some of
the antidiabetic effects of these drugs might be mediated by the increased levels of this protein.

β-cell failure, a result of the progressive decline in pancreatic β cell function and mass, impairs
insulin secretion and contributes to the development of type 2 diabetes mellitus [68]. PPARβ/δ
activation in the small intestine potentiates the production of glucagon-like peptide (GLP)-1, which
preserves β cell morphology and function, thereby increasing systemic insulin sensitivity [69]. This is
consistent with a recent study reporting that intestinal PPARβ/δ protects against diet-induced
obesity and insulin resistance [26]. Moreover, PPARβ/δ activation protects pancreatic β cells from
palmitate-induced apoptosis by upregulating the expression of the receptor for GLP-1 [70]. PPARβ/δ
agonists also increase mitochondrial oxidation in β cells, enhance glucose-stimulated insulin secretion
(GSIS) from pancreatic islets and protect GSIS from the adverse effects of prolonged FA exposure [71].
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In fact, PPARβ/δ is critical for the expression of the genes involved in mitochondrial function and
consequently ATP production, in β cells, which is required for GSIS [72].

3.4. Non-Alcoholic Fatty Liver Disease (NAFLD)

NAFLD encompasses a spectrum of liver disorders ranging from simple steatosis (non-alcoholic
fatty liver, NAFL) to non-alcoholic steatohepatitis (NASH) and liver fibrosis. It is closely linked to obesity
and metabolic syndrome, predisposing susceptible individuals to cirrhosis, hepatocellular carcinoma and
cardiovascular disease [73]. At present, there are no approved pharmacological therapies for NAFLD.
In animal models, long-term treatment with PPARβ/δ agonists attenuates hepatic steatosis by enhancing
FA oxidation, reducing lipogenesis and improving insulin sensitivity [74–77]. PPARβ/δ activation
and overexpression inhibit lipogenesis in hepatocytes by inducing the expression of insulin-induced
gene-1 (INSIG-1), an ER protein that blocks the activation of sterol regulatory element-binding protein-1
(SREBP-1), a pivotal transcription factor controlling lipogenesis in hepatocytes [77]. However, short
treatments with PPARβ/δ agonists might result in a transient increase in hepatic TG levels [78] but
without hepatotoxicity, since PPARβ/δ increases the number of monounsaturated FAs but reduces the
levels of saturated FAs [79]. In addition, PPARβ/δ might affect hepatic TG levels by regulating the
abundance of the VLDL receptor [80]. In humans, PPARβ/δ agonists reduce hepatic fat content and
elicit improvements in the plasma markers of liver function [30,33]. These and additional findings point
to PPARβ/δ, similarly to PPARα, as a master regulator of hepatic intermediary metabolism. During
fasting conditions, hepatic metabolism is programmed to oxidize FA and both, PPARα and PPARβ/δ
are thought to promote ketogenesis by inducing FGF21 [67] and the expression of genes involved in fatty
acid oxidation [81] in rodents. Interestingly, as mentioned before, PPARβ/δ activation in mice increases
the hepatic levels of the hepatic endogenous ligand for PPARα, 16:0/18:1-phosphatidylcholine, leading
to amplification of the PGC-1α-PPARα pathway [32], suggesting the presence of a cooperation between
both nuclear receptors in the regulation of hepatic metabolism.

The progression from NAFL to NASH involves the development of inflammation and signs of
hepatocellular damage [65]. Both the hepatic expression of inflammatory genes [74,76,82] and hepatic
ER stress [76], which contribute to the activation of inflammatory pathways, are reduced by PPARβ/δ
ligands. This hepatoprotective effect of PPARβ/δ ligands might also involve Kupffer cells, resident
liver macrophages that play a critical role in maintaining liver functions. Hematopoietic deficiency
of PPARβ/δ selectively impairs the alternative activation of Kupffer cells in obese mice, leading
to reduced oxidative metabolism and hepatic dysfunction [83]. Additional studies are required to
conclusively determine the effects of PPARβ/δ agonists on liver fibrosis due to the inconsistent results
currently reported in the literature [17,84].

4. Safety of PPARβ/δ Agonists

Despite the promising data of PPARβ/δ agonists in metabolic disorders in preclinical studies,
the discovery that mice treated with GW501516 developed adenocarcinoma [85] halted further
development of this drug and undermined the potential use of these drugs in human therapeutics.
However, subsequent attempts to assess the role of PPARβ/δ in cancer have demonstrated that
this receptor both inhibits and promotes tumorigenesis, as it has been extensively reviewed
previously [10,86,87], becoming one of the most controversial effects of PPARβ/δ. The conflicting
results about PPARβ/δ in cancer might indicate that the activity of this receptor in cancer development
is influenced by the mutational status of the tumour cell and the tumour environment [10]. Moreover,
it has been proposed that the high-level expression of PPARβ/δ in normal cells suggest an antitumour
effect for this receptor but the reduction in its expression or the presence of endogenous antagonists or
inverse agonists might lead to a protumorigenic role for PPARβ/δ [86].

Although there are only a few clinical trials assessing the safety of PPARβ/δ agonists, the
administration of these drugs to humans seems to be safe and generally well-tolerated, at least for the
short periods evaluated [30]. Thus, no study subjects were withdrawn because of adverse effects from
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a study evaluating the administration of seladelpar for 8 weeks to dyslipidaemic overweight patients
at doses showing beneficial metabolic effects [30]. Treatment with this PPARβ/δ agonist slightly
but significantly decreased red blood cell count, haemoglobin and haematocrit. In a more recent
study, the effect of seladelpar was assessed in patients with primary biliary cholangitis [88]. Drug
treatment for 12 wk. elicited anti-cholestatic effect but three patients showed rapidly reversible alanine
aminotransferase elevations and the study was interrupted before completion. The authors of the
study suggest that this effect might be specific for these patients with primary biliary cholangitis due to
the biliary excretion of seladelpar ant its metabolites, leading to increased hepatic drug concentrations.

5. Conclusions

Over the past 20 years, a substantial body of preclinical evidence has demonstrated that PPARβ/δ
activation is a promising therapeutic strategy for treating obesity-associated co-morbidities. This has
led to the assessment of PPARβ/δ agonists in clinical trials, although these studies on the efficacy
and safety of PPARβ/δ agonists in humans are scarce. Safety issues have been raised regarding the
role of PPARβ/δ ligands in carcinogenesis [87]. However, there are conflicting findings on the role of
PPARβ/δ as a tumour suppressor or tumour promoter [87], the latter being mostly observed in animal
models. Further studies are required to obtain conclusive data on the role of PPARβ/δ in human
cancer given that although mouse models are invaluable tools for investigating basic tumour biology,
they show significant limitations when compared to human beings. For instance, PPARs are expressed
at lower levels in human than in rodent cells and gene expression is also regulated differently by
PPARs in human and rodent cells [9]. These differences might explain why long-term treatment with
PPARα ligands have been shown to induce carcinogenesis in rodents but carcinogenesis has not been
observed in humans treated with the PPARα agonists fibrates for dyslipidaemia over the decades [89].
However, this needs to be studied for PPARβ/δ too.

In summary, although further studies are required to confirm the safety of PPARβ/δ ligands, these
drugs have demonstrated that modulation of PPARβ/δ activity shows efficacy in preclinical studies
and in a few clinical trials in the treatment of dyslipidaemia, type 2 diabetes mellitus and NAFLD.
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Abstract: Uncovering the biological role of nuclear receptor peroxisome proliferator-activated
receptors (PPARs) has greatly advanced our knowledge of the transcriptional control of glucose
and energy metabolism. As such, pharmacological activation of PPARγ has emerged as an efficient
approach for treating metabolic disorders with the current use of thiazolidinediones to improve
insulin resistance in diabetic patients. The recent identification of growth hormone releasing peptides
(GHRP) as potent inducers of PPARγ through activation of the scavenger receptor CD36 has defined a
novel alternative to regulate essential aspects of lipid and energy metabolism. Recent advances on the
emerging role of CD36 and GHRP hexarelin in regulating PPARγ downstream actions with benefits
on atherosclerosis, hepatic cholesterol biosynthesis and fat mitochondrial biogenesis are summarized
here. The response of PPARγ coactivator PGC-1 is also discussed in these effects. The identification
of the GHRP-CD36-PPARγ pathway in controlling various tissue metabolic functions provides an
interesting option for metabolic disorders.

Keywords: scavenger receptor; PPAR nuclear receptors; PGC-1; fatty acid oxidation; energy metabolism;
GHRP; hexarelin; atherosclerosis; insulin resistance

1. Introduction

In years to come, metabolic defects are predicted to remain one of the principal causes of death and
disability in industrialized countries, and their occurrence is seen to be increasing in several developing
countries. Excess body weight is considered a major risk factor for metabolic disorders, and the epidemic
of pre-obese and obese conditions and type 2 diabetes and their increasing prevalence in children indicate
that these pathologies will continue to impact human health [1,2]. Hence, the mechanisms underlying
excessive fat storage and its clinical complications remain a challenge to understand and treat.

The liver, skeletal muscle and fat tissue are known as the major sites for the central control of
adaptive metabolic regulation of fatty acids (FA) in the body, playing a critical role in maintaining
normal glucose and lipid homeostasis. In the condition of surpassed lipid storage, the normal fatty
acid metabolism is disrupted and consequent build-up of fat accumulation occurs in non-adipose
depots such as the liver, pancreatic islets, muscle, and myocardium. Such accumulation contributes to
eliciting a number of metabolic defects, such as dyslipidemia, atherosclerosis, hypertension, and type
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2 diabetes [3–5]. While numerous therapeutic strategies are being developed and used in clinics in our
attempt to correct the various conditions associated to metabolic dysfunctions, targeting the peroxisome
proliferator-activated receptors (PPARs) undoubtedly remains an important option of treatment.

2. The Peroxisome Proliferator-Activated Receptors (PPARs): Fatty Acid Sensors
Controlling Metabolism

The PPARs consist of three isotypes, PPARα (NR1C1), PPARβ/δ (NR1C2), and PPARγ (NR1C3),
which belong to the nuclear receptor family of ligand-activated transcription factors [6]. PPARs
variously bind mono- and polyunsaturated fatty acids and derivatives such as eicosanoids to control
the transcription of many genes that govern lipid metabolism [7]. Once activated, they heterodimerize
with the nuclear receptor RXR (NR2B family) to bind DNA and modulate target gene transcription [8].
PPARα is a target of the hypolipidemic fibrate drugs and a major activator of FA oxidation in the
liver, heart and brown adipose tissue [9,10]. PPARβ/δ is ubiquitously expressed and shares similar
functions with PPARα in promoting FA oxidation in metabolic tissues such as skeletal muscle, liver and
heart [10,11]. PPARγ is most highly expressed in metabolic tissues including white and brown adipose
tissue, where it is a master regulator of whole-body lipid metabolism, adipogenesis, and insulin
sensitivity [9,12]. Compared to the other PPARs, PPARγ responds poorly to native fatty acids, while
oxidized fatty acid derivatives contained in circulating oxidized low-density lipoproteins (oxLDL)
elicit a strong PPARγ activation [13]. PPARγ activity is regulated by transcriptional coactivators such
as PGC-1, and also by post-translational modifications often independent of ligand binding, such as
phosphorylation, ubiquitination, and SUMOylation [14,15]. In addition to its role in lipid and glucose
metabolism, PPARγ has been involved in macrophage cholesterol metabolism and inflammatory
response and also plays a major role in mitochondrial physiology and energy metabolism [16–18].

Because of its potent insulin-sensitizing activity, PPARγ has been recognized as a major therapeutic
target with the identification of thiazolidinediones (TZDs) as high-affinity ligands [19,20]. TZDs
are currently used to correct circulating glucose levels in type 2 diabetes patients [21,22]. However,
the clinical efficacy of TZDs on insulin sensitivity has become limited [9,23]. This is partly due to their
side effect of stimulating adiposity by upregulating PPARγ target genes, such as fatty acid synthase
(FAS) and scavenger receptor CD36 involved in FA formation and storage [24,25]. More importantly,
serious health issues have restricted the use of TZDs lately. As a result, some TZDs have been withdrawn
from clinics due to life-threatening hepatic toxicity, while serious safety warnings were recently issued
for others [26–28]. While strategies to develop safer PPAR pan/dual agonists are of continuous
interest [29,30], it has become a fundamental priority to identify other treatment strategies in order to
avoid the adverse effects of PPAR ligands while keeping the benefits of correcting whole body glucose
and cardiovascular dysfunctions. Our recent identification of PPARγ as a new target of CD36 signaling
might feed into the development of potential alternatives in the beneficial control of lipid metabolism.

3. The Growth Hormone Releasing Peptide (GHRP) Family

Growth hormone releasing peptides (GHRP; also known as growth hormone secretagogues) are a
family of synthetic peptides and peptidomimetic agonists initially designed to promote growth hormone
secretion in GH-deficient patients. However, despite tremendous effort at designing efficacious GHRPs
that will exhibit elevated oral bioavailability and induce the pulsatile release of GH, low-cost recombinant
GH remains the treatment of choice for GH-deficient patients. Yet, the use of GHRPs in human subjects
appears relatively safe, highlighting positive effects on children growth velocity, increased lean mass,
decreased bone turnover, and improved cardiac function [31–33]. However, studies are still needed to
address the long-term impact of GHRPs and their benefits in diverse clinical scenarios.

GHRP-6 was the first GH-releasing efficient hexapeptide designed, which was then modified
as GHRP-2, but their poor oral bioavailability and short-lasting effect have limited their use [34,35].
To address this drawback, additional compounds were designed, including MK-0677, a non-peptidic
sulfonamide derivative [36], and hexarelin, also referred to as examorelin or EP-23905 [37,38].
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Hexarelin (His-D-2MeTrp-Ala-Trp-D-Phe-Lys-NH2) differs from GHRP-6 by having D-Trp substituted
by D-2-methyl-Trp, making hexarelin biologically more stable with greater GH release activity than
GHRP-6 and the first orally active GHRP. Studies in humans have shown that hexarelin was efficient
and well tolerated, eliciting a substantial and dose-dependent elevation in plasma GH concentrations,
while causing minor sleep problems as side effects [33,39]. Because of the highly vascularized nasal
cavity, intranasal administration was also implemented for hexarelin that further improved its
bioavailability and efficacy as a therapeutic tool for GH deficiency [40]. Mainly due to their potent
GH-releasing activities, hexarelin and other GHRPs, such as GHRP-2 and GHRP-6, are used to
enhance athletic performance. This resulted in the implementation of routine GHRP screening since
the 2014 Olympics in Sochi and the banning of its use by the World Anti-Doping Agency [41,42].

4. Central vs. Peripheral Actions of GHRPs

The receptor that mediates the response to GHRPs was initially identified as the growth hormone
secretagogue receptor GHS-R1a, a member of the G protein-coupled receptor family [43]. GHS-R1a
exhibits high-affinity binding toward GHRPs and is highly expressed in the anterior pituitary gland and
hypothalamus, consistent with its role in regulating central GH release. A second isoform, GHS-R1b,
was also identified but represents a truncated GHS-R receptor devoid of signal transduction activity
and thought to act as a dominant-negative form of GHS-R1a through heterodimer formation [44].
Interestingly, ghrelin was later discovered as the endogenous ligand of GHS-R1a, which was
then renamed the ghrelin receptor [45]. Ghrelin is an acetylated 28 amino acid hormone initially
isolated from the stomach, which promotes central release of GH in somatotroph cells and induces
orexigenesis [46–48]. Also consistent with a role in fat and energy metabolism [31,49], decreased
circulating ghrelin levels were reported in obese children, increasing their prevalence to insulin
resistance and metabolic syndrome [50–52].

Peripheral distribution of GHS-R1a has been reported, supporting physiological effects of
GHRPs independently from GH release. Tissues such as vascular endothelium, heart, adrenals,
monocytes/macrophages, β pancreatic cells, and bone were shown to express GHS-R1a [53–55].
Consistent with such a GH-independent role, peripheral ghrelin actions have been linked to
clinical implications of cardiovascular disease, insulin resistance, and obesity [31,56–59]. Likewise,
GH-independent effects on fat metabolism, cardioprotection, hemodynamic control, and bone cell
differentiation have been reported for GHRPs [60–66]. Hence, such peripheral effects of GHRPs are
thought to play important roles in energy homeostasis, adiposity and vascular integrity and identify
the GHRPs as highly promising therapeutic targets in metabolic diseases.

5. Scavenger Receptor CD36, a Target of Hexarelin

Besides interacting with GHS-R1a, hexarelin was also identified as a high-affinity ligand for
scavenger receptor CD36 based on experiments using rat cardiac membranes [67]. Furthermore, CD36
binding was more specific for hexarelin than other GHRPs, since compounds such as MK-0677 and
EP51389 were unable to compete with hexarelin binding. Such findings correlated well with initial
observations highlighting the cardioprotective properties of hexarelin in GH-deficient rats [68,69]
and the different tissue binding pattern of hexarelin compared to that of MK-0677 or ghrelin [70].
Scavenger receptor CD36 is a surface glycoprotein originally known as fatty acid translocase (FAT).
CD36 topology predicts for two transmembrane domains separated by a large extracellular domain
with multiple N-linked glycosylation sites, and two short cytoplasmic tails required for intracellular
signaling (Figure 1). The extracellular loop also contains a proline-rich domain and a hydrophobic
stretch thought to loop back into the membrane bilayer. Despite the short length of the two cytoplasmic
domains, each contains known sites for modification, such as palmitoylation that guides CD36 to
membrane lipid rafts [71] and ubiquitination to sort the receptor for lysosomal degradation [72].

CD36 has been extensively studied for its role in facilitating long-chain fatty acid uptake and
oxidation, positioning CD36 as a key player in FA metabolism [73–75]. However, its wide expression
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pattern and numerous identified ligands identify CD36 as a multi-functional receptor. Indeed,
CD36 is expressed in a variety of cell types and tissues, including but not limited to adipose tissue,
macrophages, platelets, endothelial cells, heart, skeletal muscle and liver. Besides long chain fatty acids,
it is recognized by thrombospondin, collagen, malaria-infected erythrocytes, lipolysacharrides, anionic
phospholipids, and oxidized lipoproteins (e.g., oxLDL) [76–79]. Therefore, CD36 can function in a wide
range of processes not always related to FA uptake, including apoptosis, angiogenesis, phagocytosis,
thrombosis, inflammation, and atherosclerosis [80,81]. Whether all these numerous and seemingly
unrelated effects share a common underlying mechanism and/or signaling event associated with CD36
remains unclear. However, adding the GHRPs to the list of high affinity ligands for scavenger receptor
CD36 certainly provides an additional layer in CD36 complexity of regulation and most importantly
give us new opportunities on the clinical value of GHRPs.

Figure 1. Overview of the growth hormone releasing peptide (GHRP)-peroxisome proliferator-activated
receptor-gamma (PPARγ) pathway in lipid and energy metabolism. The interaction of hexarelin with the
scavenger receptor CD36 promotes the transcriptional activation of nuclear receptor PPARγ and target
gene profiling involved in metabolism. In macrophages, hexarelin and other GHRPs induce a molecular
cascade involving nuclear liver X receptor LXRα and expression of apolipoprotein E (apoE) and sterol
transporters ABCA1 and ABCG1. Such activation of the PPARγ-LXRα-ABC metabolic pathway increases
cholesterol efflux, resulting in enhanced HDL reverse cholesterol transport and regression of atherosclerosis.
In hepatocytes, CD36 activation by hexarelin reduces de novo cholesterol synthesis. Activation of the
LKB-AMPK pathway resulted in the inhibition of the rate-limiting 3-hydroxy-3-methylglutaryl coenzyme
A reductase (HMGR) enzyme. Also, induction of Insig1/2 expression through PPARγ/PGC-1α activation
led to HMGR degradation and SREBP-2 retention in the endoplasmic reticulum (ER), thereby blunting
the homeostatic response to sterol depletion. In adipocytes, CD36 activation with hexarelin promotes
mitochondrial activity and biogenesis through enhanced PPARγ and co-activator PGC-1α transcriptional
activity. Induction of key genes involved in fatty acid utilization and energy production in mitochondria
results in an increased fatty acid β-oxidation and thermogenic-like profile indicative of a browning effect
of white fat (adapted from Refs [82,83]).
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CD36 and Atherosclerosis

The original observation that cultured macrophages were able to internalize modified
low-density lipoproteins at a much higher rate than native LDL particles, resulting in foam cell
transformation, has led to the identification of scavenger receptors [84]. Since then, several scavenger
receptors have been identified and classified based on their structural features, their capacity to
bind modified LDL particles (e.g., acetylated, oxidized) and their contribution to atherogenesis.
Each family member possesses distinct properties, although their ligand-recognition specificity
often overlaps, which complicates our understanding of their specific role and downstream actions.
However, important physiological roles of scavenger receptors have been identified in body protection
from infection, clearance of apoptotic cells and removal of modified lipoproteins that might be
potentially harmful.

Scavenger receptor CD36 is a member of the B subtype that also includes SR-B1, which functions as
a receptor that binds high-density lipoproteins (HDL) particles and is involved in the reverse cholesterol
pathway. On the other hand, through its strong ability to capture oxLDL, CD36 has clearly been
established as a critical component for macrophage foam cell formation and a major pro-atherogenic
factor. Atherosclerosis is a complex disease consisting of the infiltration and accumulation of LDL
and cellular debris within the intima of medium and large arteries following vascular injury
or inflammation [85]. Oxidation of LDL particles (oxLDL) is considered a priming step for the
development of the atherosclerotic plaque, with subsequent and excessive engulfment of oxLDL
by macrophages, which then become foam cells loaded with lipids resulting in fatty streaks and
plaque formation. Activation of macrophages and constant recruitment of immune cells to the
inflammatory site results in increased cytokine secretion and continuous oxidation of LDL. OxLDL are
no longer recognized by the LDL receptor and become high-affinity ligands for scavenger receptors,
principally CD36 present on macrophages [86]. Normally, this process allows macrophages to clear
the neointima from the harmful abundance of oxLDL. However, in conditions where macrophages
become overwhelmed by oxLDL, unbalanced uptake vs clearance of lipids is taking place, resulting in
lipid-laden macrophages or foam cells. Enhanced inflammation, cellular necrosis, and thinning of the
fibrotic plaque eventually ensue, leading to plaque rupture and thrombosis.

At the molecular level, internalized oxLDL provide oxidized fatty acids that serve as ligands
to PPARγ thereby inducing genes such as CD36 and LXRα (NR1H3) with a subsequent increase in
HDL production and reverse cholesterol transport [87]. Therefore, the role of CD36 is central to the
pro-atherogenic effect of modified LDL particles.

Studies using apolipoprotein (apo) E-null mice as a model of fatty streak lesions and
atherosclerosis have shown that CD36 was essential in that process. When crossed with apoE-negative
mice, CD36 null mice were resistant to developing atherosclerosis [88]. CD36-null murine peritoneal
macrophages also exhibited impaired binding and uptake of oxLDL, suggesting that CD36 represents
the predominant macrophage receptor for oxLDL [89]. Prior studies in humans had already assessed
the critical role of CD36 in the uptake of oxLDL and its abundant and specific expression in
atherosclerotic plaques [90,91]. CD36 genetic variants were also identified in humans characterized by
high serum triglycerides, low HDL levels, and hyperglycemia with insulin resistance, all considered
clinical features of metabolic syndrome [75,92,93]. Patients also demonstrated signs of cardiomyopathy,
probably due to impaired uptake of long-chain fatty acids essential to maintaining normal heart
function. Population studies have also identified several CD36 polymorphisms linked to increased risk
of metabolic syndrome, acute myocardial infarction and type 2 diabetes [81,94–98], which might
support their determination in the context of personalized therapeutic strategies. In particular,
polymorphisms found to impair LDL-binding domain of CD36 were correlated with increased
cardiovascular risk factors and unstable plaque formation. The potential of CD36 as a therapeutic
target for atherosclerosis and other complications of metabolic syndrome is therefore emphasized
by our increasing knowledge of its mode of action and certainly warrants the development of novel
alternatives aimed to correct for these metabolic defects.
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6. The GHRP-PPARγ Pathway in Macrophages

Scavenging oxLDL has been defined as a beneficial role of CD36 to liberate intima from cholesterol
depots but is also instrumental in early steps of atherogenesis [88,99]. Using conditions to prevent
GH release, we have determined that long-term treatment with GHRPs markedly decreased plaque
formation in apoE-null mice fed a high-fat diet, a model known to develop atherosclerosis [100,101].
In particular, GHRP EP80317, a CD36 specific ligand, and hexarelin were both potent in strongly
reducing atherosclerotic lesion areas [100,101]. The interaction of the GHRPs with CD36 was suggested
to initiate an intracellular signaling resulting in the activation of the PPARγ-LXRα-ABC metabolic
cascade involved in reverse cholesterol pathway (Figure 1). Treatment of mouse peritoneal macrophages
as well as differentiated human THP-1 macrophages with hexarelin resulted in an increase in cholesterol
efflux. Such cholesterol removal from cells correlated with a rise in the expression of LXRα, ApoE,
ABCA1 and ABCG1, all critical players promoting the HDL-mediated cholesterol efflux pathway.

Considering that expression of LXRα gene can be upregulated by PPARγ ligands [102] and
that oxLDL internalization through CD36 results in PPARγ activation with the entry of oxidized
fatty acids [12,103], we thus analyzed the effect of hexarelin on PPARγ transcriptional potential.
Using cell-based assays, the interaction of hexarelin with either CD36 or GHS-R1a was shown to
induce PPARγ transcriptional potential [101]. In addition, the response to hexarelin was strongly
impaired in peritoneal macrophages from PPARγ heterozygote mice, suggesting a critical role of
PPARγ. These findings highlight the potential of hexarelin to promote a metabolic cascade involving
PPARγ and LXRα as an attempt to efficiently remove oxLDL deleterious actions from the vessel wall
and shunt free cholesterol into the HDL reverse cholesterol pathway, thus providing a protective effect
in condition of plaque formation in vivo.

The beneficial effect of hexarelin on PPARγ activation appears to be balanced with the coordinated
induction of LXRα and downstream target genes achieving optimal lipid efflux. Consistent with
this, the activation of PPARγ by hexarelin did not result in an increase in CD36 expression,
as opposed to oxLDL-induced PPARγ activity which upregulates CD36, leading to subsequent positive
autoregulatory loops being considered pro-atherogenic [87,103]. The exact mechanism for such distinct
regulation remains unclear, but we found that the ligand binding domain was not necessary for PPARγ
activation by hexarelin, thereby avoiding any effect of exogenous PPARγ ligands (e.g., oxidized fatty
acids) that might arise from oxLDL entry. This also supports a role for the N-terminal AF-1 domain
that might mediate PPARγ transcriptional activation in response to hexarelin-elicited intracellular
transduction pathways. In support of this, PPARγ phosphorylation was strongly induced by hexarelin,
providing a molecular basis of PPARγ response to hexarelin signaling [83,101]. GHS-R1a activation by
hexarelin also increased PPARγ activity and may therefore suggest a concerted role of GHS-R1a to
signal PPARγ [101]. Interestingly, activation of GHS-R1a receptor by hexarelin or its natural ligand
ghrelin led to enhanced PPARγ phosphorylation through the coordinated action of Fyn and Akt kinases
in macrophages [104]. Whether such concerted response of both GHSR-1a and CD36 receptors is
required in the overall beneficial effects of hexarelin on atherosclerosis remains to be further explored.

A more recent study has also described the suppressive effect of hexarelin on plaque formation.
Using a vitamin-D3 induced rat model of atherosclerosis, hexarelin was shown to reduce foam cell
formation, aortic calcium sedimentation, and vascular smooth muscle cell growth [105]. With its ability
to promote ligand-independent PPARγ activation, to interfere with the pro-atherogenic regulatory
loop resulting from CD36 upregulation, and to increase overall cholesterol efflux from cells, hexarelin
represents a potent regulator to correct for pathological imbalance between sterol uptake and efflux
that usually leads to foam cell formation.

7. The CD36-PPARγ Axis in Adipocytes

Primary defects in energy balance that produce visceral adiposity are sufficient to result in the
development of insulin resistance and vascular disease. Current knowledge has implied a role for
fat-derived adipokines, such as leptin, tumor necrosis factor TNFα, adiponectin, adipsin and resistin,
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as important regulators of insulin sensitivity, defining fat tissue not just as a passive storage depot but
also as an endocrine organ [106,107]. PPARγ is recognized as a major regulator of adipokine synthesis
in mature adipocytes and as such, it has become a therapeutic target of TZD actions [19,20]. Because of
their potent insulin-sensitizing activity, TZDs are currently used to correct circulating glucose levels in
type 2 diabetes patients but under increasing restricted conditions [9,21–23].

Activation of PPARγ in white adipocytes is known to promote FA storage, triglyceride (TG)
synthesis and glucose uptake involving upregulation of key target genes related to fatty acid metabolism.
In addition, the induction of expression and secretion of insulin-sensitizing adipokines, such as
adiponectin, will dictate a decrease in lipid accumulation and an increase of glucose uptake and
fatty acid oxidation in other tissues. These actions are part of the mechanism by which the TZDs
improve insulin resistance in diabetic patients [23]. PPARγ is also a master regulator of adipogenesis.
Studies of fat-specific PPARγ knockout mice revealed that PPARγ is essential for differentiation and
survival of fat cells [108,109]. Consistent with the dual effect of PPARγ to ameliorate insulin sensitivity
while promoting fat differentiation, genetic studies have revealed that a partial loss-of-function Pro12Ala
variant improved insulin sensitivity, while the gain-of-function Pro115Gln mutation was associated to
obesity and insulin resistance in humans [110]. Therefore, it becomes essential to consider a PPARγ
selective modulator that might exhibit a better insulin sensitizing profile as compared to a full agonist.

Several studies have shown that mature adipocytes do express CD36, whereas expression of
GHS-R1a remains unclear despite a functional response to ghrelin [111,112]. However, the mechanism
by which CD36 may affect the overall metabolic activity of fat storage and mobilization is not
completely defined. Based on evidence that CD36 activation with hexarelin resulted in PPARγ
activation in macrophages, it was expected that a similar activation of PPARγ and subsequent
downstream effects could take place in adipocytes.

Indeed, we found that hexarelin promoted beneficial effects in white adipose tissue, resulting in a
striking thermogenic profile of FA oxidation and mitochondria biogenesis in cultured adipocytes and in
epididymal fat of treated mice [113]. These effects were translated through PPARγ and required CD36,
establishing a functional CD36-PPARγ pathway in fat [83]. Interestingly, gene profile analysis has
revealed that many of the genes upregulated by hexarelin were shared with TZD treatment, indicating
a common effect on PPARγ activation. However, not all established PPARγ targets were upregulated
by hexarelin, including CD36 itself [113]. This was also observed in macrophages, suggesting a
similar mechanism for CD36 gene regulation in response to hexarelin (Figure 1). Gene expression and
functional studies have indicated that adipocytes respond to hexarelin with an increased mobilization
of fatty acids rather than the expected adipogenic effect of PPARγ activation seen with TZDs, revealing
an unexpected effect of hexarelin to promote the β-oxidation of fatty acids [113]. Whether this indicates
that hexarelin may serve as an energy deficit signal that prevents fat utilization during deprivation
and promotes its use in excess is not certain, but if true, such a scenario has clear implications for
obesity-related metabolic defects. Consistent with this, the induction of key markers of fatty acid
oxidation and mitochondrial activity, including Cpt1b, Acaa1 and 2, and several subunits of the
cytochrome c oxidase (COX) complex, were increased in response to hexarelin. Interestingly, a recent
study has implicated the metabolic response of white fat tissue to hexarelin in correcting abnormal
lipid metabolic states of insulin-resistant mice through modulation of genes related to fatty acid uptake
and oxidation [114]. Given that PPARα also plays a pivotal role in FA metabolism by regulating genes
related to mitochondrial and peroxisomal β-oxidation pathways in high oxidative tissues, such as liver,
heart and brown fat [115,116], the metabolic response of fat to hexarelin strongly suggests also a role
for PPARα activation. Consistent with this, we found that both PPARα and PPARβ/δ were activated
in response to hexarelin, supporting a cellular response to CD36 activation that might implicate the
various PPAR isotypes [83,101].

The preferred redirection of FA toward mitochondrial oxidation process was accompanied by
noticeable changes in mitochondrial morphology in white adipose tissue of hexarelin-treated mice.
Increases in the intramitochondrial matrix surface and cristae formation observed were typical of
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tissues with high oxidative potential, such as brown fat, suggesting a browning effect of hexarelin [113].
This was also consistent with the induction of key thermogenic markers PGC-1α and uncoupling
protein (UCP)-1, which rose from low normal levels usually found in white fat cells to those mainly
characteristic of brown fat. PGC-1α and UCP-1 are highly expressed in brown fat and play critical roles
in thermogenesis and energy expenditure with enhanced oxidative metabolism and mitochondrial
biogenesis [117–119]. The ability of hexarelin to upregulate PGC-1α provides a clue by which CD36
signaling might control the fine-tuning of mitochondrial function towards FA oxidation and energy
balance. This suggests that such increase in mitochondrial activity and biogenesis by hexarelin
might thus provide a benefit to defects associated to mitochondrial diseases. Consistent with our
findings, a recent study also reported a protective effect of hexarelin on mitochondria function using
a rat model of cachexia [120]. The authors reported an increase of mitochondrial markers such as
PGC-1α at the protein levels, supporting the potential of hexarelin to induce a mitochondrial response,
but the mechanism involved and the role of CD36 were not addressed in this context. Interestingly,
besides PPARγ, PGC-1α upregulation by hexarelin and CD36 activation might also affect other known
nuclear receptors coregulated by PGC-1, such as the estrogen-related receptors (ERRs) involved
in mitochondrial function and biogenesis [121–123]. Therefore, investigating their contribution is
certainly an interesting avenue to pursue.

8. The Hexarelin-PPARγ Axis in Hepatocytes

Although considered highly expressed in insulin-sensitizing tissues, PPARγ is found at low levels
in the liver, and therefore its influence on hepatic function is not fully understood. In fact, much negative
attention was given to hepatic PPARγ with the hepatotoxicity effect of TZD troglitazone, resulting in its
withdrawal from the market [26,27]. Part of the noxious effects of troglitazone in liver was associated
with the production of toxic reactive metabolites and signs of mitochondrial DNA damage, mitochondrial
defects and cell death [124,125], which emphasizes anti-oxidant strategies [126]. However, some evidence
indicates that the toxic effect of troglitazone might be independent of PPARγ activity [127]. Recent studies
have reported beneficial hepatic effects of PPARγ agonists in reversing nonalcoholic steatohepatitis
(NASH) in patients, reducing liver inflammation, fibrosis and triglyceride content [128,129]. Interestingly,
in condition of PPARγ overexpression triggered by insulin or oleic acid treatment in hepatocytes,
or induced in mice fed a high-fat diet, there was the expected increase in PPARγ lipogenic genes but
also of PPARα target genes involved in FA oxidation [130–132]. Such induction of hepatic PPARγ might
therefore represent an adaptive response to promote beneficial lipid utilization.

The role of GHRPs on liver function has not been fully characterized and given their ability to
promote macrophage cholesterol reverse transport through CD36 receptor, one would expect that the
CD36-PPARγ axis might play a role of regulation on sterol metabolism in hepatic cells. We have recently
reported that hexarelin regulates hepatic cholesterol homeostasis by repressing de novo cholesterol
synthesis through enhanced 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) degradation
and sterol regulatory element-binding protein (SREBP)-2 retention in the endoplasmic reticulum [82].
Elegant work from Brown and Goldstein has detailed the mechanism responsible for maintaining
hepatic cholesterol homeostasis [133,134]. The rate-limiting HMGR is under a tight control by available
cellular cholesterol content both at the gene level, through regulation of expression by sterol regulatory
element-binding protein SREBP-2, and at the protein level, through enzyme phosphorylation and
degradation. Our findings have demonstrated that CD36 activity reduced cholesterol levels in liver
cells by impeding the compensatory activation of HMGR and decreasing SREBP-2 transactivation
normally occurring in cells during sterol depletion (Figure 1). Interestingly, this potential of CD36
to inhibit cholesterol synthesis was associated with activation of the LKB/AMPK energetic pathway,
known to play an imperative role in energy homeostasis by regulating a plethora of pathways for the
main purpose of saving energy and access readily available fuel for the cell. The AMPK activation
by hexarelin resulted in the phosphorylation of HMGR, achieving a rapid inhibition of its activity
in hepatocytes, similar to the inhibition triggered by statin compounds. With the role of CD36 in
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internalizing long chain fatty acids and cholesterol derivatives, the immediate activation of AMPK by
hexarelin is believed to promote a need to preserve energy in liver cells. Similarly, fatty acid-induced
AMPK activation has also been reported in the heart to promote CD36 regulation and adjust for fatty
acid usage and oxidation [135,136]. Although the exact role remains to be determined, our findings
suggest a metabolic cascade between CD36 and the LKB/AMPK pathway, providing a role of CD36 to
regulate downstream AMPK targets involved in energy metabolism.

The CD36-PPARγ pathway appears to be functional in hepatocytes with the activation of PPARγ
by hexarelin, which identified Insig-1 and Insig-2 genes as PPARγ-responsive genes [82]. Insig-1 and
Insig-2 were reported to promote HMGR ubiquitination and degradation [137], and also to prevent the
transit of SREBP-2 to the Golgi for its processing and activation [133,138]. Therefore, this provides a
mechanism by which genes encoding key enzymes involved in cholesterol synthesis and under the
control of SREBP-2 remained unresponsive to sterol depletion in the context of CD36 activation by
hexarelin [82]. The rapid Insig-mediated degradation of HMGR protein and the retention of SREBP-2
in the endoplasmic reticulum represent two checkpoints of regulation of CD36 signaling to prevent
sterol accumulation in liver cells.

Interestingly, the coactivation potential of PGC-1α was enhanced in response to hexarelin,
accompanied by an increase in PGC-1α recruitment to PPARγ [82]. This suggests that CD36 can
signal PGC-1α to induce PPARγ coactivation in hepatocytes. Consistent with this, the recruitment
of PGC-1α to activated AMPKα was enhanced by hexarelin, leading to Sirt1-mediated deacetylation
and PGC-1α transcriptional activation. Such metabolic activation of PGC-1α has also been described
in adipocytes whereby CD36 promoted increases in PGC-1α and downstream effectors, such as
UCP-1 and ATP synthase [113]. Given a similar increase in PGC-1α activity and UCP-1 expression in
hepatocytes, and the prominent role of PGC-1 in cellular energy homeostasis, FA oxidation, hepatic
gluconeogenesis, and mitochondrial biogenesis [117,139,140], the role of CD36 is likely to be extended
to different pathways of regulation involved in liver metabolism and function.

9. Concluding Remarks

While the molecular events by which CD36 and GHRPs exert their actions are not completely
understood, increasing evidence supports a prominent role of scavenger receptor CD36 to initiate
profound changes in key metabolic pathways, especially pertaining to PPARγ-controlled critical steps.
Also, with its potential to promote PGC-1α transcriptional competence and related key functions of
fatty acid usage, glucose homeostasis and mitochondrial activity, we might expect that GHRP-CD36
signaling may expand to other metabolic pathways and involve additional nuclear receptors. Given the
increasing prevalence of metabolic defects associated with deregulated glucose and lipid metabolism
and with mitochondria dysfunction, targeting CD36 with GHRPs appears to be a safe option for the
treatment of metabolic disorders.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a major health issue in developed countries.
Although usually associated with obesity, NAFLD is also diagnosed in individuals with low body
mass index (BMI) values, especially in Asia. NAFLD can progress from steatosis to non-alcoholic
steatohepatitis (NASH), which is characterized by liver damage and inflammation, leading to cirrhosis
and hepatocellular carcinoma (HCC). NAFLD development can be induced by lipid metabolism
alterations; imbalances of pro- and anti-inflammatory molecules; and changes in various other factors,
such as gut nutrient-derived signals and adipokines. Obesity-related metabolic disorders may be
improved by activation of the nuclear receptor peroxisome proliferator-activated receptor (PPAR)β/δ,
which is involved in metabolic processes and other functions. This review is focused on research
findings related to PPARβ/δ-mediated regulation of hepatic lipid and glucose metabolism and
NAFLD development. It also discusses the potential use of pharmacological PPARβ/δ activation for
NAFLD treatment.

Keywords: PPARβ/δ; NAFLD; NASH; steatosis; liver; lipid metabolism

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is an inclusive term describing a broad range of chronic
liver pathologies [1]. During the development of this chronic condition, several potentially pathogenic
mediators are crucially involved [2]. Risk factors for NAFLD include obesity, insulin resistance,
and other features of metabolic syndrome. Steatosis is the initial benign stage, characterized by lipid
accumulation in hepatocytes due to impaired triglyceride synthesis and export, and/or reduced fatty
acid beta-oxidation. Patients with steatosis may progress to non-alcoholic steatohepatitis (NASH),
a more severe form of NAFLD that involves hepatocellular injury and liver inflammation—both
drivers of hepatic fibrosis [3]. NASH can lead to more deleterious conditions, such as cirrhosis and
hepatocellular carcinoma (HCC) [4]. NASH is rapidly becoming a leading cause of end-stage liver
disease and hepatocellular carcinoma, both of which are indications for liver transplantation [5].

As obesity rates have risen, NAFLD has become the most common chronic liver disease in humans
and is considered an epidemic disease that constitutes a major global health issue. NAFLD affects
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70% of type 2 diabetes patients, and even a greater proportion of obese diabetic individuals [6,7].
Astonishingly, NAFLD affects nearly 30% of the general population worldwide [8–10] and has
potentially serious sequelae [11]. Although steatosis is considered a relatively benign condition,
about 30% of patients with steatosis will develop NASH, and 30–40% of patients with NASH will
progress to fibrosis and cirrhosis. Among patients with cirrhosis, 4% will develop hepatocellular
carcinoma with a 10-year mortality rate of 25% [12–14].

Although the majority of affected individuals are asymptomatic, NAFLD can be detected by
ultrasound scanning or routine blood testing for elevated plasma levels of the liver enzymes alanine
aminotransferase and aspartate aminotransferase, reflecting hepatocyte injury. On the other hand,
NASH diagnosis requires a liver biopsy and histological scoring. Individuals who are diabetic or
obese, or who suffer from metabolic syndrome, should be suspected as having NAFLD and should be
examined accordingly [15–17].

Body weight reduction through increased physical activity and dietary improvement can help
with NAFLD management and delay disease progression. However, long-term lifestyle changes may
be insufficient in many cases [18–20]. Notably, there is currently no effective FDA-approved therapy
for the prevention and/or treatment of NAFLD development and progression, although several
drugs are currently being tested in clinical trials [21]. Pharmacological treatments that target insulin
resistance, including metformin and thiazolidinediones (TZDs), have been tested in NAFLD patients
and those diagnosed with NASH. These studies have not demonstrated that metformin is effective
for NAFLD treatment [21,22]. TZDs reportedly lead to decreased hepatic fat and reduced liver injury;
however, TZD discontinuation allows NASH recurrence, and long-term TZD treatment can result in
medical complications, such as congestive heart failure, osteoporosis, and weight gain in susceptible
patients [23,24]. Thus, other than weight loss, there are currently no effective interventions and
therapies for NAFLD treatment [18–21].

Peroxisome proliferator-activated receptor (PPAR)β/δ is a nuclear receptor that is closely related
to PPARγ, which is activated by TZDs, as well as to PPARα, which is targeted by hypolipidemic agents
of the fibrate class. PPARβ/δ exerts a variety of metabolic effects and physiological actions [25–29],
and PPARβ/δ activation may inhibit and improve obesity-related metabolic disorders. In the present
review, we discuss the involvement of PPARβ/δ in NAFLD, and the effects of PPARβ/δ agonists on
this pathology.

2. Hallmark of NAFLD

2.1. Two-Hit Hypothesis

It has been proposed that NAFLD pathogenesis is a “two-hit” process (Figure 1) [30,31]. In this
hypothesis, the first hit results from triglyceride accumulation in the hepatocyte cytoplasm due to
an imbalance in lipid input and output, which is the hallmark of NAFLD [30]. Four mechanisms
can contribute to triglyceride accumulation in hepatocytes: (1) upregulated free fatty acid uptake
from blood plasma in the context of increased lipolysis from adipose tissue and/or chylomicrons
after high-fat diet consumption [32]; (2) high carbohydrate uptake that increases circulating glucose
and insulin levels, thus promoting de novo lipogenesis and contributing to triglyceride accumulation
in hepatocytes [33,34]; (3) decreased fatty acid mitochondrial oxidation; and (4) reduced hepatic
triglyceride secretion via packaging of apolipoprotein B (ApoB) into very low-density lipoprotein
(VLDL) particles, promoting triglyceride accumulation in hepatocytes [33–35]. Overall, aberrations in
any lipid metabolism processes, which may involve a large number of genes, can result in NAFLD
development [36].
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Figure 1. Schematic diagram of the two-hit hypothesis of non-alcoholic fatty liver disease (NAFLD)
progression. In the first hit, an imbalance of lipid synthesis, catabolism, and export results in lipid
accumulation in liver (steatosis). Obesity and insulin resistance are strongly correlated with liver
steatosis. In the second hit, further inflammation processes lead to non-alcoholic steatohepatitis
(NASH) and fibrosis, which can evolve into more severe stages, such as cirrhosis and ultimately
hepatocellular carcinoma.

The second hit in this NAFLD progression model is an imbalance of pro- and anti-inflammatory
factors, resulting in increased inflammation, as seen in NASH [30]. Hence, the most critical and
challenging step in NAFLD progression is the transition from relatively benign steatosis to the damaged
and inflamed liver in NASH. Any strong chronic inflammation will cause fibrosis, thereby contributing
to the development of cirrhosis and eventually hepatocellular carcinoma [37].

2.2. Multiple Parallel Hit Hypothesis

The multiple parallel hit hypothesis considers alterations in the regulation of several factors,
including gut nutrient-derived signals, adipokines, and certain pro-inflammatory cytokines
(Figure 2) [38]. Insulin resistance leads to alterations of nutrient metabolism and is thus commonly
associated with NAFLD development [39]. Elevated levels of inflammatory cytokines, such as interleukin 6
(IL6) and tumor necrosis factor α (TNFα), result in hepatic inflammation [40]. The administration of
TNFα antibody into ob/ob mice induces steatosis improvement, supporting a role of TNFα in NAFLD
progression. Moreover, hepatic steatosis can be induced through primary inflammation in ob/ob
mice [41]. In humans, inflammation is occasionally observed before steatosis, as seen in patients who
have NASH but exhibit lower levels of steatosis [42].

Genome-wide association studies (GWAS) have identified genes that are involved in diseases
and that can be targeted for disease treatments. A GWAS of various races found that NAFLD was
linked to a polymorphism in the patatin-like phospholipase domain containing 3 (PNPLA3) gene [43].
PNPLA3 is a multifunctional enzyme involved in triacylglycerol hydrolysis and acyl-CoA-independent
transacylation of acylglycerols [44]. The nonsynonymous rs738409 C/G variant in PNPLA3 encodes
I148M. It is proposed to be the main genetic component of NAFLD and NASH [45]. It reportedly shows
the strongest risk effect on NAFLD development, accounting for 5.3% of total variance, and is associated
with histological disease severity and NAFLD progression [45,46]. In patients with the single PNPLA3
nucleotide polymorphism rs738409 G/G, fatty liver progresses directly to NASH [47,48]. Notably,
mice with Pnpla3 deficiency do not develop fatty liver or liver injury [49], and Pnpla3 knockdown
decreases intracellular triglyceride levels in primary hepatocyte cultures [50]. Thus, the function
of PNPLA3 in NAFLD warrants further investigation. Interestingly, Pnpla3 is a downstream target
gene of sterol-regulated binding protein 1c (SREBP1c) and can mediate its effect in promoting lipid
accumulation. Therefore, PNPLA3 has been suggested as a possible “first hit”, preceding other hits
that may affect disease progression [51].
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Figure 2. Schematic illustration of the multiple parallel hits hypothesis of NAFLD development.
NAFLD develops due to the impaired regulation of several factors, such as gut nutrient-derived signals,
adipokines, and certain pro-inflammatory cytokines.

Two other widely studied genetic modifiers of NAFLD are the transmembrane 6 superfamily
member 2 (TM6SF2) and glucokinase regulator (GCKR) genes. TM6SF2 regulates liver fat metabolism,
influencing triglyceride secretion and hepatic lipid droplet content [52]. The nonsynonymous
rs58542926 variant in TM6SF2 encodes E167K and is associated with increased liver fat levels [53].
Patients with NAFLD show significantly lower TM6SF2 expression in the liver [54]. With regards
to NAFLD risk alleles of TM6SF2, the C (Glu167) allele is correlated with higher cardiovascular
risk via elevated circulating low-density lipoprotein (LDL)-cholesterol levels [55], and the T (Lys167)
allele is associated with NAFLD and NASH [54,56,57]. GCKR encodes the glucokinase regulatory
protein, which controls the activity and intracellular location of glucokinase, a key enzyme in
glucose metabolism [58]. The GCKR missense variant rs780094 is significantly associated with
histological NAFLD [59,60]. Moreover, GCKR mutations reportedly cause maturity-onset diabetes in
young individuals with NAFLD risk factors, such as glucose intolerance and insulin resistance [61].
Histological NAFLD is also significantly associated with variants in or near the neurocan (NCAN) and
lysophospholipase like 1 (LYPLAL1), but not protein phosphatase 1 regulatory subunit 3B (PPP1R3B)
genes [59].

Obesity is another increasingly common global condition that is associated with diseases,
including NAFLD, hypertension, type 2 diabetes mellitus, and hyperlipidemia. In fact, hypertension,
hypertriglyceridemia, and obesity are predictive risk factors for NAFLD [62]. Over the past decade,
visceral obesity has become more common among adults and children worldwide in association with
increased consumption of Western-style diets with high fat and fructose contents [63]. Visceral fat
accumulation is positively correlated with various organ pathologies, including NAFLD, as well as
with insulin resistance in both obese and non-obese individuals. These findings suggest that visceral
fat accumulation influences hepatic steatosis, regardless of the degree of obesity [64].
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3. Peroxisome Proliferator-Activated Receptor β/δ Expression in Liver

Peroxisome proliferator-activated receptors (PPARs) belong to the nuclear hormone receptor
superfamily, which comprises ligand-activated transcription factors. PPARs play important roles in
regulating genes involved in fatty acid uptake and oxidation, lipid and carbohydrate metabolism,
vascular biology, inflammation, cell proliferation, and senescence [65–67]. To be transcriptionally
active, PPARs must heterodimerize with the 9-cis retinoic acid receptor (RXR) (Figure 3) [68].
If an agonist is absent or in the presence of an antagonist, the PPAR-RXR heterodimer associates
with co-repressor proteins. This complex occupies the promoter region within a subset of PPAR target
genes, and consequently blocks their transcription. Such co-repressor proteins include the well-known
silencing mediator of retinoid and thyroid receptors (SMRT), and the nuclear receptor corepressor
(NCoR) [68–70].

 

Figure 3. Regulatory mechanisms of gene transcription by peroxisome proliferator-activated receptors
(PPARs). Each PPAR structurally comprises an N-terminal domain (NTD), a DNA-binding domain
(DBD), and a ligand-binding domain (LBD). In the absence of a ligand or in the presence of an antagonist,
the PPAR-RXR heterodimer associates with nuclear receptor co-repressor proteins, leading to repression
of PPAR target genes (Repression). Fatty acid-binding protein (FABP) associates with the ligand/agonist
to transport it into the cell. Upon ligand binding, a conformational change in PPAR leads to
co-repressor dissociation, and co-activators are recruited. The activated PPAR-RXR heterodimer
binds the peroxisome proliferator response element (PPRE) and stimulates target gene transcription
(Transactivation). In macrophages, endothelial cells, and vascular smooth muscles, in the absence of a
PPARβ/δ agonist or ligand, the receptor will scavenge BCL-6 (a PPARβ/δ-associated transcriptional
repressor). Once PPARβ/δ neutralizes BCL-6, transcription factors (TFs) bind to TF-binding sites
(TFBSs), allows transcription of the genes repressed by BCL-6. However, the binding of a PPARβ/δ
ligand to PPARβ/δ will result in BCL-6 dissociation, leading to co-repressor-dependent transrepression
of BCL-6 targeted genes, such as b6rg, which encodes a sequence-specific transcription repressor
(Transrepression). The dashed arrow with a question mark indicates that it is not known how the
antagonist is translocated to the cell nucleus. The curvy arrow indicates the dissociation of the
co-repressor from the transcription factor.
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On the other hand, in the presence of an agonist, PPAR activation results in an exchange within the
co-regulator complex. This involves co-activator recruitment upon co-repressor dissociation. Activated
PPAR-RXR heterodimers bind to peroxisome proliferator response elements (PPREs) located in the
regulatory regions (5′-end region and introns) of PPAR target genes [68,71,72]. This results in altered
expression levels of PPAR target genes. PPAR and RXR bind to the 5′ and 3′ half-sites of the PPRE,
respectively [73]. The 5′ flanking region of the PPRE contributes to the selectivity of binding of the
different PPAR isotypes [74], but the selection of the PPAR target genes to be activated by a given
PPAR isotype in vivo is not yet well understood. It is thought that it results from a complex interplay
between expression levels of the three isotypes in the cell, ligand and cofactor availability, affinity for a
given PPRE, and probably factors binding in the vicinity of the PPRE [72]. Comprehensive studies
integrating expression profiling and genome-wide promoter binding by the PPARs are required
to better understand the promoter-specific mechanisms of PPAR action. Interestingly, PPAR/RXR
heterodimers can induce transcription in response to PPAR or RXR ligand-dependent activation
and the relative levels of cofactor expression are important determinants of the specificity of the
physiological responses to PPAR or RXR agonists [72]. Studies of PPARs’ roles in reducing the
expression of a subset of inflammatory response genes have highlighted a repressive molecular mode
of action, termed transrepression, through which PPARs impact key transcription factor activity.
Transrepression occurs through tethering, in which direct protein–protein interactions inhibit the
binding of transcription factors to DNA. The regulation of gene transcription by PPAR can also take
place through the sequestration of coactivators or the release of corepressors, which stimulates and
represses promoter activity, respectively (Figure 3) [72].

The PPAR family includes three isotypes—PPARα, PPARβ/δ, and PPARγ—which have the
canonical nuclear receptor domain organization [68,75]. The N-terminal A/B domain possesses a weak
ligand-independent transactivation function known as activation function (AF)-1. The C domain
binds DNA via two zinc-finger motifs, and the D domain is a hinge region. The E domain contains
the ligand-binding domain (LBD), possesses the ligand-dependent transactivation function termed
AF-2, and includes the region for dimerization and interaction with regulatory proteins [76,77].
PPARβ/δ also functions in the regulation of gene expression independently of DNA binding,
through cross-talk with other transcription factors, which consequently influences their transrepressor
function. For example, PPARβ/δ associates with the transcriptional repressor B-cell lymphoma-6
(BCL-6) (Figure 3) in macrophages, endothelial cells, and vascular smooth muscle cells [78,79].
In the presence of a PPARβ/δ agonist, BCL-6 dissociates from PPARβ/δ and subsequently binds
to promoter regions of pro-inflammatory genes, such as vascular cell adhesion molecule-1 (VCAM-1)
and E-selectin. With the aid of a co-repressor complex, such binding will repress the transcription of
these genes [29,80,81].

4. Hepatic Functions of PPARβ/δ Compared to PPARα and PPARγ

As mentioned above, Pparα, Pparβ/δ, and Pparγ encode proteins with a highly conserved structure
and molecular mode of action. However, the receptors differ in their tissue distribution patterns and
target genes and, therefore, in the biological functions that they regulate. Below, we briefly review the
roles of PPARα and PPARγ, and then discuss those of PPARβ/δ in greater detail.

4.1. PPARα

PPARα is predominantly expressed in tissues with high levels of fatty acid catabolism, including
the liver, as well as brown adipose tissue, heart, kidney, and skeletal muscle [82–84]. In the liver, PPARα
is involved in fatty acid metabolism through transcriptional upregulation of numerous genes that play
roles in mitochondrial and peroxisomal fatty acid oxidation, and in phospholipid remodeling [85–87].
PPARα also participates in downregulating hepatic inflammatory processes by reducing the effects of
acute exposure to cytokines [88–91].
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Preclinical and clinical studies have demonstrated that PPARα can influence NAFLD and
NASH development [92–97]. Fasting is sufficient to trigger steatosis in PPARα-null mice, indicating
that PPARα activity is required for metabolizing free fatty acids released from adipocytes [98,99].
Since PPARα is expressed and active in many organs, it is possible that the absence of PPARα in these
organs might contribute to the development of fasting-induced steatosis. Therefore, we generated
a hepatocyte-specific Pparα-null mouse and found that hepatocyte-restricted Pparα deletion is sufficient
to promote steatosis [97]. This mouse shows impaired whole-body fatty acid homeostasis not only
during fasting, but also when fed a methionine- and choline-deficient diet or a high-fat diet. Collectively,
these data establish PPARα as a relevant drug target in NAFLD [97].

4.2. PPARγ

The PPARγ protein has two isoforms: PPARγ1 and PPARγ2. Differential promoter usage
and alternate splicing of the PPARγ gene products actually generate three messenger RNAs
(mRNAs)—PPARγ1, PPARγ2, and PPARγ3—with the PPARγ1 and PPARγ3 mRNAs both encoding
the PPARγ1 protein [100]. PPARγ isoforms γ1 and γ2 are highly expressed in white and brown
adipose tissues, where the receptor governs adipocyte differentiation and lipid storage. PPARγ1 is
also expressed in the brain, vascular cells, colon, and immune cells [82,83].

PPARγ is weakly expressed in healthy liver, and steatosis is associated with increased hepatic
expression of the PPARγ2 isoform, as observed in various mouse models of obesity [101,102].
Accordingly, hepatocyte-specific PPARγ deletion reduces hepatic fat content in mice fed a high-fat
diet [103]. Increased PPARγ2 gene expression is also positively correlated with liver steatosis in
obese patients [104,105]. Findings in the hepatocyte-specific PPARγ-knockout model indicated that
PPARγ directly promotes hepatic fat accumulation by increasing lipid uptake, and by promoting
de novo lipogenesis [106–110]. More recently, observations in an original mouse model of inducible
hepatocyte-specific PPARγ deletion have suggested that PPARγ plays a specific role in fatty acid uptake
and diacylglycerol (DAG) synthesis via upregulation of Cd36 and monoacylglycerol O-acyltransferase 1
(Mogat1) [111]. Moreover, PPARγ plays important roles in glucose metabolism by regulating the
expression of hexokinase 2 (HK2) and the M2 isoform of pyruvate kinase (PKM2), resulting in massive
liver steatosis in phosphatase and tensin homologs deleted on chromosome 10 (PTEN)-null mice [112].

4.3. PPARβ/δ

PPARβ/δ is ubiquitously expressed, with the expression level varying among organs, cells,
and species. Hepatic expression is low to moderate in adult humans and rats [82,113–116] and moderate
to high in mice [117]. Pparβ/δ is highly expressed in hepatocytes, liver sinusoidal endothelial cells
(LSECs), and liver-resident macrophages (Kupffer cells) [118]. Pparβ/δ expression is also constitutively
high in hepatic stellate cells (HSCs).

In liver tissue of Pparβ/δ-null mice, transcriptional profiling revealed downregulation of genes
associated with lipoprotein metabolism and glucose utilization pathways, indicating that these genes
are positively regulated by PPARβ/δ. On the other hand, genes involved in innate immunity and
inflammation were upregulated, suggesting their repression by PPARβ/δ. These transcriptional
changes in Pparβ/δ-null mice correlated with increased plasma glucose and triglyceride levels,
and reduced plasma cholesterol levels [119]. These results suggested important roles of PPARβ/δ in
energy metabolism and inflammation, which we discuss below.

4.3.1. PPARβ/δ Roles in Energy Metabolism

In a very informative piece of work, Liu et al. demonstrated that adenovirus-mediated liver-restricted
PPARβ/δ overexpression reduced fasting glucose levels in both chow- and high fat-fed mice.
In parallel an increased hepatic glycogen and lipid deposition was observed accompanied by an
up-regulation of glucose utilization and de novo lipogenesis [28]. PPARβ/δ increased the production
of monounsaturated fatty acids (MUFAs), which activate PPARs, while reducing saturated fatty acid
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levels. Lipid accumulation in the adeno-PPARβ/δ-infected livers reduced cell damage and c-Jun
N-terminal kinase (JNK) stress signaling. The authors proposed that the PPARβ/δ-regulated lipogenic
program may protect against lipotoxicity, and that altered substrate utilization by PPARβ/δ resulted
in AMP-activated protein kinase activation, which may contribute to the glucose-lowering activity
of PPARβ/δ. Taken together, this data suggested that PPARβ/δ impacts hepatic energy substrate
homeostasis by a coordinated control of fatty acid and glucose metabolism [28].

In line with these findings, PPARβ/δ regulates lipogenic genes during the dark/feeding cycle.
Specifically, PPARβ/δ drives MUFA production via stearoyl-CoA desaturase 1 (Scd1) upregulation,
a process that avoids lipotoxicity by increasing fatty acid oxidation or sequestration of saturated
fatty acids. As such, the process inhibits saturated fatty acid-induced cytotoxicity in hepatocytes.
Furthermore, long chain acyl-CoA from MUFA production allows esterification into triglycerides [120].
Interestingly, liver-specific PPARβ/δ activation increases fatty acid uptake in muscle, whereas its
deletion has an opposite effect. Phosphatidylcholine 18:0/18:1 (PC (18:0/18:1)) was identified as a
serum lipid produced in the liver under the control of PPARβ/δ activity, which upon circulating to
muscles stimulates fatty acid catabolism through PPARα activation [121].

For a direct comparison of the roles of Pparα and Pparβ/δ in liver, microarray analysis was
being used to compare the liver transcriptome between Pparα and Pparβ/δ-null mice, revealing a
small overlap in the regulation of genes that are both PPARα- and PPARβ/δ-dependent. In the fed
state, similar numbers of genes exhibited altered expression in Pparα and Pparβ/δ deletion. However,
during fasting, more genes showed altered expression in Pparα-deleted mice compared to Pparβ/δ-null
mice. Analysis of plasma metabolites, including free fatty acids and β-hydroxybutyrate, supported the
notion that PPARα is particularly important during fasting, while PPARβ/δ appears to be important
in both the fed and fasted states [119]. Based on functional similarities to PPARα, PPARβ/δ may be a
master regulator of hepatic intermediary metabolism. In rodents, both receptors play non-redundant
roles in the liver to enhance ketogenesis through induction of Fgf21 and expression of fatty acid
oxidation genes under fasting conditions [122,123]. In fact, PPARα is an important activator of hepatic
fatty acid oxidation [97,99,124]. Interestingly, PPARβ/δ cannot compensate for PPARα in Pparα-null
mice [98].

The differences between PPARα and PPARβ/δ in molecular and biological functions also
corresponded with their antiphasic circadian expression profiles. Indeed, PPARα peaks at the end the
light/resting period, while PPARβ/δ is highly expressed in the liver during the night/feeding period,
according to [86,121], and Montagner et al., unpublished results. Notably, during fasting (usually
light period), PPARβ/δ expression decreases while PPARα is highly expressed [125]. In spite of their
biphasic expression profile, intra- and inter-organ dialogs between PPARβ/δ and PPARα activities have
been described. As mentioned above, increased hepatic PPARβ/δ activity can lead to PPARα activation
in muscle tissue via production of the specific PPARα ligand 16:0/18:1-phosphatidylcholine [121].
This mechanism could also occur in the liver [121,126]. Overall, while both PPARα and PPARβ/δ are
associated with the regulation of hepatic lipid metabolism [127,128], hepatic PPARβ/δ mainly acts
on anabolic metabolic processes and primarily contributes to glucose utilization, MUFA formation,
and anti-inflammatory responses [119,129].

Compared with PPARα and PPARγ, less is known about PPARβ/δ in relation to obesity and
NAFLD [130]. However, the lipogenic activity of PPARβ/δ raises the question of whether PPARβ/δ
activation is associated with steatosis and steatohepatitis. It was recently shown that both PPARβ/δ
and PPARα receptors were necessary for adipose tissue reduction driven by the PPARβ/δ agonist
GW501516 and subsequent development of hepatic steatosis, with PPARβ/δ working upstream of
PPARα [131]. PPARβ/δ is also involved in transforming potentially toxic lipids into less toxic molecules
by regulating MUFA synthesis, a process that increases PPARα activity and could protect against
NAFLD and promote detoxification. In mice with adenovirus-mediated liver-restricted PPARβ/δ
overexpression, examination revealed elevated liver expression of the adiponectin receptor 2 (AdipoR2),
leading to enhanced 5′ adenosine monophosphate-activated protein kinase (AMPK) activity [132].
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This PPARβ/δ-dependent increase in AMPK activity reportedly suppressed lipogenesis and glycogen
synthesis, reduced gluconeogenesis, and increased fatty acid oxidation [25–27]. The AMPK pathway
may act as a negative feedback loop for PPARβ/δ, possibly explaining why long-term PPARβ/δ
agonist treatment does not lead to liver lipid accumulation [133]. Similarly, PPARβ/δ suppresses
lipogenesis by lowering SREBP1c levels, reducing the severity of hepatic steatosis in obese diabetic
db/db mice via stimulation of the insulin-induced gene-1 (Insig-1), the product of which inhibits
SREBP1c [134].

Fibroblast growth factor 21 (FGF21) is a circulating hormone derived from the liver, which plays
important roles in regulating glucose and lipid metabolism [135,136]. Recent evidence shows that
PPARβ/δ and FGF21 exert hepatic regulation of the VLDL receptor, which modulates NAFLD.
Liver tissue of Pparβ/δ-null mice and Pparβ/δ−/− hepatocytes exhibit increased VLDL receptor
expression. Moreover, FGF21 neutralizing antibody treatment resulted in triglyceride accumulation
in Pparβ/δ-null mice [137]. In support of these pre-clinical results, liver biopsies from patients with
moderate and severe hepatic steatosis showed increased VLDL receptor levels and reduced PPARβ/δ
mRNA levels and DNA-binding activity compared to in control subjects. These findings revealed a
novel mechanism in which VLDL receptor levels are controlled by PPARβ/δ and FGF21, impacting
hepatic steatosis development [137].

4.3.2. PPARβ/δ Roles in Inflammation

On a high-fat diet, the PPARβ/δ-dependent increase in hepatocyte MUFA production impacts
liver-resident macrophages and Kupffer cells—resulting in increased PPARβ/δ activation, and reduced
expression of TNFα or interferon gamma (IFNγ) inflammatory markers from these cells—and altering
the immune response [28]. Thus, this finding suggests that PPARβ/δ plays an anti-inflammatory role
in liver. PPARβ/δ and its ligands are also reportedly associated with anti-inflammatory activities
through interference with nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB)
signaling [67,138,139] and through interactions with signal transducer and activator of transcription 3
(STAT3) and extracellular-signal-regulated kinase 5 (ERK5) [140,141].

Kupffer cells are also involved in insulin resistance and fatty liver disease [142], and PPARβ/δ
plays a role in regulating the alternative activation of these cells [143]. In the presence of IL4 and
IL13 stimulation, PPARβ/δ is required for the activation of Kupffer cells to the M2 subtype that
has anti-inflammatory activity. Hematopoietic Pparβ/δ-deficient obese mice exhibited lower insulin
sensitivity and oxidative metabolism, as well as impaired alternative activation of Kupffer cells.
This phenotype was validated by three independent lines of experiments. First, Pparβ/δ deletion in
lean mice resulted in lower expression of genes involved in alternatively activated Kupffer cells, such as
arginase 1 (Arg1), c-type lectin domain containing 7A (Clec7a), jagged 1 (Jag1), programmed cell death
1 ligand 2 (Pdcd1lg2) and chitinase (Chia). However, treatment with PPARβ/δ agonist GW0742 led
to increased expression of these genes in liver. Second, replacing the bone marrow of wild-type mice
with Pparβ/δ-null bone marrow led to insulin resistance and mitochondrial dysfunction in hepatocytes,
eliminating the alternative activation of Kupffer cells. Third, direct co-culturing of Pparβ/δ-null
macrophages with primary hepatocytes induced a significant reduction of oxidative phosphorylation
in the parenchymal cells. The study demonstrated the association between Pparβ/δ-null Kupffer cells
and dysregulation of hepatic metabolism, resulting in increased liver triglycerides [143].

PPARβ/δ is also involved in hepatic stellate cell (HSC) activation; its expression is upregulated
in cultures of activated HSCs and in in vivo fibrogenesis [144,145]. Administration of the PPARβ/δ
agonist L165041 enhances HSC proliferation, and L165041 administration combined with chronic
carbon tetrachloride (CCl4) treatment leads to higher fibrotic marker expression in rats [146]. These data
suggested that PPARβ/δ plays an important role as a signal-transducing factor, leading to HSC
proliferation in the event of acute and chronic liver inflammation [146]. In activated HSCs, PPARβ/δ
enhances the expression of Cd36, which codes for a membrane receptor that facilitates fatty acid
uptake. Moreover, upregulated PPARβ/δ expression is associated with elevated expression of proteins
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involved in retinoid binding and esterification, such as cellular retinol-binding protein 1 (CRBP-1) and
lecithin retinol acyltransferase (LRAT). Overall, PPARβ/δ regulates the expression of genes related to
vitamin A metabolism in HSCs undergoing activation [144].

Interestingly, CCl4-induced hepatic fibrotic response requires PPARβ/δ which enhances expression of
profibrotic and pro-inflammatory genes in mice. This process results in increased macrophage recruitment
and extracellular matrix deposition in the liver [145]. However, this phenotype was not observed in
Pparβ/δ-null mice treated with CCl4 alone or with CCl4 plus GW501516. The same study further
demonstrated that GW501516 administration increased HSC proliferation in CCl4-injured wild-type
mice livers, but not in Pparβ/δ-null mice with the same treatment. In another study, GW501516-treated
db/db mice exhibited higher expression of the lipogenic enzyme acetyl-CoA carboxylase β and elevated
triglyceride levels in the liver [147]. Moreover, investigations of GW501516 treatment in control
and Pparβ/δ-knockdown LX-2 human hepatic stellate cells revealed that GW501516-stimulated HSC
proliferation occurs via p38 and JNK mitogen-activated protein kinase (MAPK) pathways [145].
However, in the same model of CCl4-induced liver damage, administration of the PPARβ/δ
agonist KD3010 (chemical abstracts service, CAS ID 934760-90-4) ameliorated the CCl4-induced
liver injury with lower deposition of extracellular matrix proteins. KD3010 treatment of primary
hepatocytes provided protection from CCl4-induced cell death or starvation, suggesting that KD3010
administration could have hepatoprotective and antifibrotic effects in animal models of liver
fibrosis [148]. Further studies are needed to determine the reasons for the different effects of GW501516
and KD3010 in injured livers [149].

In mice treated with the agonist GW0742, NFκB signaling was attenuated in a PPARβ/δ-dependent
manner. Compared to wild-type mice, Pparβ/δ-null mice exhibited higher TNFα and αSMA expression
in hepatocytes and HSCs, but similar inflammatory signaling in hepatocytes and activation of
HSCs [150]. A recent study using the same PPARβ/δ agonist demonstrated that PPARβ/δ upregulates
serum high-density lipoprotein (HDL) and HDL phospholipids in NAFLD mice, while this effect is
not seen in Pparβ/δ-deficient mice [151].

5. Pharmacological Strategies Targeting PPARβ/δ for NAFLD Treatment

5.1. PPARβ/δ Agonists: GW0742, GW501516

Preclinical studies have investigated long-term treatment with PPARβ/δ agonists such as GW0742
(CAS ID 317318-84-6) and GW501516 (CAS ID 317318-70-0) in animal models, revealing that PPARβ/δ
activation attenuates hepatic steatosis by promoting fatty acid oxidation, reducing lipogenesis,
and enhancing insulin sensitivity [134,152–154]. On the contrary, short-term treatment with PPARβ/δ
agonists reportedly yields a transient increase in hepatic triglyceride levels [131]. Elevated levels of
monounsaturated fatty acids, are accompanied by lower saturated fatty acid levels and no observed
hepatotoxicity [28]. Studies involving PPARβ/δ agonist treatment in humans have demonstrated
reduced hepatic fat content and improved plasma markers of liver function, including carnitine
palmitoyltransferase 1b [155,156]. One study conducted in middle-overweight patients revealed
that GW501516 treatment decreased liver lipid content and insulinemia, with no signs of oxidative
stress [156]. However, LDL cholesterol plasma level was also reduced. This suggests that the protective
effects of PPARβ/δ pharmacological activation are reliant on increased lipid oxidation in muscles.

5.2. PPAR Dual Agonists: Elafibranor, Saroglitazar

The PPARα and PPARβ/δ dual agonist elafibranor (also known as GTF-505, CAS ID 923978-27-2)
has recently emerged as one of the most promising chemical entities for treatment of NAFLD,
especially NASH. Prior studies have demonstrated its efficiency, and it is currently undergoing
phase III testing in NASH patients. It has reportedly improved steatosis, inflammation, and fibrosis
in mouse models of NAFLD [95], and thus appears to be a good candidate for the treatment of
hepatic fibrosis, NAFLD, primary biliary cirrhosis, and NASH. Elafibranor was investigated in a
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randomized, double-blind, placebo-controlled trial including 274 patients in Europe and the USA
(GOLDEN-505 trial; NCT01694849). Post-hoc analysis of those trial results revealed that ALT was
significantly reduced after four to 12 weeks of elafibranor treatment among patients who were in
the top two quartiles at baseline. Non-cirrhotic patients with NASH did not exhibit any worsening
of hepatic fibrosis after 52 weeks of taking elafibranor at 120 mg/day [157]. Liver biopsy analysis
in this patient group further revealed disappearance of hepatocellular ballooning, with no or mild
lobular inflammation. Elafibranor-treated patients also exhibited improvement in liver enzymes, lipid
parameters (triglycerides, low-density lipoprotein, high-density lipoprotein, and cholesterol), serum
inflammation biomarkers, steatosis, and fibrosis. Other studies have reported that elafibranor treatment
improves glucose homeostasis and insulin resistance in diabetic patients [157,158]. Overall, elafibranor
appears to be safe and well-tolerated, with no deaths or cardiovascular incidents reported during
treatment. There is currently an ongoing phase III randomized, double-blind, placebo-controlled trial
of elafibranor use in 2000 liver biopsy-proven NASH patients, to investigate the efficacy against NASH
and the safety regarding fibrosis during longer use (72 weeks) (NCT02704403) [159].

Interestingly, the PPARα/γ dual agonist saroglitazar (CAS ID 495399-09-2) has also exhibited overall
beneficial effects in experimental models of NASH [160]. Moreover, saroglitazar treatment induces a
significant decrease of ALT levels in subjects with biopsy-proven NASH [21]. Since saroglitazar improves
all of the components responsible for NAFLD/NASH in preclinical models, it is also a promising
candidate for the management of these conditions. Further studies are needed to examine the possible
common and different pathways of action of elafibranor and saroglitazar.

5.3. PPAR Pan-Agonists: Bezafibrate, MHY2013, Lanifibranor

The anti-fibrotic and anti-inflammatory effects of PPARs have inspired growing use of PPAR
pan-agonists to treat NAFLD. It is postulated that PPAR pan-agonist may show improved efficacy
compared to targeting a single PPAR isotype [161]. The PPAR pan-agonist bezafibrate (CAS ID 41859-67-0),
which activates PPARα, PPARβ/δ, and PPARγ, has shown beneficial effects in NASH treatment.
In mice fed a methionine- and choline-deficient diet, bezafibrate and GW501516 (selective PPARβ/δ
agonist) treatments have resulted in upregulation of β-oxidation and lipid transport genes in
hepatocytes. They have inhibited NASH development. These treatments also both resulted in reduced
inflammatory gene expression [152]. MHY2013 is another PPAR pan-agonist that also activates all
three PPAR isotypes. In aged Sprague-Dawley (SD) rats, MHY2013 treatment improved age-related
hepatic lipid accumulation, and resulted in upregulated β-oxidation signaling and lower inflammation
in the liver [162]. The PPAR pan-agonist Lanifibranor (CAS ID 927961-18-0) is reportedly effective in
experimental skin and lung fibrosis [163,164]. It has been proposed for use as an anti-fibrotic treatment.
Lanifibranor is currently being tested in a phase 2b randomized, double-blind, placebo-controlled trial
for safety and efficacy in up to 225 patients in 12 European countries (NCT03008070) [165].

6. Conclusions

NAFLD is an alarming health issue that is occurring with rising frequency in developed
countries. It is now well documented that PPARβ/δ is involved in regulating glucose and lipid
metabolism in the liver. An improved understanding of the physiological roles of PPARs, particularly
PPARβ/δ, will likely contribute to the design and development of safe agonists with enhanced
therapeutic potential compared to first-generation agonists. Although much remains unknown about
the physiological impact of PPARβ/δ, prior research has elucidated highly interesting NAFLD-related
functions, as reviewed in this article.

Some results on PPARβ/δ roles seem contradictory, and the reasons for these discrepancies is
unclear. It is conceivable that PPARβ/δ exert different functions in a context- and agonist-specific
manner. For example, one study reported that PPARβ/δ stimulates the de novo lipogenesis
pathway, which is accompanied by lipid deposition. Interestingly, this PPARβ/δ-regulated lipogenic
program is paralleled by reduced JNK stress signaling, suggesting that it may protect against
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lipotoxicity [28]. However, it has also been suggested that PPARβ/δ suppresses hepatic lipogenesis.
PPARβ/δ overexpression enhanced Insig-1 expression, which suppressed SREBP-1 activation and
thus ameliorated hepatic steatosis in obese db/db mice [134]. Similarly, PPARβ/δ agonists GW501516
and KD3010 exerted pro-fibrotic and anti-fibrotic effects, respectively, in CCl4-injured livers [145,146].
Uncovering the causes for these apparent discrepancies will likely elucidate differentiated responses of
PPARβ/δ in specific situations, which will be important for PPARβ/δ as a pharmacological target. We are
in the opinion that detail transcriptomic profiling in combination with a better understanding of the
pharmacological characteristics of candidate drugs, such as half-life, affinity constant, and bioavailability,
may provide insights into their true target and reveal potential off-target effects.

PPARβ/δ also plays an interesting role in the alternative activation of Kupffer cells to
the anti-inflammatory macrophage M2 subtype [143], revealing the direct PPARβ/δ-dependent
involvement of Kupffer cells in liver lipid metabolism. Based on this beneficial role for alternatively
activated Kupffer cells in metabolic syndrome conditions, controlling PPARβ/δ activity in these cells
may contribute to delaying NAFLD progression.

Figure 4. Overview of research findings regarding PPARβ/δ in hepatic metabolism, and the contrasting
effects of various PPARβ/δ agonist treatments in pre-clinical models.
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The fine tuning of PPAR-regulated physiological functions in the liver and other organs is
influenced by the functional interaction between PPARβ/δ and PPARα [121,131]. PPARβ/δ apparently
works upstream of PPARα, controlling the production of MUFAs, as well as PC (18:0/18:1), which activates
muscle PPARα to increase muscle energy use [121]. MUFAs also activate PPARα in the liver itself.
This regulatory circuit couples ligand production and the activities of two receptors that play key roles
in liver energy metabolism.

These complex interactions are certainly of interest for the development of novel PPAR drugs.
PPARα/PPARβ/δ dual agonists may have additional beneficial effects due to the integrated
roles of these two receptors through the abovementioned regulatory circuit they form together.
GFT505 (elafibranor) is the most advanced PPARα/PPARβ/δ dual agonist [158]. It has been tested in
several clinical trials and is currently being evaluated in a clinical phase III study [166]. Several other
PPAR agonists, dual agonists, and pan-agonists of interest have been investigated, and some are now
in clinical studies of safety and efficacy (Figure 4). As PPARs play important roles in regulating genes
involved in fatty acid uptake and oxidation [65–67], we propose that targeting PPARs will be one of
the best possibilities to treat fatty liver diseases.

Acknowledgments: The work performed in W.W.’s laboratory was supported by Singapore Ministry of Education
under its Singapore Ministry of Education Academic Research Fund Tier 1 (2015-T1-001-034) and start-up grant
from the Lee Kong Chian School of Medicine, Nanyang Technological University, Singapore. J.C. is a recipient of
the Research Scholarship from NTU, Singapore.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ADIPOR2 adiponectin receptor 2
AF activation function
APOB apolipoprotein B
Arg1 arginase 1
CAS chemical abstracts service
CCL4 chronic carbon tetrachloride
CHIA chitinase
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SMRT silencing mediator of retinoid and thyroid receptors
SREBP1c sterol-regulated binding protein 1c
STAT3 signal transducer and activator of transcription 3
TF transcription factor
TFBS TF-binding site
TM6SF2 transmembrane 6 superfamily member 2
TNFα tumor necrosis factor α
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VCAM-1 vascular cell adhesion molecule-1
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Abstract: The prevalence of obesity and atherosclerosis has substantially increased worldwide over the
past several decades. Peroxisome proliferator-activated receptors (PPARs), as fatty acids sensors, have
been therapeutic targets in several human lipid metabolic diseases, such as obesity, atherosclerosis,
diabetes, hyperlipidaemia, and non-alcoholic fatty liver disease. Constitutive androstane receptor
(CAR) and liver X receptors (LXRs) were also reported as potential therapeutic targets for the treatment
of obesity and atherosclerosis, respectively. Further clarification of the internal relationships between
these three lipid metabolic nuclear receptors is necessary to enable drug discovery. In this review, we
mainly summarized the cross-talk of PPARs-CAR in obesity and PPARs-LXRs in atherosclerosis.
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1. Introduction

Obesity is a lipid metabolic disturbance that has been growing across the world for nearly half
a century. It is a global human health concern. In 2016, more than 1.9 billion adults (≥18 years old)
were overweight and, of these, over 650 million were obese. Furthermore, 340 million children and
adolescents (5–18 years old) and 41 million children (≤5 years old) were overweight or obese [1,2].
The body mass index (BMI), defined as a person’s weight in kilograms divided by the square of
their height in meters, is a simple index used to classify overweight and obesity in adults. Obesity is
associated with various metabolic disorders and cardiovascular diseases. A high BMI is considered
to be an indicator of high body fatness that may lead to a high risk of cardiometabolic syndrome
and atherosclerotic vascular disease [3–5]. Atherosclerosis, also known as arteriosclerosis, hardening
of the arteries, is a disease in which fatty plaque deposits build up inside the arteries, narrowing
them, leading to some serious problems, including coronary artery disease, stroke, or even death [6].
Obesity and atherosclerosis are common chronic lipid metabolic disorder diseases. The treatment and
prevention of obesity and atherosclerosis are both major challenges, and studying this problem can
help us live longer, healthier lives.

Nuclear receptors (NRs), a class of ligand-activated transcriptional factors, play significant roles
in metabolic homeostasis. It is well known that there are 48 and 49 NR genes in humans (Homo sapiens)
and mice (Mus musculus), respectively [7,8]. Most of the NRs contain six functional domains, such as
the variable N-terminal regulatory domain (A–B), the conserved DNA-binding domain (DBD) (C),
the variable hinge region (D), the conserved ligand binding domain (LBD) (E), and the variable
C-terminal domain (F) (Figure 1a) [7,9]. The classical function of NRs is to transcriptionally regulate
the expression of cognate target genes through the recruitment of coactivators or corepressors when
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ligands bind to the receptors [10,11] (Figure 1b). To perform the transcriptional activity, NRs either
(1) act as monomers; (2) need to form dimeric complexes (homodimers); or (3) form complexes with
the retinoid X receptor (RXR) (heterodimers) and bind to the DNA in the cell nucleus [9]. Recently,
many studies have indicated the role of some NRs in the regulation of lipid metabolism. It has
been recognized that peroxisome proliferator-activated receptors (PPARs) act as fatty acid sensors,
regulating the multiple pathways involved in lipid and glucose metabolism and overall energy
metabolism [12,13]. Furthermore, the constitutive androstane receptor (CAR), which was initially
characterized as a xenosensor that controls xenobiotic responses, has been recently identified as a
therapeutic target for obesity and its related metabolic disorders [14,15], whereas liver X receptors
(LXRs) are sterol sensors that mainly regulate cholesterol, fatty acid and glucose homeostasis, they can
inhibit atherosclerosis development, but promote lipogenesis in liver [16]. In this review, we briefly
summarize the roles of PPARs, CAR and LXRs and their ligands in the treatment of metabolic diseases,
obesity and atherosclerosis, and discuss the cross-talk of PPARs-CAR and PPARs-LXRs in lipid
metabolism regulation.

Figure 1. Schematic structure of NRs (nuclear receptors) and model of NR signalling. (a) General
domain structure of NRs; and (b) the mechanism of general NR action. The ligands bind to the LBD
(ligand-binding domain) of NRs in the cytoplasm, and translocate to the nucleus. Then the DBD
(DNA-binding domain) of NRs bind to the XRE (xenobiotic responsive elements) forming dimeric
complexes with RXR and the recruitment of co-activators or co-repressors. Finally, this leads to the
transcription of the target genes. This model is applied to type II NRs, including PPARs, CAR, LXRs,
and others. The colorful words just match the corresponding colorful shape. The dotted arrows mean
different ligands can recruit coactivators or corepressors to form dimers, respectively.

2. The Initial Characterization of PPAR, CAR, and LXR

2.1. Fatty Acids Sensor PPARs

PPARs are molecular sensors of fatty acids and fatty acid derivatives and control energy
homeostasis (carbohydrate, lipid, and protein) [17]. There are three types of PPARs which have
been identified: PPARα (NR1C1, encoded by PPARA), PPARβ/δ (NR1C2, encoded by PPARD),
and PPARγ (NR1C3, encoded by PPARG). They are all lipid sensors that transcriptionally regulate
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diverse aspects in response to nutritional inputs, and serving as effective therapeutic targets for
some types of lipid metabolic syndrome, including obesity, atherosclerosis, dyslipidaemia, type 2
diabetes mellitus (T2DM), and nonalcoholic fatty liver disease (NAFLD) [12,18]. PPARα is highly
active in liver, brown adipose tissue (BAT), kidney, heart, and muscle tissue [19], where it regulates
the adaptive response to prolonged fasting by controlling the process of ketogenesis, fatty acid
transport, fatty acid binding, fatty acid activation and mitochondrial fatty acid β-oxidation [20,21].
Genomic studies have indicated that PPARα, as a master regulator of lipid metabolism, has various
target genes; the classical genes include acyl-CoA oxidase, thiolase, fatty acid transport protein
(FATP), carnitine palmitoyltransferase I (CPT1), and peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1α) [20,22]. The expression of PPARβ/δ is highest in adipose tissue, skeletal
muscle, macrophages, brain, and skin, but is at low levels in the liver, where it mainly regulates
fatty acid catabolism and the glycolytic-to-oxidative muscle fibre-type switching used in improving
lipid homeostasis [23–26]. PPARα and PPARβ/δ have been shown to block lipid absorption by
upregulating L-type fatty acid binding protein (L-FABP) and cluster of differentiation 36 (CD36) in the
small intestine [27]. PPARγ function has mainly been characterized in adipose tissue, macrophages and
the colon, and it has three forms: PPARγ1, PPARγ2, and PPARγ3 through alternative splicing [28–30].
PPARγ1 and PPARγ3 encode the same protein, and PPARγ3 is a splicing variant of PPARγ1.
PPARγ2 has 28 additional amino acids at the variable N-terminal regulatory domain compared
with PPARγ1 [31]. Furthermore, PPARγ1 has been found in nearly all tissues, except muscle, whereas
PPARγ2 is mostly found in the adipose tissue and intestine, and PPARγ3 is mainly expressed white
adipose tissue, colon, and macrophages [32]. PPARγ was initially known as an inducer during
adipocyte differentiation [33,34], and its most famous role is in regulating lipogenic pathways. Genomic
studies have revealed that PPARγ controls the expression of the early adipogenic differentiation
factors CCAAT-enhancer-binding proteins (C/EBPs) and fatty acid binding protein 4 (FABP4), glucose
homeostasis factors glucose transporter type 4 (GLUT4), and catabolite activator protein (CAP) genes.
Moreover, PPARγ regulates some insulin sensitive adipokines, such as leptin, adiponectin, and tumour
necrosis factor α (TNF-α) [35–37]. PPARγ is also involved in the metabolism of long-chain unsaturated
fatty acid in the intestinal epithelium [38]. Although there are many similarities in lipid and glucose
homeostasis, each of the PPAR isoforms has unique functions in vivo, probably due to their differential
tissue distributions, the distinct ligands, and the inherent differences in biochemical characteristics [39].

Many endogenous agonists of PPARs have been identified, including polyunsaturated fatty acids,
branched chain fatty acids, nitro/oxidized-fatty acids, phospholipids, eicosanoids, prostaglandin,
oleoylethanolamide, carbaprostacyclin, 5HT metabolites, and so on [40–43]. In addition, many natural
and synthetic PPAR ligands have been applied to treat lipid and glucose metabolic syndrome in
pharmaceutical companies, as shown in Table 1. Fibrate drugs (including bezafibrate, clofibrate,
fenofibrate, gemfibrozil, ronifibrate, etc.) are a class of classical PPARα agonists used to treat
hyperlipidaemia and increase high-density lipoprotein cholesterol (HDL-c) in clinical settings.
Moreover, pemafibrate [44] (approved in Japan in July 2017) and LY518674 [45] (phase II) are selective
PPARα modulators used as anti-atherosclerosis agents in clinical trials. PPARβ/δ agonists are currently
not used in clinical applications, but seladelpar (MBX-8025) is currently a promising activator for
improving mixed dyslipidaemia and normalizing alkaline phosphatase levels, and is in phase 2 clinical
development [46]. Additionally, KD-3010 is also a promising PPARβ/δ agonist for the potential
treatment of diabetes and obesity in the phase I clinical trial. It shows the protective and anti-fibrotic
effects in liver injury induced by carbon tetrachloride (CCl4) injection or bile duct ligation (BDL) [47].
Thiazolidinediones (generically marked as pioglitazone, rosiglitazone, and lobeglitazone) are potent
agonists of PPARγ with powerful insulin sensitizing activity which can be used in the treatment of
T2DM. However, they have some undesirable side effects, such as weight gain, osteoporosis, and
congestive heart failure [39,48]. Some failed and non-marked thiazolidinediones include troglitazone
(marked as Rezulin, which was withdrawn due to adverse liver effects), balaglitazone, ciglitazone,
darglitazone, netoglitazone, and rivoglitazone, etc. Recently, several partial agonists of PPARγ have
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been reported to keep beneficial antidiabetic characteristics with few side effects. Honokiol is a natural
compound purified from the bark of Magnolia officinalis in traditional Chinese medicine, which has been
identified as a novel non-adipogenic partial PPAPγ ligand. It has an anti-hyperglycemic property but
does not trigger adipogenesis in vitro and in vivo [48]. Amorfrutins, as selective PPARγ modulators,
are also natural products derived from two legumes, Glycyrrhiza foetida and Amorpha fruticose. They
were reported to improve insulin sensitivity and dyslipidemia and protect liver steatosis without
a concomitant increase of body weight gain in diet-induced obese and db/db mice [49,50]. In our
recent study, Danshensu Bingpian Zhi (DBZ) is a synthetic derivative of the natural compounds
Danshensu (tanshinol) and Bingpian (borneol), which are used as “sovereign” and “courier” in the
traditional Chinese medicine formula Fufang Danshen (FFDS). We found that DBZ is a putative PPARγ
partial activator capable of preventing insulin resistance, obesity, and atherosclerosis in mice without
significant unwanted effects [51,52]. Along with improving our understanding of the biological roles
of PPARs, we suggest that further study of the selectively pleiotropic PPAR agonist is a promising
approach for developing further therapies.

Table 1. Different PPAR ligands and their development status regarding the treatment of lipid and
glucose metabolic syndrome.

Ligands Classification Structure Indication Current Stage

Bezafibrate PPARα agonist Hyperlipidemia On the market

Clofibrate PPARα agonist Hyperlipidemia Discontinued

Fenofibrate PPARα agonist Hypercholesterolemia,
mixed dyslipidemia On the market

Gemfibrozil PPARα agonist Hyperlipidemia,
ischaemic disorder On the market

Pemafibrate PPARα agonist Lipid modifying agent On the market in
Japan

LY518674 PPARα agonist Atherosclerosis Phase II

Seladelpar
(MBX-8025) PPARβ/δ agonist Dyslipidaemia, T2D,

NASH Phase II

KD-3010 PPARβ/δ agonist Diabetes, obesity,
dyslipidemia Phase I

Troglitazone PPARγ agonist T2D Withdrawn due to
hepatotoxicity

Rosiglitazone PPARγ agonist T2D Withdrawn due to
risk of CV events

Pioglitazone PPARγ agonist T2D On the market

Lobeglitazone PPARα/PPARγ agonist T2D On the market in
Korea
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Table 1. Cont.

Ligands Classification Structure Indication Current Stage

Balaglitazone
(DRF-2593) PPARγ agonist T2D Phase III

Discontinued

Ciglitazone PPARγ agonist T2D Phase II
Discontinued

Darglitazone PPARγ inhibitor T2D Phase I
Discontinued

Netoglitazone
(MCC-555) PPARα/PPARγ agonist T2D Phase II

Discontinued

Rivoglitazone PPARγ agonist T2D Phase III
Discontinued

Honokiol PPARγ agonist
 

Gingival diseases,
anti-hyperglycemic

property
Phase III

2.2. Xenobiotic Receptor CAR

CAR is a member of the NR1I3 family of nuclear receptors, initially serves as a xenobiotic
nuclear receptor, responding to xenobiotics and drug stress [53,54]. Androstenol, and some
isomers of androstanol, androstanes, have been found to be endogenous antagonists of CAR, and
dehydroepiandrosterone (DHEA), also an androstane, is an endogenous agonist of CAR. Androstanes,
despite acting as ligands, are the basis for the naming of this receptor. The name “constitutive
androstane receptor” refers to the unusual, constitutively-active status of this receptor when not
occupied by a ligand. CAR is primarily expressed in the liver and small intestine, but is also found in
the kidney, heart, and brain [55], and we also detected it in the mammary gland, ovary, and uterus
(our unpublished data). It, often along with the pregnane X receptor (PXR) and vitamin D receptor
(VDR), regulates the phase I and II xenobiotic metabolizing enzymes (including cytochrome P450s,
sulfotransferases, glutathione-S-transferases) and other multidrug-resistance associated proteins used
to both modulate drug metabolism and bilirubin clearance and prevent hepatotoxicity [56–58]. More
recently, CAR has been reported to regulate both lipid and glucose metabolism and has been a potential
therapeutic target for several metabolic diseases, such as obesity [15,59], atherosclerosis [60,61],
NAFLD [62,63], and T2DM [64,65], due to its ability to balance the endogenous homeostasis of
components, including glucose, steroids, bile acids, bilirubin, and thyroid hormone.

Since CAR has a large hydrophobic LBD pocket, a variety of chemical xenobiotics can activate
it, such as clinical drugs, insecticides, flavonoids, terpenoids, polyphenols, environmental chemicals,
and others [66,67]. Interestingly, CAR exhibits arresting species specificity in the ligand binding
recognition between human and rodent, though both species use the same DNA response element
sequences to recruit CAR. For example, TCPOBOP (1,4-bis[2-(3,5-dichloropyridyloxy)]benzene), is a
potent mouse CAR (mCAR) agonist which only activates mouse, but not human, CAR, whereas CITCO
(6-(4-chlorophenyl) imidazo [2,1-β] [1,3] thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl) oxime) is
only a human CAR (hCAR) agonist, having no effect on mouse CAR [68,69]. Thus, this specificity
should be considered when choosing the animal model for studying pharmacologic effects or drug
screens targeting CAR. Phenobarbital, also known as phenobarb or phenobarbitone, is the preferred
antiepileptic and sedation medicine used clinically, and it can activate both human and mouse CAR.
Some early studies have shown that phenobarbital can regulate energy mentalism and improve insulin
sensitivity and hepatic lipid homeostasis in ob/ob mice and human patients [70–72]. Activation of
CAR reduced sterol regulatory element-binding protein 1 (SREBP-1) levels by inducing the expression
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of insulin induced gene 1 protein (INSIG-1), a protein blocking the proteolytic activation of SREBPs [73].
In a previous study, we reported that activation of CAR inhibited lipogenesis by suppressing LXR
ligand-responded recruitment of LXR to the LXR response element (LXRE) and the expression of
LXR target genes, whereas activation of LXR inhibited the CAR ligand-induced recruitment of CAR
to Cyp2b10 [74]. Although CAR is a potential therapeutic target for lipid metabolic disease, some
barriers exist for the clinical use of its agonists: there are concerns around hepatic enlargement and
carcinogenesis. CAR also interacts with PPAR and LXR in regulating lipid and glucose homeostasis.
Better understanding of these mechanistic properties might help us overcome these barriers in
the future.

2.3. Oxysterol Sensor LXRs

LXRs are well-known nuclear oxysterol receptors that have two isotypes: LXRα (NR1H3)
and LXRβ (NR1H2). LXRα is highly active in the liver, intestines, kidneys, adipose tissue, lungs,
macrophages, and adrenal glands. LXRβ, also named as a ubiquitous receptor, is expressed in almost
all tissues and organs [75–77]. Both of them may control cholesterol, fatty acid, and glucose metabolism
to protect against atherosclerosis, lipid disorders, diabetes, chronic inflammation, Alzheimer’s disease,
and even cancer [78–81].

In cholesterol and lipid homeostasis, activation of LXR can stimulate reverse cholesterol transport
and reduce the body’s cholesterol overload by inducing the sterol metabolism and transporter network,
including cytochrome P450 family 7 subfamily A member 1 (CYP7A1), ATP-binding cassette sub-family
A member 1 (ABCA1), ABCG1, ABCG5, ABCG8, and apolipoprotein E (ApoE) [82–84]. Furthermore,
LXR activation also results in an increase in lipid synthesis in the liver through inducing the
expression of SREBP-1c, fatty acid synthase (FAS), acetyl-CoA carboxylase 1 (ACC1), and stearoyl-CoA
desaturase 1 (SCD-1) [85–87]. LXRs, as sterol sensors, have a variety of endogenous activators, most of
which are oxidation products of cholesterol, such as 27-hydroxycholesterol, 22(R)-hydroxycholesterol,
20(S)-hydroxycholesterol, 24(S)-hydroxycholesterol and 24(S), and 25-epoxycholesterol [16,76,88].
Interestingly, these endogenous agonists, unlike natural synthetic LXR activators, do not activate the
SREBP signal pathway [89–91]. Several studies have reported that mice treated with synthetic LXR
activators, including GW3965 and TO901317, show enhanced hepatic and serous triglyceride levels,
and have promoted very low-density lipoprotein (VLDL) secretion [86,92,93]. These shortcomings
limit the use of LXR activators in clinical settings. LXRα is the major sensor of dietary cholesterol.
Mice lacking LXRα cannot induce transcription of the gene encoding cholesterol 7α-hydroxylase
(CYP7A), which is a rate-limiting enzyme in bile acid synthesis. LXRα−/− mice are healthy when fed
with a normal chow (low cholesterol) diet. However, they develop enlarged fatty livers with high
cholesterol levels, and lead to impaired hepatic function when fed a high-cholesterol diet [94]. LXR-623
(WAY-252623) is the first LXRα-partial/LXRβ-full agonist used for the treatment of atherosclerosis in
animal models and has been tested in a phase I clinical trial. However, the trial was terminated due to
adverse effects on the central nervous system [95,96]. Similar synthetic agonists, including CS8080,
BMS-852927 (also named XL-041) have been terminated for undisclosed reasons, and only BMS-779788
(also named XL-652) has proved safe enough to continue with clinical trials [97,98], the detailed
information as shown in Table 2. LXR activators can reduce cholesterol level in blood and liver. They
also improve glucose tolerance in mice by decreasing insulin resistance. Human functional and genetic
analysis showed that the common LXR promoter SNPs rs35463555 and rs17373080 may regulate
sensibility to T2D [99]. We recently reported that DBZ inhibits foam cell formation and protects against
atherosclerosis in ApoE−/− mice through activating LXRs [52,100]. DBZ also activates PPARγ and
prevents high fat diet-induced obesity, insulin resistance and gut dysbiosis in mice [51]. By clarifying
the cross-talk between PPARs and LXRs we may gain a better understanding of their synactic function
in cholesterol and lipid homeostasis.
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Table 2. Different LXR ligands and their development status regarding anti-atherosclerosis.

Ligands Classification Structure Indication Current Stage

LXR-623
(WAY-252623)

LXRα-partial
LXRβ-full agonist

 

Atherosclerosis Phase I
Discontinued

BMS-852927
(XL-041) LXR modulator Atherosclerosis,

hypercholesterolemia
Phase I

Discontinued

BMS-779788
(XL-652) LXR agonist Atherosclerosis Phase I

3. Cross-Talk of PPARs and CAR Links to Obesity

PPARs and CAR are both essential lipid metabolic nuclear receptors active in controlling obesity
and its related metabolic disorders. PPARs are quite interesting. PPARα and PPARβ/δ are potential
targets to prevent obesity [101–103], by the mechanism as mentioned above in Section 2.1. Contrarily,
PPARγ is a master regulator of adipocyte differentiation both in vivo and in vitro [104]. A lack of
PPARγ results in the inability to develop adipose tissue, as seen in PPARγ knockout mice [105,106].
Thiazolidinediones, as famous PPARγ activators, are a group of anti-diabetic drugs to treat T2MD,
but can lead to serious side effects. Weight gain is an unwanted side effect: activation of PPARγ in
adipose tissue stimulates the expression of genes leading to lipogenesis, including AP2, CD36, SCD-1,
SREBP-1, and others, which promote lipid storage [18]. PPARα, as a key nutritional sensor, regulates
the metabolism of lipids, carbohydrates, and amino acids [107]. It is a potential therapeutic target
for the treatment of obesity, hypertriglyceridemia, NAFLD, and atherogenic dyslipidaemia [108–110].
Oestrogen inhibits the actions of PPARα on obesity and lipid metabolism through its effects on the
PPARα-dependent regulation of target genes [111,112]. CAR, as a therapeutic target for obesity,
was reported about ten years ago. Activation of CAR also increased faecal bile acid excretion and
attenuated atherosclerosis in low-density lipoprotein receptor-deficient (LDLR−/−) and ApoE−/−

mice by increasing reverse cholesterol transport [60,61]. Recently, we reported that activation of CAR
with TCPOBOP inhibited lipogenesis and promoted fibrosis in the mammary gland of adolescent
female mice [113]. The classical CAR agonist TCPOBOP has a robust anti-obesity phenotype in high-fat
diet-induced obese mouse models. Mechanically, activation of CAR improves insulin sensitivity,
inhibits lipogenesis and gluconeogenesis, and increases brown adipose tissue energy expenditure.

The cross-talk between PPARs and CAR in obesity can be achieved through their target gene
PGC-1α. PGC-1α, as a transcriptional coactivator, interacts with nuclear receptor PPAR and controls
energy metabolism through the regulation of mitochondrial biogenesis [114,115]. CAR regulates the
degradation of PGC-1α by recruiting E3 ligase targeting PGC1α and promoting ubiquitination in the
liver [116]. During fasting, the PPARα activator WY14643 induces both CAR and its target gene CYP2B
expression in a PPARα-dependent manner in rat hepatocytes [117,118]. Meanwhile, Guo et al. reported
that synthetic PPARα ligands ciprofibrate, clofibrate, and others drove adenoviral-enhanced green
fluorescent protein-CAR into the hepatocyte nucleus in a PPARα- and PPARβ-independent manner
in mouse liver in vivo. More interestingly, molecular docking assay showed that PPARα activators,
Wy-14643 and ciprofibrate, could fit into the ligand binding pocket of CAR and their binding modes
were similar with that of androstanol, an endogenic CAR inverse agonist. PPARα activators interfered
with coactivator recruitment to the LBD of CAR and suppressed the constitutive transactivation of
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CAR. Mechanistically, the transcription coactivator PPAR-binding protein (PBP) plays a pivotal role in
nuclear translocation of CAR in mouse liver, but not the PPAR-interacting protein (PRIP) [119,120].
These results indicated that activation of PPARα by some ligands induced nuclear translocation of
CAR. β-oxidation is also controlled by both PPARs and CAR. PPARα regulates mitochondrial fatty acid
β-oxidation by inducing the gene expression of CPT1, as previously mentioned. Conversely, the CAR
ligand pentobarbital inhibits mitochondrial CPT1 expression and β-oxidation, resulting in increasing
ketone production in serum [8,121]. However, in BAT, activation of CAR by TCPOBOP significantly
increased expression of PGC-1α and β-oxidation [15]. Hence, the cross-talk between PPAR and CAR
should be separately considered for different tissue types. Above all, the dual functions of PPAR
activators have possible cross-talk with CAR through target gene PGC1α, coactivator recruitment,
and mitochondrial fatty acid β-oxidation in different conditions in energy metabolism.

4. Cross-Talk of PPARS and LXRS in Atherosclerosis

There is a potential cross-talk or interaction between PPARs and LXRs in the prevention
and treatment of atherosclerosis. Most nuclear receptors form heterodimers with RXR, including
PPAR/RXR, LXR/RXR, CAR/RXR, and others. Ide et al. has elegantly reported that LXR-RXR-PPAR
forms a network that regulates fatty acid metabolism and lipid degradation [122]. These compounds
enhance binding to their respective target gene promoters. Unsaturated fatty acids increase the
expression of LXRα, but not the LXRβ in rat liver cells, both in vivo and in vitro. This upregulated
effect of LXRα is associated with the transcriptional rate and binding of PPARα to PPAR response
element (PPRE). Meanwhile, a PPRE is found in the human LXRα flanking region [123]. SREBP-1c,
as a direct target gene regulated by LXR, is crucial in both lipid and sterol biosynthesis. Luciferase
assays have proven that the activation of PPARα and PPARγ reduces LXR-induced SREBP-1c promoter
activity and gel shift assays have demonstrated that PPARs inhibit the binding of LXR/RXR to
LXRE [124]. Thus, PPARs and LXRs play opposite roles in regulating triglyceride synthesis in the liver
and serum. LXRα also inhibits peroxisome proliferator signalling through cross-talk with PPARα [125].
Moreover, Liduo Yue et al. reported that LXRs could bind to PPARs with different binding affinities
in vitro using surface plasmon resonance technology and molecular dynamics simulation [126].

Despite the opposite roles in triglyceride homeostasis, PPARs and LXRs have some common
ground in their anti-atherosclerotic effects. In foam cell macrophages, both PPARα and PPARγ (through
the LXR-dependent ABC pathway) control cholesterol efflux [127,128], and activation of PPARα and
PPARγ both prevent foam cell formation and atherosclerosis development in ApoE−/− and LDLR−/−

mice [129,130]. Activation of LXRα also raises the expression of ABCA1 and ABCG1, which accelerate
the reverse transport of cholesterol and then deposit in the liver [131]. PPAR-LXR-ABCA1 is an
important pathway involved in cholesterol efflux and atherogenesis. In intestine tissue, the activation
of LXR also increases the expression of ABCG5 and ABCG8 which regulate absorption of cholesterol
and protect against atherosclerosis [79,132]. PPARs activation has performed similar acts inhibiting
intestinal cholesterol absorption in rats and mice [133,134]. Taken together, both LXR and PPAR
promote the movement of cholesterol from peripheral cells to the feces, which is referred to as reverse
cholesterol transport (RCT).

Atherosclerosis is a chronic inflammatory disease; inflammation plays an important role in the
pathogenesis and progression of atherosclerosis [135,136]. Recent studies have revealed the mechanism
by which PPARs and LXRs regulate the inflammation process through some inflammatory target genes.
Activation of PPARs and LXR can inhibit lipopolysaccharide- and cytokine-induced pro-inflammatory
gene expression by repressing the toll-like receptor (TLR)-nuclear factor kappa B (NF-κB) signal
pathway [137–139]. PPARα increases the expression of inhibitor of kappa B (IκB) to antagonize the
NF-κB signalling pathway [140]. PPARβ/δ induces transforming growth factor beta (TGF-β) and
inhibits the activation of NF-κB, thus regulating inflammatory processes [141]. Thiazolidinediones
(TZDs) induced PPARγ activation also reduced the expression of inflammatory factors, including
TNF-α and gelatinase B, in the aortic root, thus inhibiting the development of atherosclerosis [142].
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All three PPAR isoforms regulate the immune response through different cell-signalling systems.
LXRs repress inflammatory pathways through their transcriptional mechanisms [143,144]. LXRs and
PPARγ control immunity by mediating proinflammatory gene transrepression through parallel small
ubiquitin-like modifier (SUMO) ylation-dependent pathways [145]. PPARs and LXRs have been a
critical interface for inflammation and cholesterol homeostasis. Concurrent activation of LXR and
PPAR may have some beneficial effects. Activation of LXR by TO901317 and PPARα by fenofibrate in
combination improves glucose tolerance, alleviates insulin resistance, and blocks TO901317-induced
hyperlipidaemia, but aggravates hepatic steatosis in high fat diet-induced obese mice [146]. TO901317
and fenofibrate are both potent agonists. Concurrent partial agonists of LXR and PPAR may keep
beneficial characteristics with few side effects. In our recently study, DBZ, as a promising therapeutic
agent for atherogenesis and obesity in the mouse models, inhibits inflammation, macrophage migration,
and foam cell formation, possibly through the partial activation of both PPARγ and LXRs.

5. Conclusions

PPARs, CAR, and LXRs are a part of nuclear hormone receptors that form heterodimers with
RXR to regulate lipid metabolism. Ligand binding results in DNA binding and then triggers target
gene expression. Obesity and atherosclerosis are both chronic lipid metabolic disorders, which were
traditionally regarded as lipid deposition diseases, principally involving triglycerides in adipose tissue
and cholesterol ester in arteries. Although they are distinct conditions, obesity is often associated
with atherosclerosis. Recent findings have revealed the biological roles and mechanisms of these three
NRs in obesity and atherosclerosis. These receptors have been potential therapeutic targets for drug
discovery; further clarification and consideration of the internal relationship between them is necessary.
In this study, we summarized the interaction of PPARs and CAR in lipid metabolism and obesity-related
metabolic syndrome, and the cross-talk between PPARs and LXRs in cholesterol homeostasis and
atherosclerosis (Figure 2). Concurrent activation of these NRs may have some beneficial effects in lipid
metabolic disease. In recently study, we reported that DBZ prevented high fat diet-induced obesity
and related metabolic disorders and attenuated atherosclerosis through concurrent partial activation
of both PPARγ and LXRs. Moreover, it had no apparent side effects.

Figure 2. Proposed model of the cross-talks between PPARs and CAR in obesity and PPARs and LXRs
in atherosclerosis. Red arrows: promotion; green T-bar: inhibition; red up-arrows: up-regulation;
black down-arrows: down-regulation.
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Beyond these cross-talks, more NRs, such as PXR, farnesoid X receptor (FXR), aryl hydrocarbon
receptor (AhR), and retinoid-related orphan receptors (RORs), are being investigated. Future studies
should focus on the complex network between these NRs and how that network affects their functions.
We hope that by establishing a better understanding of nuclear receptor cross-talk between metabolic
disorder diseases, we can reveal promising therapeutic targets for future research.
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Abstract: Peroxisome proliferator-activated receptor-delta (PPAR-δ), one of three members of
the PPAR group in the nuclear receptor superfamily, is a ligand-activated transcription factor.
PPAR-δ regulates important cellular metabolic functions that contribute to maintaining energy
balance. PPAR-δ is especially important in regulating fatty acid uptake, transport, and β-oxidation
as well as insulin secretion and sensitivity. These salutary PPAR-δ functions in normal cells are
thought to protect against metabolic-syndrome-related diseases, such as obesity, dyslipidemia,
insulin resistance/type 2 diabetes, hepatosteatosis, and atherosclerosis. Given the high clinical
burden these diseases pose, highly selective synthetic activating ligands of PPAR-δ were developed
as potential preventive/therapeutic agents. Some of these compounds showed some efficacy in
clinical trials focused on metabolic-syndrome-related conditions. However, the clinical development
of PPAR-δ agonists was halted because various lines of evidence demonstrated that cancer cells
upregulated PPAR-δ expression/activity as a defense mechanism against nutritional deprivation and
energy stresses, improving their survival and promoting cancer progression. This review discusses
the complex relationship between PPAR-δ in health and disease and highlights our current knowledge
regarding the different roles that PPAR-δ plays in metabolism, inflammation, and cancer.

Keywords: PPAR-δ; β-oxidation metabolism; inflammation; cancer

1. Introduction

Peroxisome proliferator-activated receptor-delta (PPAR-δ, also known as PPAR-β) is a member of
the PPAR subgroup in the nuclear receptor superfamily. PPARs act as ligand-activated transcription
factors that regulate important cellular metabolic functions [1]. Although PPAR-δ is ubiquitously
expressed, its expression level in different tissues varies depending on cell type and disease status [2–5].
Homozygous knockout of murine Ppard through constructs targeting exon 4, which codes for the DNA
binding domain, leads to embryonic lethality or impaired growth, which indicates that PPAR-δ plays a
fundamental role in embryo development [6,7].

Details of PPAR structure and signaling mechanisms have been reviewed in detail in Reference [8]
and will only be discussed briefly here. The characteristics of PPAR ligand-binding domains (LBD)
allow for interaction of a broad range of potential ligands, including many lipid and lipid-like
molecules [8]. Natural ligands for PPAR-δ include polyunsaturated fatty acids (PUFA, e.g., arachidonic
and linoleic acid)) and their metabolites (e.g., prostacyclin/PGI2, 13S-hydroxyoctadecadienoic acid
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(13S-HODE), and 15S-hydroxyeicosatetraenoic acid (15S-HETE)) [9–12]. Although PPAR-δ has a
narrower LBD relative to PPARs-α and-γ, binding pocket characteristics allow potential interaction
with a variety of ligands, albeit many appear to bind at relatively low affinities [13]. While many
potential endogenous ligands have been suggested in the literature, there is still some uncertainty
about the physiological significance [14]. Selective ligands targeting PPAR-δ have also been developed,
although none have been approved for clinical use to date [14,15].

PPAR signaling can be regulated in multiple ways, with outcomes depending upon whether PPAR
and its binding partners are bound by ligand or not, ligand type (agonist, antagonist, partial agonist,
etc.), and concentration as well as the availability of various coactivators or repressors [8]. The delivery
of natural PPAR-δ ligands is facilitated by fatty acid transport proteins (FATPs) and fatty acid
translocase (FAT, also known as CD36), which aid in import of extracellular lipids into the cell [16,17]
and fatty-acid-binding proteins (FABPs), which transport cytoplasmic lipids within the cell [18,19].
Although most FABPs can bind a number of different lipids, it is unknown whether there is any
selectivity in terms of the ligands FABP shuttles to PPARs [18,20,21]. In relation to PPAR-δ, FABP5 (also
known as K-FABP or E-FABP) appears to be important for transport of lipid ligands to the nucleus [22].
Interestingly, FABP5 expression largely parallels that of PPAR-δ, and interaction between the two
appears to be important in both normal and disease states, including many cancers [19]. Although a
more detailed discussion is beyond the scope of this review, the interrelationship between the PPARs,
their endogenous ligands, and various lipid transport proteins is complex, and several of these
transport proteins are known transcriptional targets of PPARs (reviewed in References [16,19]).

Activation of PPARs by their ligands has been discussed in detail elsewhere and will be described
only briefly here [8,23,24]. PPAR-δ activation requires interaction with various partners in the nucleus
to transcriptionally regulate gene expression. Like other PPARs, PPAR-δ heterodimerizes with the
retinoid X receptor (RXR) to activate or repress expression of downstream target genes by binding
to PPAR response elements (PPREs) in their promoters [25,26]. In the absence of ligand binding,
PPAR-RXR complexes are associated with corepressive factors and histone deacetylases that prevent
transcriptional activation. Binding of an activating ligand to PPAR-δ leads to conformational changes
that release corepressors and allow binding of coactivators [8,27]. In addition, PPARs can also engage
in transrepression of other transcription factors. For example, in its unliganded state, PPAR-δ has
been shown to form a complex with the transcription factor BCL-6, which prevents BCL-6 from
repressing proinflammatory cytokine genes; therefore, this interaction promotes inflammation [28,29].
Conversely, binding of PPAR-δ agonist leads to disruption of the complex, and BCL-6 is freed to
repress gene expression [28]. PPAR-δ has also been reported to interact with other transcription factors,
such as β-catenin or NF-κB, to regulate gene expression [30,31].

Accumulating evidence has demonstrated that PPAR-δ can have distinct roles depending on
the context (e.g., healthy vs. diseased, specific type of disease). While PPAR-δ allows normal cells
(e.g., muscle cells and pancreatic cells) to better cope with adverse nutrient and energy pressures,
PPAR-δ overexpression or hyperactivation can lead to promotion of inflammation and tumorigenesis.
We will address some of the known discrepancies concerning PPAR-δ’s putative roles in metabolism,
inflammation, and cancer in this review.
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2. Metabolic Regulation by PPAR-δ

Modulation of cellular energy consumption is a major function of PPAR-δ. In muscle
cells, ligand activation of PPAR-δ switches energy production from glycolysis to fatty acid
oxidation as an alternative energy source, which can enhance muscle endurance [32]. In skeletal
muscle cells, PPAR-δ activation by fatty acids increases fatty acid uptake and catabolism via
β-oxidation [33]. Genetically targeting PPAR-δ overexpression in skeletal muscle cells increases
succinate-dehydrogenase-positive muscle fibers with enhanced fatty acid oxidative capabilities and
leads to an overall decrease in body fat [34]. Treatment of insulin-resistant obese monkeys with the
PPAR-δ ligand GW501516 increased serum high-density lipoprotein cholesterol while decreasing low
density lipoprotein, fasting triglycerides, and insulin [35]. Similarly, in vivo and in vitro transcriptome
analyses of rodent muscle showed that PPAR-δ regulated downstream target genes required for
fatty acid transport, β-oxidation of fatty acid, and mitochondrial respiration. Transgenic activation of
PPAR-δ in mouse adipose tissues upregulated the expression of genes involved in fatty acid β-oxidation
and energy dissipation via uncoupling of fatty acid oxidation and ATP production; these effects were
observed in both ob/ob (mice homozygous for the spontaneous obese mutation (ob) in the leptin (Lep)
gene) and wild-type (WT) mice on high-fat diet [36]. In contrast, PPAR-δ knockout mice were more
prone to high-fat-diet-induced obesity [36]. A recent report showed induction of fatty acid oxidation
in intestinal stem cells after a 24h fast; this effect was observed in both young and old mice and was
mediated by the PPAR-δ target gene carnitine palmitoyltransferase 1 (Cpt1a) [37].

In addition to its effects on fatty acid oxidation, PPAR-δ leads to improved blood glucose
homeostasis through a number of mechanisms. PPAR-δ is strongly expressed in pancreatic islet beta
cells, promoting insulin secretion [38,39]. It is also protective against insulin resistance through effects
on hepatic and peripheral energy substrate utilization [40–42]. Treatment of ob/ob mice, which have a
genetic predisposition to obesity and diabetes, with GW50516 attenuated the ability of high-fat diet to
induce obesity and insulin resistance and improved diabetes [43].

These salutary PPAR-δ functions in normal cells are thought to protect against
metabolic-syndrome-related diseases, such as obesity, dyslipidemia, insulin resistance, hepatosteatosis,
and atherosclerosis [44,45]. Therefore, highly selective synthetic PPAR-δ agonists (e.g., GW0742 [46],
GW501516 [35]) were developed and tested clinically. However, improving cellular tolerance
to an inhospitable metabolic microenvironment could also promote the survival of cancer cells
(Figure 1). For example, overexpression of PPAR-δ was shown to improve breast cancer cell survival
during low-glucose or hypoxic cell culture conditions through multiple mechanisms (e.g., enhanced
antioxidant signaling, AKT/protein kinase B activation), and increased cell survival was inhibited
with PPAR-δ antagonists [47]. Other studies have demonstrated that PPAR-δ promotion of fatty
acid oxidation can lead to increased ATP production, contributing not only to the survival of
breast cancer cells [48] but also other cancer cells, such as chronic lymphocytic leukemia cells [49].
Concerns regarding the potential protumorigenic effects of PPAR-δ have led to halting of the clinical
development of PPAR-δ agonists [50,51].
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Figure 1. Ligand-dependent actions of PPAR-δ in normal versus cancer cells. Binding of PPAR-δ
agonists in normal cells (left) leads to the upregulation of genes associated with a switch to using fatty
acids as an energy source (increased β-oxidation). It is also associated with systemic improvements in
serum glucose regulation through effects on multiple tissues, including pancreas, adipose, liver, and
muscle. In cancer cells (right), this capacity for PPAR-δ to promote use of fatty acid substrates as an
energy source can enhance cell survival and proliferation under harsh metabolic conditions frequently
found in tumors. In addition, both COX-2 and PI3K/AKT signaling pathways are often upregulated
in tumor cells. Interaction of activated PPAR-δ with these key signaling hubs leads to establishment
of a feed-forward circuit promoting cancer development and progression through upregulation of
additional factors that enhance neoplastic processes in cancer cells themselves as well as noncancer
cells (e.g., tumor-associated macrophages) that make up the tumor microenvironment. See text for
additional details.

3. PPAR-δ in Inflammation-Related Diseases

Many studies have revealed that PPARs are involved in regulation of inflammation. Initially,
PPARs were generally believed to have anti-inflammatory functions, and current research has more
clearly defined such roles for PPAR-α and PPAR-γ [52,53]. PPAR-δ’s relationship with inflammation
seems to be much different and still needs to be fully elucidated. In some contexts, PPAR-δ has
been reported to have anti-inflammatory functions. For example, it was reported that the selective
PPAR-δ agonist GW0742 alleviated inflammation in experimental autoimmune encephalomyelitis
(EAE), while knockout of PPAR-δ aggravated EAE severity [54,55]. PPAR-δ’s antidiabetic functions
also appear to be associated with reduced inflammatory signaling. In a rat model of type 2 diabetes,
GW0742 was shown to reduce the proinflammatory cytokines tumor necrosis factor-α (TNF-α) and
monocyte chemoattractant protein-1 (MCP-1) in liver tissues, in conjunction with reduced hepatic fat
accumulation [56]. GW0742 was also shown to inhibit streptozotocin-induced diabetic nephropathy
in mice through a reduction of inflammatory mediators, including MCP-1 and osteopontin [57].
In addition, a more recent study using both the db/db (homozygous for the spontaneous db mutation in
the leptin receptor gene (Lepr)) and high-fat-diet-induced obese diabetic mouse models showed that
PPAR-δ is a key mediator in exercise-induced reduction of vascular inflammation; PPAR-δ knockout
mice did not exhibit this improvement with exercise [58].

In contrast to the reports mentioned above, PPAR-δ signaling appears to promote inflammation in
other contexts. PPAR-δ expression is increased in patients with psoriasis, a common immune-mediated
disease primarily affecting the skin [59]. In a transgenic mouse model, induction of PPAR-δ activation
in the epidermis led to development of a psoriasis-like skin condition, which was correlated with
increased IL-1 signaling and phosphorylation of STAT3 [59]. PPAR-δ signaling may also promote
inflammation in some forms of arthritis. Mesenchymal stem cells (MSCs) have immunomodulatory
properties that can limit inflammation [60]. In a collagen-induced mouse model of arthritis,
mice receiving MSCs with reduced PPAR-δ activity (MSCs harvested from PPAR-δ knockout mice
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or WT PPAR-δ MSCs pretreated with the PPAR-δ antagonist GSK3787) had better suppression of
inflammatory immune responses, leading to improvements in arthritis scores [61]. In the same study,
inhibition of PPAR-δ with GSK3787 in human MSCs enhanced their ability to limit proliferation of
peripheral blood mononuclear cells in coculture experiments [61].

4. Modulation of Inflammatory Actions in Immune Cells

Mechanistically, fatty acid oxidation is a central metabolic factor impacting immune cell
differentiation and activation; for example, the behavior of inflammatory and immunosuppressive T
cell and macrophage subsets can be affected by the balance of fatty acid oxidation and synthesis [62–64].
PPAR-δ’s roles as a fatty acid sensor and regulator of immune responses suggest a novel role for this
receptor in metabolic modulation of immune cell differentiation and activity.

PPAR-δ appears to regulate inflammation through its effects on immune cells, particularly
macrophages. Deletion of Ppard in liver-specific macrophages (Kupffer cells) led to reduced sensitivity
to interleukin-4 and, therefore, impaired polarization to an alternative (M2-like) state with reduced
inflammatory potential relative to M1-like macrophages [65]. This failure of differentiation to the
M2 state ultimately led to hepatic dysfunction and insulin resistance, which was associated with
altered fatty acid metabolism [65]. In another study using macrophage-specific PPAR-δ knockout
mice, the deletion of Ppard was shown to decrease the phagocytosis of apoptotic cells and inhibit
anti-inflammatory cytokine production by macrophages, leading to increased susceptibility to
autoimmune kidney disease [66]. However, other evidence has revealed PPAR-δ’s modulation of
inflammation may be even more complex. In primary human monocyte-derived macrophages (MDMs),
PPAR-δ ligands were reported to repress inflammation-associated NF-κB and signal transducer and
activator of transcription 1 (STAT1)-targeted genes (e.g., CXCL8 (IL-8) and CXCL1), yielding an M2-like
macrophage phenotype [31]. Interestingly, they also observed reduced expression of factors associated
with suppression of immune responses, such as indoleamine 2,3-dioxygenase 1 (IDO1), which plays
an important role in limiting T-cell activation through its metabolism of tryptophan to kynurenine.
In coculture experiments with MDMs and autologous T cells, MDMs exposed to PPAR-δ ligands
increased CD8+/IFNγ+ T cell differentiation and limited IDO-1 mRNA and protein expression [31].
In addition, both kynurenine and the checkpoint inhibitor PD-1 ligand were also reduced in PPAR-δ
ligand-treated MDMs [31]. Pathway analysis of RNA-Seq data from MDMs revealed upregulation
of canonical PPAR-δ target genes involved in lipid metabolism, but exactly how they are engaged in
immune regulation remains unclear [31]. Although the reports cited shed some light on the functions
of PPAR-δ in immune cells, many questions remain concerning the mechanisms involved. The data
reported above suggest that regulation of pro- and anti-inflammatory factor production and/or
modulation of sensitivity to inflammatory stimuli may both be important in determining the overall
outcome of PPAR-δ activation. The complexity of PPAR-δ’s effects on inflammation is likely to be
related to its different modes of function as a transcription factor, which in turn are dependent on
specific interactions with target gene sequences (PPREs) as well as the presence or absence of relevant
PPAR-δ ligands and coactivators/repressors [67].

5. The Role of PPAR-δ in Cancer

5.1. PPAR-δ Crosstalk between Inflammation and Cancer

The role of chronic inflammation in promoting tumorigenesis is well recognized and considered
to be a hallmark of cancer development [68,69]. Colitis-associated colon cancer (CAC) is one of
best established examples of chronic inflammation’s role in increasing risk of cancer development,
and its effects have been clearly demonstrated in preclinical and clinical studies [69,70]. PPAR-δ’s
impact on inflammation-promoted tumorigenesis has been studied by various groups, especially in
relation to lipid signaling, as in the case of prostaglandin E2 (PGE2) [71]. PGE2 is an eicosanoid lipid
mediator generated through the actions of cyclooxygenases (COX-1 and -2). COX-2/ PGE2 signaling is
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frequently upregulated in tumors and is especially important in the context of inflammation-driven
tumorigenesis; it has been particularly well-studied in the case of colonic tumorigenesis [72]. PGE2

enhanced PPAR-δ transcriptional activity via PI3 kinase/AKT activation to promote colon cancer cell
survival in vitro and intestinal tumorigenesis in APCMin mice [73]. In addition, targeted overexpression
of PPAR-δ in intestinal epithelial cells promoted development of azoxymethane (AOM)/dextran
sodium sulfate (DSS)-induced CAC in mice via upregulation of IL-6/STAT3 [74]. Activation of PPAR-δ
by the synthetic ligand GW501516 in colon cancer cell lines or primary mouse intestinal epithelial cells
upregulated COX-2 expression and PGE2 production, subsequently increasing macrophage production
of proinflammatory cytokines (e.g., CXCL1,CXCL2,CXCL4, and IL-1β) [75]. Both chemically and
genetically induced colitis and CAC were markedly suppressed in a PPAR-δ knockout mouse model
targeting PPAR-δ’s DNA binding domain (deleting exons 4 and 5), therefore blocking its function as a
transcription factor [75]. Considered together, these findings suggest a positive feedback loop between
PPAR-δ and COX-2 that orchestrates a proinflammatory microenvironment to enhance tumorigenesis.
However, in studies using a different PPAR-δ knockout mouse model targeting the C-terminal portion
of the protein (Ppard exon 8), female KO mice treated with DSS showed significant increases in
some clinical colitis scores (weight loss and colon length) as well as levels of IFN-γ, TNF-α, IL-6,
and worsened histopathological scores compared to WT mice [76,77]. These discordant data have been
suggested to be secondary to the Ppard exon 8 genetic deletion strategy producing a hypomorphic
PPAR-δ protein with some retained/altered function as opposed to a complete loss of function [75].
Interestingly, prostatic-epithelial-targeted genetic deletion of PPAR-δ’s DNA binding domain [7] has
been recently reported to increase cellularity; in this setting, PPAR-δ was proposed to suppress prostate
cancer via DNA-binding-dependent but ligand-binding-independent mechanisms [78].

PPAR-δ’s promotion of inflammation and tumorigenesis is not limited to the colon. Tumorigenesis
repurposes various components of the inflammatory machinery to create a microenvironment
conducive to tumor growth. For example, PPAR-δ is upregulated in tumor-associated macrophages
(TAMs) in ovarian-cancer-associated ascites [79], and additional work has shown that macrophages
associated with ovarian cancer tend to exhibit protumorigenic properties (e.g., immunosuppression,
growth promotion) [80]. In a mouse model of breast cancer, mammary-epithelium-targeted PPAR-δ
overexpression promotes tumorigenesis, which is further augmented by treatment with the PPAR-δ
agonist GW501516 [81]. Tumor development in this model is associated with upregulation of
proinflammatory genes, including COX-2, and activation of AKT signaling [81], reminiscent of the
positive association between PPAR-δ, COX-2, and AKT signaling in colorectal tumorigenesis as
discussed above. Likewise, a similar positive feedback loop between PPAR-δ and COX-2 signaling has
also been demonstrated to enhance the survival of hepatocellular carcinoma cell lines [82].

Overall, while the genetic PPAR-δ deletion models generated via targeting exons encoding
the PPAR-δ C-terminal region versus the DNA binding domain have yielded discordant
data, the preponderance of evidence supports a model in which PPAR-δ strongly enforces
inflammation-driven promotion of tumorigenesis through the enhancement of proinflammatory
and protumorigenic mechanisms, especially as illustrated in the case of the positive feedback between
PPAR-δ and COX-2 (Figure 1).

5.2. PPAR-δ Promotion of Cancer

While PPAR-δ’s relationship to cancer remains controversial [5,83], as more data continue to be
published, we should see better clarification of PPAR-δ’s specific contributions to the tumorigenic
process. PPAR-δ is overexpressed in various human cancers, including colorectal cancer (CRC) [84–86],
where it can be upregulated even in early stages (e.g., in adenomas) [84]. Similarly, PPAR-δ is
upregulated in other human malignancies, including pancreatic cancer, where its upregulation is
correlated with higher pathological grade and increased risk of metastasis [87]. PPAR-δ is also known
to be expressed in human lung cancer [88]. Of interest, while PPAR-δ protein expression as assessed
by immunohistochemistry has only been observed in the nuclei of normal cells, it becomes nuclear
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and cytoplasmic in cancer cells [85,86]. The significance of this shift in PPAR-δ distribution in relation
to its function is unknown. Generally, high PPAR-δ expression in human cancers is associated with
negative survival outcomes [67,86].

The controversy regarding PPAR-δ’s role in tumorigenesis primarily stems from preclinical
studies as illustrated by the following examples. First, a study using a PPAR-δ knockout mouse model
(c-terminal KO/exon 8) showed that Ppard germline deletion increased the formation of colon tumors
when the mice were bred with APCMin mice or treated with AOM [89]. Later, a study by another group
showed opposite results; in this case, Ppard germline deletion (DNA binding domain KO/exons 4–5)
reduced the formation of colon tumors when the mice were bred with APCMin mice [90]. Studies by
our group showed that Ppard deletion genetically targeted to the intestinal epithelium profoundly
inhibited AOM-induced colonic tumorigenesis [91]. While informative, the clinical relevance of using
PPAR-δ knockout models of colorectal tumorigenesis in which PPAR-δ expression is reduced to levels
below constitutive levels in normal cells is limited because PPAR-δ is typically upregulated in human
colorectal cancer [11,84,86,92]. Modeling PPAR-δ’s influence on CRC by targeting its overexpression
to the intestinal epithelial cells better simulated its upregulation in human colon cancer tissues and
allowed clear demonstration that PPAR-δ overexpression strongly promoted AOM-induced colorectal
tumorigenesis [93].

Interestingly, when PPAR-δ knockout mice with the c-terminal (exon 8) deletion, which led
to increased colonic tumorigenesis in the initial study [89], were backcrossed to MMTV-COX-2
transgenic mice on the FVB/N background, COX-2-induced mammary tumorigenesis was markedly
suppressed [94]. Furthermore, subsequent studies in which syngeneic PPAR-δ-expressing B16-F10
melanoma cells or Lewis lung cancer cells were implanted into the same PPAR-δ knockout mouse
model also showed inhibition of tumorigenesis [95]. These contradictory findings using the same
PPAR-δ knockout construct have been interpreted as suggesting that PPAR-δ has different roles
depending on where it is expressed—specifically, that PPAR-δ expressed in noncancerous cells in
the tumor microenvironment promotes tumorigenesis, whereas PPAR-δ expressed in cancer cells
suppresses tumorigenesis [95]. However, in experiments where B16-F10 mouse melanoma cells
in which PPAR-δ was downregulated using shRNA were subcutaneously injected into syngeneic
(C57BL/6) WT or PPAR-δ germline knockout mice [74], PPAR-δ downregulation in either cancer or
noncancer cells inhibited metastasis, although this effect was stronger when PPARδ expression was
suppressed in cancer cells [86]. In addition, downregulation of PPAR-δ expression in cancer cells
strongly suppressed metastases in orthotopic injection mouse models of multiple human cancers
(e.g., colon, lung, melanoma, breast, and pancreas) via downregulation of important prometastatic
genes (e.g., NRG1, CXCL8 (encoding IL-8), and STC1) in cancer cells and suppression of critical
metastatic events including angiogenesis, epithelial-mesenchymal transition (EMT), and cancer cell
invasion and migration [86] (Figure 1). PPAR-δ upregulation in human colon, lung, and breast
cancers is also correlated with reduced metastasis-free survival [86]. PPAR-δ has also been reported
to promote progression of melanoma via Snail expression [96] and prostate cancer via tumorigenic
redirection of transforming growth factor β1 (TGF-β1) signaling [97]. A recently published study
using unbiased global transcriptome analysis identified PPAR-δ activation as a driver of intestinal stem
cell transformation and tumor promotion in APCMin mice maintained on a high-fat diet, suggesting it
may play a mechanistic role in obesity-driven cancers [98]. Overall, a scenario is emerging in which
PPAR-δ significantly contributes to both the initiation and progression of tumorigenesis in multiple
tissues/tumor types.

6. Conclusions

PPAR-δ is a transcription factor that profoundly influences important cellular functions regulating
metabolism and inflammation. PPAR-δ’s ability to act as a metabolic switch, shifting cellular energy
utilization from glycolysis to fatty acid β-oxidation and thereby improving systemic glycemic control and
lipid metabolism, make it an attractive target for prevention or treatment of metabolic-syndrome-related
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diseases (e.g., obesity, dyslipidemia, diabetes). Nevertheless, emerging data suggest that these same
PPAR-δ-triggered mechanisms that help normal cells endure environmental metabolic challenges can
also be exploited by cancer cells to promote their survival and, ultimately, cancer progression (Figure 1).
Therefore, future therapeutic agents targeting PPAR-δ activation to treat metabolic diseases must be
carefully designed and evaluated for any potential risks and off-target effects, including unintended
promotion of preneoplastic or neoplastic lesions. Furthermore, our current understanding of the roles
of PPAR-δ’s interactions with its endogenous ligands, lipid transporters, and other nuclear receptors,
coactivators, and repressors remains incomplete. While some exciting discoveries have been made,
more studies are still needed to better define the roles and mechanistic actions of PPAR-δ in different
physiological and pathophysiological conditions.
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Abbreviations

AKT Cellular homolog of viral akt gene, also known as protein kinase B
AOM azoxymethane
APC Adenomatous polyposis coli
BCL-6 B cell lymphoma 6
CAC colitis-associated cancer
CRC Colorectal cancer
COX-2 cyclooxygenase-2
CXCL1 Chemokine (C-X-C motif) ligand 1
CXCL2 Chemokine (C-X-C motif) ligand 2
CXCL4 Chemokine (C-X-C motif) ligand 4
DSS dextran sodium sulfate
EAE experimental autoimmune encepaholmyelitis
EMT Epithelial mesenchymal transition
FABP Fatty acid binding protein
FAT Fatty acid translocase
FATP Fatty acid transport protein
IDO-1 indoleamine 2,3-dioxygenase 1
IFN-γ Interferon-γ
IL-1β Interleukin-1β
IL-6 Interleukin-6
IL-8 Interleukin-8
MCP monocyte chemoattractive protein
MDM monocyte-derived macrophage
MSC mesenchymal stem cell
MMTV Mouse mammary tumor virus
NRG1 Neuregulin 1
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
PGE2 prostaglandin E2

PI3K phosphatidyl inositol 3 kinase
PPRE PPAR response element
PUFA polyunsaturated fatty acid
RXR retinoid X receptor
STAT1/3 Signal Transducer and Activator of Transcription 1/3
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STC1 Stanniocalcin 1
TAM tumor-associated macrophage
TGF-β1 transforming growth factor-β 1
TNF-α tumor necrosis factor α
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Abstract: In most clinical trials, thiazolidinediones do not show any relevant anti-cancer activity
when used as mono-therapy. Clinical inefficacy contrasts ambiguous pre-clinical data either
favoring anti-tumor activity or tumor promotion. However, if thiazolidinediones are combined
with additional regulatory active drugs, so-called ‘master modulators’ of tumors, i.e., transcriptional
modulators, metronomic low-dose chemotherapy, epigenetically modifying agents, protein binding
pro-anakoinotic drugs, such as COX-2 inhibitors, IMiDs, etc., the results indicate clinically relevant
communicative reprogramming of tumor tissues, i.e., anakoinosis, meaning ‘communication’ in
ancient Greek. The concerted activity of master modulators may multifaceted diversify palliative
care or even induce continuous complete remission in refractory metastatic tumor disease and
hematologic neoplasia by establishing novel communicative behavior of tumor tissue, the hosting
organ, and organism. Re-modulation of gene expression, for example, the up-regulation of tumor
suppressor genes, may recover differentiation, apoptosis competence, and leads to cancer control—in
contrast to an immediate, ‘poisoning’ with maximal tolerable doses of targeted/cytotoxic therapies.
The key for uncovering the therapeutic potential of Peroxisome proliferator-activated receptor
γ (PPARγ) agonists is selecting the appropriate combination of master modulators for inducing
anakoinosis: Now, anakoinosis is trend setting by establishing a novel therapeutic pillar while
overcoming classic obstacles of targeted therapies, such as therapy resistance and (molecular-)genetic
tumor heterogeneity.

Keywords: anakoinosis; communicative reprogramming; nuclear transcription factors; metronomic
low-dose chemotherapy; glitazones; all-trans retinoic acid; COX-2 inhibitor; master modulators;
undruggable targets; therapy pillar; peroxisome proliferator-activated receptors (PPARs); energy
homeostasis; metabolic regulations; organ cross-talk; cancer and reprogramming of energy
metabolism; systems biology

1. Introduction

Peroxisome-proliferator-activated receptors (PPARs) line up in the group of nuclear receptors
and encompass three receptors PPARα, PPARγ, and PPARδ, which concertedly and multifaceted have
impact on regulating tumor growth [1]. From metabolic disease, the resolution of insulin resistance
by PPARγ and combined PPARα/γ agonists, as well as long-term outcome in patients with type II
diabetes, we learned a lot on simultaneous PPARα/γ stimulation. A specific PPARγ agonist has been
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withdrawn from the market, as rosiglitazone was associated with a significant increase in the risk of
death from cardiovascular causes, from myocardial infarction [2]. The beneficial effects of the dual
PPARα/γ agonist, pioglitazone, namely the reduction of mortality, including non-fatal myocardial
infarction and stroke in patients with type 2 diabetes who are at high risk concerning macro-vascular
events, shed light on the multi-level concerted activity profile of PPARα and PPARγ in diabetes [3].
Particularly, these clinical trials in patients with diabetes type II highlight the striking anti-inflammatory
component of PPARα. The initial hypothesis that efficacious anti-inflammatory therapy may also
control advanced cancer could be confirmed by introducing pioglitazone in treatment of refractory
metastatic cancer [4,5]. From pre-clinical data, the appropriate PPARα agonist for cancer treatment has
to be defined, yet [1].

Nuclear receptors (NRs) encompass a huge heterogeneous group of ligand-controlled
transcription factors, endocrine, orphan and adopted receptors [6]. Schedules for cancer treatment
using ligand-mediated modulation of NRs are well-established, particularly the blockade of endocrine
NRs in prostate and breast cancer or the stimulation with high-dose glucocorticoids in lymphoma
or multiple myeloma [7–9]. In contrast, adopted NR agonists only hesitantly found their way into
cancer treatment, e.g., retinoid X receptor (RXR) and retinoic acid receptor (RAR) receptor agonists for
treatment of T-cell lymphoma and promyelocytic leukemia, respectively [10,11].

A further NR agonist, pioglitazone, a dual peroxisome-proliferator-activated receptor (PPAR)
α/γ agonist, is now starting to blaze the trail for therapy of metastatic tumor diseases and it will be
discussed in more detail [12].

Therapeutically intended stimulation of adopted NRs for tumor control is in striking methodologic
contrast to blocking endocrine NRs with antagonists or inducing direct cytotoxicity with high-dose
glucocorticoids, opens a novel view on tumor pathophysiology, and finally, implies a change of
treatment paradigms [13].

Following oncogenic events, dysregulated homeostatic pathways and transcription factors in
tumor tissues are communication-technically accessible via endocrine, orphan, and adopted NR
agonists or more general, via master modulators, a term summarizing regulatory active, less toxic
drugs administered at regulatory active dose levels [12,14]. ‘Master modulators’ of tumors, i.e.,
transcriptional modulators, metronomic low-dose chemotherapy, epigenetically modifying agents,
protein binding pro-anakoinotic drugs, such as COX-2 inhibitors, IMiDs, etc., are aiming at attenuation
of cancer-associated hallmarks or at establishing novel biologic hallmarks linked to tumor control.
‘Master modulators’ deploy therapeutic activity via regulatory accessible structures, functions,
and hubs in tumor tissue, thereby e.g., reestablishing differentiation and apoptosis competence
(Table 1) [12].

NRs are involved in regulating multifold biologic processes in normal and tumor tissue [15–17].
Clinical trials have shown that ‘normalization’ of dysregulated transcription factors with NR agonists
belongs to a pivotal, clinically relevant concept, and it finally constitutes a novel therapeutic pillar for
treatment of (refractory) metastatic cancer [12]. However, in relation to the multitude of orphan and
adopted nuclear receptors, the clinical impact of corresponding nuclear receptor agonists has not been
nearly exploited in the clinical setting.

Multi-level activity profiles on single cell compartments, tissues, or the whole organism are
characteristic for NR agonists [12]. Multifaceted clinically beneficial changes in tumor behavior are
based on the ubiquitous availability of NRs in tissues. The distribution of single NRs, however, is
tissue-specifically varying, implicating tissue-, and as shown, cancer-specific activity profiles [6,18].
Moreover, the kind of ligand, i.e., a synthetic or natural hormone and/or lipophilic drug, additionally,
has major impact on multi-level outcome [19,20].
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Table 1. Explanation of communication-associated terms.

Communication-Associated Terms Explanation

Anakoinosis

Anakoinosis is a novel paradigm for cancer treatment based on a key role for
communicative reprogramming of tumor systems. Building on a systems biology
approach to cancer, anakoinosis utilizes a range of non-cancer and cancer drugs in
combination to treat advanced tumor disease, such as pioglitazone. In contrast to
standard therapies, anakoinosis protocols are characterized by low toxicity and a good
safety profile, with encouraging responses in a number of clinical trials to date. The use
of drug repurposing, that is the use of non-cancer drugs as cancer treatments, is
especially a notable feature of this approach.

Pro-anakoinotic therapeutic tools
(examples)

Transcriptional modulators, nuclear receptor agonists and antagonists, metronomic
low-dose chemotherapy, cyclooxygenase-2 inhibitors, IMiDs, arsenic trioxide,
liposomal encapsulated small oligonucleotide encoding small activating RNAs, etc.

Metronomic tumor therapy

Metronomic tumor therapy may be defined as the frequent administration of
(repurposed) drugs at doses significantly below the maximum tolerated dose with no
prolonged drug-free breaks, or as the minimum biologically effective dose of an agent
given as a continuous dosing regimen with no prolonged drug-free breaks that still
leads to anti-tumor activity.

Rationalizations
Describe the physical organization of tumor-associated normative notions (e.g.,
hallmarks of cancer); are to some degree histology- and genotype-independent; may be
re-directed and reorganized by anakoinosis.

Metabolism of evolution
The sum of extrinsically, i.e., therapeutically, and intrinsically inducible evolutionary
processes within the tumor environment (tumor stroma, hosting organ, distant organ
sites).

Modularity
Modularity describes the degree and specificity to which systems’ objects, i.e., cells,
pathways, molecules, therapeutic targets etc. may be communicatively rededicated by
anakoinosis.

Validity and denotation

Validity of systems objects, functions and hubs: Availability on demand at distinct
systems stages; denotation: Current functional impact at a distinct systems stage, e.g.,
of potentially tumor-promoting pathways. In the bio-world, presence and functioning
of an object (e.g., an enzyme), respectively.

The ligand induced physical activity profile of NRs is dependent on multifold system-specific
co-variables [21]. Their receptor and non-receptor mediated activity profile may explain and provide an
insight in the multiplicity of biologic effects based on the predominantly regulatory and coordinating
cell and tissue activities of NRs [22–24]. Therefore, interpretation and prediction of biologic outcome
on the different observation levels within an organism is difficult and only accessible by application of
novel technologies for monitoring ligand mediated biologic activities while treating metastatic tumors
with nuclear receptor agonists.

Ligand induced structural changes of NRs facilitate binding at nuclear receptor response elements
(NRREs) across the genome, but also the recruitment of co-regulators and interaction with other
transcription factors, which may be again context-dependently activated or inhibited [25–27]. The
obvious communication guided activity profile of NRs explicates why biologic read-outs may be
contradictory depending on respective boundary conditions or systems stages, particularly in diseased
organs [12].

When considering the context-dependent regulatory activity profile of NRs and the fact
that cancer is constituted by complex dysregulation of transcription factors and homeostatic
pathways, the following question arises: what kind of paradigms must be assumed for introducing
NR agonists as attractive clinical targets, here, in particular, the α and γ variant of the
peroxisome-proliferator-activated receptors (PPARs)? Secondly, may be the novel treatment approach,
including agonists of nuclear receptors, universally applicable for treatment of metastatic, and
refractory cancer and hematologic neoplasia?
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2. Peroxisome Proliferator-Activated Receptor γ (PPARγ)/Cyclooxygenase-2 (COX-2) Expression
in Tumors

Modulating COX-2 activity influences the local availability of PPAR ligands. Therefore, COX-2
indirectly modulates PPAR activity. Though acting on different signaling pathways, COX-2 and
PPARγ modulate common molecular targets. Thus, COX-2 and PPARγ may concertedly inhibit cancer
development [28]. Thereby, COX-2 inhibitors may act as partial PPARγ agonists [29], or PPARγ
agonists as partial COX-2 inhibitors and suppressors of PGE2 synthesis [30,31].

Because of the close interaction of COX-2 and PPARγ, the differential expression in many human
tumors, and the emerging possibilities to use them as targets for tumor therapy, we studied the
correlation of PPARγ/COX-2 immunoreactivity with tissue microarrays (TMA) in a broad spectrum
of histologic tumor types in comparison to normal tissue. In malignant melanoma, we focused on
the correlation between clinic-pathologic features and outcome of patients with malignant melanoma
(MM) [18].

TMA consisted of normal and tumor tissues (n = 3448) from 47 organs and tissue entities, including
skin neoplasms (n = 323) of melanocytic (MM, benign nevi) and non-melanocytic origin (squamous cell
carcinomas, basal cell carcinomas, Kaposi sarcomas, histiocytomas, capillary hemangiomas, sebaceous
adenomas) [18].

COX-2 and PPARγ expression assays showed differential expression in almost every tissue
type as well as in normal vs. neoplastic tissue: i.e., a continuous increase in COX2 expression from
prostatic hyperplasia to prostatic intraepithelial neoplasia (PIN), to organ-confined prostate cancer, to
castration-resistant prostate cancer, and to metastatic disease. In contrast, PPARγ expression decreases
from the organ confined to the metastatic stage and increases again to the castration-resistant stage.

It could not be confirmed that COX-2 and PPARγ are inversely expressed in the human breast
cancers, as breast cancer histologies are quite heterogeneous and differentially express COX-2 and
PPARγ [32]. Activation of PPARγ may cause COX-2 inhibition or the down-regulation of COX-2
expression [33], whereas the inhibition of COX-2 resulted in PPARγ activation [34] or up-regulation of
PPARγ expression [35].

Additional series of TMAs consisted of 88 MM with follow-up data, 101 MM metastases,
and 161 benign nevi. A further TMA (n = 194) consisted of MM metastases from 36 patients
with metastatic stage IV melanoma who had participated in a randomized phase II trial using a
stroma-directed biomodulatory approach combining COX-2/ PPARγ-targeting with metronomic
low-dose chemotherapy [18].

COX-2 and PPARγ immunoreactivity were paralleled and significantly increased from benign
nevi (51%/0%) to primary MM (86%/22%) and MM metastases (91%/33%; p < 0.001, respectively).
In the case of primary MM, positive COX-2 staining was associated with advanced Clark levels
(p = 0.004) and shorter recurrence free survival (p = 0.03). However, PPARγ expression in primary MM
was not associated with any of the clinic-pathologic characteristics or tumor progression and overall
survival [18].

On the other hand, patients (n = 36) with PPARγ positive MM metastases who had been treated
either with pro-anakoinotic metronomic low-dose chemotherapy (trofosfamide) alone or combined
with COX-2/ PPARγ -targeting drugs, i.e., rofecoxib and pioglitazone, showed a significant advantage
concerning progression-free survival (p = 0.044), but not overall survival (p = 0.179). Expression of
COX-2 (score 2+–3+) in the metastases, however, was not associated with overall and progression-free
survival, respectively [36].

We conclude that the expression of COX-2 and PPARγ is a frequent finding in the progression of
MM. Regarding primary MM, the expression of COX-2 indicates an increased risk of tumor recurrence,
i.e., melanoma progression.

In metastatic MM, the expression of PPARγ may serve as positive predictive marker of potential
responsiveness to anakoinosis-inducing stroma-targeted therapy [36].
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3. PPARγ Expression in Tumor Stroma

Apart from specifically stroma cells targeting drugs, some well-established pro-anakoinotic drugs,
among them NR agonists, have revealed antitumor activity by unfolding pleiotropic biological effects.
In this context thiazolidinedione derivatives such as pioglitazone are of special interest as they exert
both a direct anti-tumor and a broad spectrum of stromal activities, including modulation of immune
response, angiogenesis, and inflammation [37].

Stroma cell-specific NR signatures have to be suggested to collectively influencing tumor
proliferation and metastasis [38]. Compartment specific NR expression and their context-dependent
interaction with coregulators of NRs facilitate a complex dysregulated communicative network of
transcription factors supporting multifold biologic hallmarks and tumor growth. On this presumably
stage- and tumor-dependent background of NR expression, the profiling of NRs in stroma cells is
urgently warranted for providing further rationales for combined transcriptional modulation in a
therapeutic setting.

4. Induction of Anakoinosis with Master Modulators

Expression patterns of PPARγ in histologic different tumor tissues, both in tumor cells and
adjacent stroma cells indicate histology and even tumor stage specific characteristic patterns, even,
as shown, with predictive impact. Tumor-specific patterns of PPARγ expression support that PPARγ
is strongly involved in maintaining homeostatic processes by adapting lipid and carbohydrate
metabolism to respective tumor specific conditions, and by controlling tumor suppressor gene
expression for keeping homeostatic pathways under tumor growth-promoting conditions, such as
Wnt, Hippo-YAP pathway, etc. [27,39–41].

Consecutively, many experimental data indicate that PPARγ agonists may modulate multifold
biologic hallmarks in cancer: Cell cycle, differentiation, proliferation, apoptosis, and oxidative stress,
innate immunity, angiogenesis, and inflammation [42–44].

However, in most trials, thiazolidinediones (TZD) do not show any clinically relevant anti-cancer
activity when used in mono-therapy (Table 2). Therefore, clinical inefficacy contrasts ambiguous
pre-clinical data mostly favoring anti-tumor activity, but also tumor promotion. Thus, most review
papers come to no consistent conclusion about the clinical use of PPARγ agonists for cancer treatment.

In contrast, if thiazolidinediones are combined with additional regulatory active drugs, so-called
‘master modulators’ of tumors, i.e., transcriptional modulators, metronomic low-dose chemotherapy,
epigenetically modifying agents, protein binding pro-anakoinotic drugs, such as COX-2 inhibitors,
IMiDs etc., clinical results indicate the relevant communicative reprogramming of tumor tissues, i.e.,
anakoinosis, meaning ‘communication’ in ancient Greek (Table 1).
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5. Keys for Uncovering the Therapeutic Potential of PPARγ Agonists: Selecting the Appropriate,
Histology-Independent Combination of Master Modulators

Clinical data reveals that most regulatory active drugs, i.e., master modulators of tumor tissues,
exert only a modest or no monoactivity in cancer treatment (Table 2). Also, metronomic low-dose
chemotherapy has just modest activity in randomized comparisons [69–75].

However, combining master modulators in 17 different histologic tumor entities leads to
impressive, and, interestingly, highly diversified tumor responses up to continuous complete remission
(Table 2). Moreover, single combinatory schedules of master modulators, including pioglitazone, are
cross-responsive among quite different tumor histologies [12,51]. Cross-responsiveness now clearly
indicates that different tumor histologies share identical patterns of hallmarks of cancer and constitute
similar physical organizations of hallmarks, so called rationalizations of hallmarks, despite underlying
(molecular-) genetic tumor heterogeneity (Table 1).

Thus, the clinically used top-down approaches reveal that tumor phenotypes are not dominantly
minted and are associated with multifold recessively developing tumor features, which may be
accessible for the concerted activity of regulatory active drugs. The specific therapeutic and clinically
relevant access to tumor systems prompted us to choose for the procedure the term ‘anakoinosis’,
communicative reprogramming [12]. The term anakoinosis reflects how regulatory active drugs may
concertedly induce major tumor response, obviously by altering validity, i.e., availability on demand
at distinct time points, and denotation, i.e., current functional impact at a distinct systems stage of
tumor-promoting pathways (Table 1, Figure 1).

Figure 1. Pioglitazone in tumor therapy regulates the communicative interface of transcriptional
modulation, lipid and carbohydrate metabolism, particularly in combination with additional master
modulators. Thus, tumor-promoting pathways can be functionally attenuated without direct blocking
tumor-promoting pathways or by shutting off tumor-associated cellular compartments. Clinical
equivalents are diversification of palliative care, even continuous complete remission.
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The fact that communication rules may change validity and denotation of systems objects may be
generally attributed to communication.

The successful concerted administration of pro-anakoinotic drug combinations, including PPARγ
agonists in the clinical setting, may now explain multiple, from the clinical point of view
cumulatively vague, as always context-dependent and often opposing results on the function of PPARγ
agonists [1,6,24,76–84]. The missing conception for integrating pre-clinical results in clinical practice
underlines missing communication-based therapeutic paradigms provided by an evolution-adjusted tumor
pathophysiology and implies an unjustified hesitant introduction of master modulators, including PPARα/γ
agonists, like pioglitazone in tumor therapy (Table 1).

Pre-clinically synergistic activities of PPARγ have been reviewed, particularly combinations with
chemotherapy, besides RXR ligands and statins [82].

5.1. Poor Monoactivity of PPARγ Agonists Across Different Tumor Histologies

Monoactivity of glitazones in cancer patients is very modest, whereas strong activity is well
established in single tumor histologies for dexamethasone, all-trans retinoic acid, and bexarotene [11,85].

Metabolically active drugs, such as metformin or PPARγ/α agonists, are considered as
chemopreventive agents [86,87]. Metformin may prolong survival in cancer patients following surgery,
but only in distinct histologic tumor types, as retrospective studies are indicating [88]. Nevertheless,
very recent data shows a mechanistic link between glucose metabolism and cancer being mediated by
TET2-function [89].

Agonists of ‘adopted’ orphan receptors commonly have poor monoactivity in interventional
cancer trials [59,90], in contrast to hormones and cytokines [91,92]. Particularly, dexamethasone plays
a decisive role in the induction treatment for acute lymphocytic leukemia or multiple myeloma [90].

5.2. PPARγ Agonists in Pro-Anakoinotic Combination Therapy with Master Modulators

Stromal cells or normal epithelial cells are not equipped for directly sensing tumor promoting
genetic or molecular-genetic aberrations in neighboring malignant transformed cells. Adjacent
non-tumor cells, however, sense dysregulations in homeostatic pathways. Thus, it is not surprising that
hair follicle epithelia may spontaneously eliminate malignant transformed counterparts, irrespective
of the underlying oncogenic events by sensoring dysregulated homeostasis [93].

Therefore, our commonly used therapeutic procedure, based on ‘sensing’ and consecutively
blocking oncogenic pathways, is completely different from the pathophysiological based in vivo
recognition of equivalences of malignancy by non-tumor cells, i.e., dysregulated homeostatic processes.
All tumor-associated (molecular-) genetic aberrations are profoundly involved in dysregulations
of homeostatic pathways [14]. Thus, tumors can be considered as a big dysregulated network of
transcription factors. Just the communicatively evolving transcriptional system irregularities may be
recognized as therapeutic target for master modulators. Master modulators are equipped with the
capacity for ‘normalizing’ homeostatic networks on quite different topographic levels: the tumor’s
different cell compartments, the tumor and the tumor-harboring organ, and finally, the tumor and the
whole organism (Table 1) [12].

Dysregulated homeostatic pathways represent, even if complex for pre-clinical evaluation, a
pivotal therapeutic tool for ‘normalizing’ dysregulated homeostatic processes via master modulators,
including agonists of nuclear transcription factors. NR antagonists are well integrated in clinical use
and are here excluded from consideration. The review, particularly, concentrates on pioglitazone, a
dual receptor agonist for PPARα/γ.

As shown to some extent, tumor-associated transcriptional dysregulation provides access for
specific pro-anakoinotic effects via master modulators, including NR agonists. Moreover, histologically
different tumor types share distinct communication-derived dysregulations, independent of the
oncogenic background and show cross-reactivity to distinct systems adapted combinations of master
modulators [12].
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Cancer-specific impressive transcriptional dysregulation in comparison to the homeostatically
well-balanced repertoire of transcription factors in normal organ tissue might be responsible for
the modest toxicity profile of therapies, including combinations of master modulators. Therapeutic
effects of combinations of master modulators should be to some degree neglectable in homeostatically
well balanced, normal tissues, as they do not lay themselves open to therapeutic attack with master
modulators selected for special evolution-related operative conditions in tumor tissue (Table 1) [12].

The top-down approach only has established how agonists of nuclear transcription factors, or
generally master modulators, might communicatively interact for diversifying palliative care or even
for inducing continuous complete remission. Additionally, maximal tolerable doses can be yield up, as
pro-anakoinotic acting, lower doses are sufficient for achieving a therapeutically relevant response
(Figure 2).

Figure 2. Pioglitazone, operating communication processes in tumors: Clinical relevance.

5.2.1. PPARγ Agonists Combined with Metronomic Low-Dose Chemotherapy/Demethylating Agents

Metronomic low-dose chemotherapy is still not established in routine therapy of neoplasia, as
randomized comparisons often show no advantage for metronomically scheduled chemotherapy [69–75].
However, pre-clinical and clinical data give hints that the addition of classic targeted therapies or master
modulators may improve outcome, even may diversify palliative care, and may contribute to continuous
complete remission [94].

There are several reasons to include metronomic low-dose chemotherapy in the group of
master modulators of tumor tissues. By adding pioglitazone and a COX-2 inhibitor, or an additional
transcriptional regulator, such as a glucocorticoid, all-trans retinoic acid or interferon-α, outcome
in refractory metastatic tumor disease could be improved up to continuous complete remission
(Table 2). Additionally, chemotherapy doses could be reduced up to a quarter or third of the respective
cumulative dose, which would be administered as pulsed therapy every three to four weeks, without
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loss of efficacy. Therefore, currently the question remains unanswered, which is the lowest, still
regulatory active dose of metronomic chemotherapy when combining several master modulators [12].

In metastatic melanoma, the addition of pioglitazone to metronomic low-dose chemotherapy and
COX-2 inhibitor has important therapeutic impact on outcome, as indicated in the paragraph ‘PPARγ
agonist plus COX-2 inhibitor’.

An important link between pioglitazone and metronomic chemotherapy may be physically
explained. Pioglitazone sensitizes metronomic low-dose chemotherapy response by up-regulation of
both, the receptor for the angiogenesis inhibitor thrombospondin 1, CD 36, and the phosphatase and
tensin homolog PTEN [95–98].

5.2.2. PPARγ Agonists Plus Dexamethasone

Interacting with transcription factors as well as other cell-signaling systems nuclear receptors
are important regulators in innate and adaptive immunity. PPARs, LXRs, and the glucocorticoid
receptor (GR) may act together and thereby integrate local and systemic responses to inflammation by
p65/IRF3-independent mechanisms [99]. Cooperating with the GR PPARs und LXRs synergistically
transrepress distinct subsets of toll-like receptor-responsive genes. Thus, the combinatorial control of
homeostasis and immune responses by nuclear receptors may specify the response and suggest novel
approaches for treatment of pro-inflammatory tumor diseases [99].

In a series of quite different tumor histologies, the cross-responsiveness to dual transcriptional
modulation with pioglitazone and glucocorticoid could be nicely shown, when added to metronomic
low-dose chemotherapy. The concept has been tested in multiple myeloma, Hodgkin disease, and
Langerhans cell histiocytosis, all inflammation-triggered diseases. C-reactive protein control in
peripheral blood was indicative for response [12,63].

Preclinical data show that thiazolidinediones induce growth arrest and apoptosis of
Waldenström’s macroglobulinemia cells, at concentrations that are relevant to those achieved in
previous clinical uses of these drugs [100].

From pre-clinical data on prostate cancer, PPARγ agonists may be acting, in part, by inhibiting
transactivation of androgen-responsive genes [101]: Peroxisome proliferator-activated receptor γ

agonists may down-regulate prostate-specific antigen expression in human prostate cancer [102].
Positive correlation between PPARγ and fatty acid synthase (FASN) protein in prostate cancer cell

lines and synergism between TZDs and FASN blockers could be shown in prostate cancer cell viability
reduction and apoptosis induction. [103].

Androgen receptor and Wnt/β-catenin/Tcf are cross-regulated. RAR/RXR, GR, thyroid receptor
(TR), vitamin D receptor (VDR), estrogen receptor (ER), and PPAR modulate canonical Wnt signaling in
dynamic manner with striking cell line- and tissue-specific differences indicating selective therapeutic
access and requiring deciphering for combined transcriptional modulation in a therapeutic setting [40].
This fact may give hints for the combinatorial use of receptor agonists and antagonists.

Dual transcriptional modulation with glucocorticoids and pioglitazone in combination with
metronomic low-dose chemotherapy and COX-2 inhibitor improved in a historic comparison overall
survival in high-risk patients with castration-resistant prostate cancer from 19 months to more than
three years. The addition of imatinib had no impact in this trial [56].

Thus, rapidly progressive castration-resistant prostate cancer responded to the same therapy
principle as refractory Hodgkin disease, multiple myeloma, and Langerhans cell histiocytosis,
but the communication-technically provided dysregulated systems targets seem to be different.
Castration-resistant prostate cancer is only in rare cases that are associated with pro-inflammatory
systems reaction, and C-reactive response in serum was no indicator for response as in refractory
Hodgkin disease, multiple myeloma, and Langerhans cell histiocytosis [54,63–65]
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5.2.3. PPARγ Agonists Plus All-Trans Retinoic Acid

The combination of azacitidine plus all-trans retinoic acid and pioglitazone may induce ex vivo
granulocytic differentiation in more of 50% of blasts from acute myelocytic leukemia [67]. Moreover,
these granulocytes regain phagocytic activity, when exposed to E. coli (unpublished data). Clinically,
it is possible to induce continuous complete remission in acute myelocytic leukemia with the triple
combination, while using only about 50% of the recommended dose of azacitidine [67,104].

A randomized trial in refractory acute myeloid leukemia (AML) is on-going, comparing the
approved dose of azacitidine in comparison to the dose per square meter plus all-trans retinoic acid
and pioglitazone.

Synergistic activity of dual transcriptional modulation has been well established in pre-clinical
studies, for example, for pioglitazone and all-trans retinoic acid in tumor cell lines of different
histology [68,105–108], but also for glitazones in combination with chemotherapy [76]. Clinical trial
designs translated these pre-clinical results comparatively hesitantly.

5.2.4. PPARγ Agonists Plus Interferon-α

In renal clear cell carcinoma (RCC), IL-6 is a prognostic factor for survival [109]. Vice
versa, in anakoinosis-inducing trials, including pioglitazone, C-reactive protein response to
anakoinosis-inducing therapy is indicating tumor response [110].

Interferon-α is an approved drug in RCC and acts strongly anti-inflammatory by inducing
circulating tumor necrosis factor receptor p55 and mediates a rapid and strong C-reactive protein
(CRP) decrease by inhibiting TNFα. RCC is a tumor, producing directly CRP, not only mediated via
liver [111].

In a first trial, pioglitazone combined with metronomic chemotherapy and COX-2 inhibitor
relatively poor response, mainly stable disease could be observed in > third line situation. The addition
of low-dose interferon-α opened the possibility to induce histologically proven remission in resistant
metastatic RCC, which translated in continuous complete remission, now lasting > 10 years in single
patients [5].

Interestingly, interferon-α is active in renal cell carcinoma, both in combination with retinoids or
pioglitazone [5,112,113].

5.2.5. PPARγ Agonists Plus COX-2 Inhibitor

COX-2 inhibition is tightly regulating cellular levels of fatty acids and their derivatives, which
are mainly derived from the lipoxygenase and cyclooxygenase pathways. Modulating COX-2 activity
influences the local availability of PPAR ligands, therefore indirectly PPAR activity [114].

Inhibiting the canonical Wnt signaling pathway, nonsteroidal anti-inflammatory drugs as well
as PPARγ agonists are candidate agents for chemoprevention. Celecoxib suppresses cancer stemness
and the progression of hepatocellular carcinoma via activation of PPARγ and up-regulation of
PTEN [115]. COX-2 and peroxisome proliferator-activated receptor delta are involved in important
growth promoting signaling pathways in human hepatocellular carcinoma [116]. The non-steroidal
anti-inflammatory drugs (NSAID)-dependent inhibiton of COX-2 and activation of PPARγ has been
shown to suppress cancer stem cells in colon cancer [97]. Celecoxib, for instance, induces up-regulation
of PTEN in N1-S1 cells. This process can be enhanced by rosiglitazone. Moreover, it has also been
shown that celecoxib increases PPARγ expression and PTEN activity in wild-type and COX-2-deleted
Huh7 cells [117]. Concerning the mechanism, within the PTEN promoter, two putative PPARγ binding
sites have been identified [96].

Anti-tumor-effects of a cyclooxygenase-2 inhibitor and a peroxisome proliferator-activated
receptor γ agonist have been also demonstrated in an in vivo mouse model of spontaneous breast
cancer [43,118].
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In a series of clinical trials, we used pioglitazone combined with rofecoxib or etoricoxib. From
one randomized trial in metastatic melanoma, at least the impact of pioglitazone in addition to COX-2
inhibitor and metronomic low-dose chemotherapy may be delineated. High PPARγ expression in
melanoma cells is a favorable prognostic factor for progression-free survival. PPARγ is a late stage
predictive marker in metastatic melanoma, and PFS is significantly improved by adding pioglitazone
to a pro-anakoinotic schedule, including metronomic low-dose chemotherapy and COX-2 inhibitor
(Table 2).

It is not possible to directly estimate the clinical impact of the COX-2 inhibitor from single arm
pioglitazone and COX-2 inhibitor, including trials in addition to metronomic low-dose chemotherapy.

5.2.6. PPARγ Agonists and IMiDs

In an animal model, pomalidomide enhances the expression of PPARγ and CCAAT/enhancer
binding protein α (C/EBPα), as well as the activity of lipoprotein lipase (LPL) and fatty acid synthetase
(FAS). The pro-inflammatory activity of TNFα has the opposite effect on the biochemical indexes and
genes that are related to lipid deposition in the liver [119].

Additional experimental data on tumor growth inhibition implicate thalidomide as being involved
in the PPARγ pathway. Thalidomide and pomalidomide increase PPARγ protein dose-dependently,
also activity of peroxisome proliferator response element [120].

In a clinical trial on multiple myeloma, we successfully used pioglitazone and lenalidomide plus
low-dose metronomic chemotherapy and glucocorticoid for rescuing patients following failure of
lenalidomide containing regimens in > third line therapy. All of these modulating activities justify for
including IMiDs to master modulators of tumor tissue [63].

5.3. PPARγ Agonists in Pro-Anakoinotic Combination Therapy Combined with Targeted Therapy

5.3.1. Pioglitazone and Imatinib

Pioglitazone with imatinib in CML may reduce minimal residual disease. PPARγ agonists target
chronic myeloid leukemia (CML) quiescent stem cells in vitro by decreasing transcription of STAT5. A
fact that was also shown in multiple myeloma for STAT3. A phase III trial is on-going in France when
comparing imatinib versus imatinib plus pioglitazone, as front-line therapy for CML [121].

The addition of imatinib in prostate cancer had no impact on outcome, although there are strong
pre-clinical results indicating an impact of imatinib on potentially clinical relevant PDGFR inhibition
in prostate cancer [57].

5.3.2. PPARγ and Mechanistic Target of Rapamycin (mTOR) Inhibitor

An additive or synergistic activity of thiazolidinediones and mTOR inhibitors can be suggested
from pre-clinical data. Activation of PPARγ by thiazolidinediones leads to inhibition of cell growth
and proliferation via key pathways of the Insulin/IGF axis, such as PI3K/mTOR, mitogen-activated
protein kinase (MAPK), and GSK3-β/Wnt/β-catenin cascades. This signal pathways regulate cancer
cell survival, cell reprogramming, and differentiation [84]. The inhibitory effect of rosiglitazone on
non-small cell lung cancer (NSCLC) cell growth was enhanced by the mTOR inhibitor rapamycin.
Rosiglitazone, via up-regulation of the PTEN/AMPK and down-regulation of the Akt/mTOR/p70S6K
signal cascades, inhibits NSCLC cell proliferation through PPARγ-dependent and PPARγ-independent
signals [122].

In refractory Hodgkin disease and MM, an mTOR inhibitor was introduced in addition to
pioglitazone, metronomic low-dose chemotherapy, and COX-2 inhibitor; in Hodgkin lymphoma, a
glucocorticoid was used, additionally. Metastatic uveal melanomas responded with long-term disease
stabilization, improvement of Eastern Cooperative Oncology Group (ECOG) status and resolution of
cachexia. In fourth-line PET negative complete remissions were achieved in Hodgkin lymphomas. All
patients received allogeneic blood stem cell transplantation in first complete remission [51,66].
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Both neoplasia are poorly responding to mTOR inhibitors, only. Thus, also the use of classic
targeted therapy, here, the mTOR inhibitor may be repurposed [123].

6. Specific Methodological Aspects of Anakoinosis Inducing Therapies

6.1. Communication Tools

The successful use of pro-anakoinotic therapy approaches gives hints that generally available
evolutionary strategies of single cells and tissues may be therapeutically recalled and accessed,
particularly in the diseased stage, characterized by transcriptional dysfunctions.

As clinically shown, operating communication tools, including master modulators, evolves
therapeutic capacity for biologically ‘neutralizing’ tumor promoting systems features without blocking
tumor-relevant pathways or without targeted elimination of cell compartments of the tumor. The
suggestion of communication tools seems to oppose molecular-biologic thinking in networking
pathways supposing structures, functions, and hubs with simplistically presumed invariant validity
and denotation. However, those classic pathway paradigms disregard that each systems object, also
that in a tumor, whatever it will represent physically, a structure, such as a molecule or cell, a function or
hub, may be intrinsically or extrinsically, namely therapeutically, nudged by communication derived
impulses for context-dependently changing its validity and denotation. Secondly, the identity of
structures, functions, or hubs is always communicatively mediated, and necessarily includes and
depends on the environmental conditions, functioning as boundary conditions, and integrates the
scientific point of view, which is invariably subjected, even if it can be commonly objectively backtraced.

Communication within biologic systems works with the implicit understanding that (1) validity
and denotation of systems objects, molecules, cells etc., is always context-dependent, (2) and may be
therapeutically redeemed by master modulators via systems-immanent communication tools, which
are determined by descriptively accessible communicative systems textures, including inter-systemic
exchange processes. The difference between theory, the activity profile of systems participators under
invariant ‘standard conditions’, and practice, the situative evolution-adjusted activity profile, may be
bridged by operating communication tools inducing evolutionarily conserved and therapeutically
retrievable evolutionary processes (Table 1, Figure 1) [124].

With the introduced paradigmatic changes, the circle can be closed, between multifaceted and
contradictory pre-clinical results on the action of PPARγ agonists and unambiguous, reproducible
clinical observations resulting from the combined use of master modulators, including NR agonists.

The clinical observations on therapies with master modulators also support experimental data
that tumor development and progression is not only a matter of oncogenic events, but of the disease
stage, an observation that is also supported by PPARγ expression and predictivity for progression-free
survival in metastatic melanoma (Figure 2) [18].

NR agonists develop context and ligand dependent activity profiles. Therapeutic top-down
approaches for treating refractory metastatic tumors and hematologic neoplasia indicate that the
PPARγ agonists’ clinical function may be only deciphered in a combinatory use. Only by introducing
several master modulators in therapeutic schedules, including, for example, PPARγ agonists, master
modulators develop the capacity for mutually specifying and enhancing response, now up to a
clinically relevant level, which can be hardly achieved with mono-therapy, as shown by the missing
monoactivity of PPARγ agonists in cancer treatment [12].

Clinical read-outs following combined administration of master modulators are also multifaceted,
but reproducible, and they are resulting in diversified, clinically meaningful, palliative care, or response
may even disembogue in continuous complete remission. Situative and stage-dependently varying
communication features on the respective topographic levels, tumor tissue, tumor-harboring organ,
and organism represent the therapeutic counterpart to the diversified context-dependent pre-clinical
observations (Figure 1). In case of cachexia, cachexia may be resolved in metastatic melanoma with
PPARγ agonist, including schedules with master modulators [51,125].
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Importantly, the combined activity profile of PPARγ agonists plus further master modulators is
highly specific. However, tumors may either share the communicative systems contexts and therefore,
also the therapeutic accessibility towards distinct combinations of master modulators, or may be in
the worst case unresponsive, due to the presence of alternative communicative systems contexts, or
alternative constitutions of identical hallmarks of cancer.

At this step, individualization of pro-anakoinotic therapy could take place by describing
the evolution-adjusted tumor pathophysiology, for example, via serum proteomics and
metabolomics [125,126].

6.2. What Is the Appropriate Model System: From Histology to ‘Evolution-Adjusted’ Tumor Pathophysiology?

The key for uncovering the therapeutic potential of PPARγ agonists is selecting the appropriate
combination(s) of master modulators for inducing anakoinosis: Now, anakoinosis is trend setting by
establishing a novel therapeutic pillar while overcoming classic obstacles of targeted therapies, such as
therapy resistance and (molecular-)genetic tumor heterogeneity.

The clue is that different histologic tumor types share response to distinct combinations
of master modulators. That means histologic systematics, in any case reaching its operational
limitations in clinics, even by including molecular-pathology and molecular genetics, may be newly
unlocked and re-systematized. For this purpose, the systematic specification of tumor-specific
communication networks may be adducted, based on the ubiquitously available communication tools,
and the evaluation of diversified rationalizations, i.e., physical constitutions of biologic hallmarks,
including the hallmarks of cancer. Diversified rationalizations may constitute identical normative
notions, for example, rapidly displacing growth of acute leukemias in bone marrow (Table 1).
Thus, profound systematics of tumor-specific communication routes, not to be mixed up with the
context-independently discussed tumor-promoting pathways, and knowledge about the situative
physical constitution of rationalizations results in an ‘evolution-adjusted’ tumor pathophysiology,
which may be prerequisite for the targeted selection of combinations with master modulators (Table 1).
By operating anakoinosis in tumors, therapy may cope with the situative relativity of biologic systems,
i.e., situative validity and denotation of systems objects in biologic systems. Master modulators may be
successfully therapeutically applied for exploiting the possibilities of palliative care and for inducing
continuous complete remission.

All communication guiding, validity, and denotation modulating structural, functional tools,
including tuning of hubs, are principally therapeutically accessible with pro-anakoinotic drug cocktails,
as shown for multiple histologic quite different tumor entities.

6.3. What Is the Appropriate Dosage of Pro-Anakoinotic Therapy?

Single dosages of master modulators, so the postulate, must sufficiently equip the tumor system
with reprogramming capacity for attenuating tumor growth. The appropriate regulatory active dosage
cannot be pharmacokinetically defined, yet. As clinically indicated, the combination of PPARγ agonists
with metronomic chemotherapy facilitates dose-reduction of the cumulative chemotherapy dosage to a
quarter or third of the pulsed dose given every three to four weeks without the loss of clinical efficacy.

The two different dose levels of pioglitazone 60 or 45 mg daily seem not to have any impact
on response. In addition, patients with both, reduced doses of metronomic chemotherapy, and with
dose-reduction of pioglitazone achieved significant clinical response [12].

Within the combined pro-anakoinotic therapy schedules, typical, but modest side effects, can be
attributed to the administration of pioglitazone [57,58]. Peripheral edema Grade I to II occurred in
52.4 to 58.5%, including few Grade III toxicities in hepatocellular carcinoma due to pre-existing liver
disease. Renal failure Grade I to II was observed in 13.2% of patients with hepatocellular carcinoma.
Adverse events leading to dose adjustment or temporary interruption of therapy in the prostate
cancer trial occurred in 13.8%, permanent discontinuation in 1.2%. In hepatocellular carcinoma,
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dose adjustments of pioglitazone (starting dose 60 mg daily) were performed in 33% of patients, no
permanent discontinuation.

6.4. Pro-Anakoinotic Therapy Schedules: Indications and Diagnostics

Up-to-now, anakoinosis inducing therapies, including pioglitazone, have been administered
in metastatic and refractory cancer and hematologic malignancies. From the results of these trials
(Table 2) a proof of principle can be delineated, namely activity of anakoinosis inducing therapies
in poor-risk patient populations. First steps in the direction of combining classic targeted therapy
with anakoinosis-inducing schedules were successful (Table 2). When considering tumor response
as a timely multi-step biologic approach, during those reprogramming and classic targeted steps are
repetitively and/or simultaneously necessary for inducing long-term tumor response, differential
valuable clinical endpoints may be biologically accessible, such as induction of biologic memory,
‘active’ long-term chronification of tumor disease, or, in the best case, continuous complete remission.
Anakoinosis inducing therapies could be perspectival integrated in ideal manner in classic targeted
approaches. Classic targeted therapies may be even repurposed with many possible implications for
additional clinical approvals [123].

Monitoring of such anakoinosis-inducing therapies must be completely reorganized in comparison
to targeted therapies, where the availability of the target on the tumor or stroma cell is used as
indicator for possible tumor response. Now, multiple parameter analysis derived from proteome and
metabolome analytics from serum or plasma might be helpful, before and during therapy.

7. Conclusions

A long way of failures accompanied the introduction of PPARγ agonists in tumor therapy. In
contrast to NRs that are activated by hormones and the prompt incipient activity of hormones, adopted
NRs have an intrinsic tissue- and stage-dependent pro-anakoinotic activity profile, which is pointed in
tumor tissues with their severe dysregulation of transcription factors. However, PPARγ agonists are
clinically irrelevant, as far as, for example, PPARγ agonists are used in mono-therapy. With respect to
pioglitazone, the tumor systems related activity profile may be exclusively focused and up graded to
a clinically meaningful range by introducing additional NR agonists, as shown for glucocorticoids,
all-trans retinoic acid, or the transcriptional modulator interferon-α, or more generally, by adding
master modulators. Under conditions of concerted activity of master modulators, it should be generally
possible to elaborate and adopt combinations of master modulators inducing response in metastatic,
refractory neoplasia, irrespective of the histologic origin.

Thus, with induction of anakoinosis, a novel therapy pillar may be introduced providing several
advantages compared to classic targeted therapies:

Anakoinotic processes may cope with fundamental obstacles of classic targeted therapies, with
tumor heterogeneity and poor risk parameters, with context-dependent validity and denotation
of tumor-promoting aberrations and targets, with drug resistance or undruggable targets by
targeting dynamic evolutionary processes, for example, multifaceted biologic steps that are
necessary for establishing ‘active’ long-term tumor control or continuous complete remission [12].
Pro-anakoinotic therapies may inhibit further metastatic progression in case of metastatic disease
(Table 1, Figure 1) [127].

Auspicious ‘personalized’ tumor therapy is now supplemented by a novel treatment methodology,
which is at its beginnings but multifaceted adaptable to tumor systems stages. Importantly,
metastatic tumors of quite different histologic origin may share communication features and may be
reprogrammed with identical combinations of master modulators operating communication tools.
Thus, in future, an evolution-adjusted tumor pathophysiology could be the driving force for specifying
combinations of NR agonists and antagonists. Studies on proteomics and metabolomics in serum
and plasma will provide new information on on-going systems changes induced by pro-anakoinotic
therapy approaches.
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A randomized trial introducing in the experimental arm metronomic low-dose chemotherapy,
a selective inhibitor of the enzyme steroid-17α-hydroxylase (CYP17A1), which catalysis steps in the
testosterone and estrogen biosynthesis, and dual transcriptional modulation with glucocorticoid and
pioglitazone is ongoing in castration-resistant prostate cancer. In a second on-going trial, pioglitazone
and all-trans retinoic acid are combined with azacitidine in the experimental arm for treating refractory
acute myelocytic leukemia.
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Abstract: Energy homeostasis is crucial for cell fate, since all cellular activities are strongly dependent
on the balance between catabolic and anabolic pathways. In particular, the modulation of metabolic
and energetic pathways in cancer cells has been discussed in some reports, but subsequently has
been neglected for a long time. Meanwhile, over the past 20 years, a recovery of the study regarding
cancer metabolism has led to an increasing consideration of metabolic alterations in tumors. Cancer
cells must adapt their metabolism to meet their energetic and biosynthetic demands, which are
associated with the rapid growth of the primary tumor and colonization of distinct metastatic sites.
Cancer cells are largely dependent on aerobic glycolysis for their energy production, but are also
associated with increased fatty acid synthesis and increased rates of glutamine consumption. In
fact, emerging evidence has shown that therapeutic resistance to cancer treatment may arise from
the deregulation of glucose metabolism, fatty acid synthesis, and glutamine consumption. Cancer
cells exhibit a series of metabolic alterations induced by mutations that lead to a gain-of-function
of oncogenes, and a loss-of-function of tumor suppressor genes, including increased glucose
consumption, reduced mitochondrial respiration, an increase of reactive oxygen species, and cell
death resistance; all of these are responsible for cancer progression. Cholesterol metabolism is
also altered in cancer cells and supports uncontrolled cell growth. In this context, we discuss the
roles of peroxisome proliferator-activated receptors (PPARs), which are master regulators of cellular
energetic metabolism in the deregulation of the energetic homeostasis, which is observed in cancer.
We highlight the different roles of PPAR isotypes and the differential control of their transcription in
various cancer cells.

Keywords: nuclear receptors; energy metabolism; cancer metabolism

1. Introduction

Mammalian cellular activities require a significant energy source, which is produced by specific
mechanisms involved in the regulation of cellular energy homeostasis. The correct balance between
catabolic and anabolic pathways strongly influence cellular fate, since they are involved in biochemical
reactions that drive ATP (adenosine triphosphate) production/consumption. Oxidative glucose
metabolism by OXPHOS (oxidative phosphorylation) produces up to 36 ATP per mole of glucose,
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whereas non-oxidative glucose metabolism by glycolysis results in two ATP per mole of glucose [1].
Hence, oxygen availability provides an optimal cellular condition to produce high levels of energy,
while hypoxia determines a less efficient cellular condition in which the cells prefer to use glycolysis to
produce energy. Another way to meet cellular energy demands is lipid metabolism by the peroxisomal
and mitochondrial β-oxidation of fatty acids (FAs), which provides energy in the form of redox
potential [2,3]. Regarding lipid metabolism, many cell types present cytosolic lipid deposits, also called
lipid droplets (LDs). These are dynamic organelles that contain triacylglycerols (TAGs) and cholesteryl
esters, and present several functions such as reducing lipotoxicity, lipid storage, and lipid metabolism,
and they are directly involved in cellular physiology [4–7]. Unlike normal cells, cancer cells exhibit
uncontrolled proliferation that needs energy metabolism adjustments in order to ensure their cell
growth and division. The high proliferation rate in tumor cells leads to significant metabolic changes
that are closely related to the environmental conditions and genetic/epigenetic characteristics of the
tissue from which tumor arises. To safeguard their survival, cancer cells metabolically switch from less
efficient energy pathways to higher performing energy pathways in order to cope with the considerable
energy demands of tumor bulk. Meanwhile, neoplastic cells show altered glucose and lipid metabolism
in association with unstable OXPHOS and glutamine metabolism; accordingly, PPARs play a key
role in regulating these metabolic switch events. Therefore, our purpose in this review is to describe
recent observations concerning the pivotal role of PPARs in promoting or preventing the characteristic
metabolic switch that provides the energy for tumor survival. The main metabolic mechanisms
adopted by tumor cells that are under the control of PPARs will be briefly described below.

1.1. Glucose Metabolism and OXPHOS in Cancer Cells

Although in normoxia, healthy cells use the degradation of glucose to pyruvate and later the TCA
(tricarboxylic acid) cycle to produce ATP, neoplastic cells prefer to use glycolysis to produce energy
rather than oxidative phosphorylation. The first observation of this phenomenon is about 88 years old,
when Otto Warburg noticed that tumor cells switch toward a glycolytic metabolism with high lactate
production, even in aerobic conditions, and mitochondrial metabolism suppression. This metabolic
adaptation is called “aerobic glycolysis” or the “Warburg effect” [8]. Despite aerobic glycolysis not
being influenced by oxygen levels, in hypoxic conditions, tumor cells present an overexpression of the
genes involved in the glycolytic pathway. Usually, in solid tumors, near the core, there is a hypoxic area,
and this hypoxic environment supports glycolytic metabolism and provides chemotherapy resistance
as well as an optimal niche for the maintenance of CSCs (cancer stem cells) [9–11]. It was also observed
that many types of cancer cells (glioma, hepatoma, and breast) are able to obtain ATP from OXPHOS,
and they can pass from a fermentative to an oxidative metabolism and vice versa, and glucose is directly
involved in this switch [12–15]. On the other hand, tumor cells can perform a glucose-dependent
suppression of mitochondrial respiration, which is called the “Crabtree effect” [16]. This effect is
reversible and collaborates with the “Warburg effect” to ensure cancer cell survival, independently
from the presence of oxygen [17]. In a recent study, using a mathematical computational model, Epstein
and collaborators [18] explored the coexistence between glycolytic and oxidative pathways in cancer
cells, starting from the assumption that cancer cells quickly need ATP, but at the same time need to
maintain baseline levels of ATP, mainly during moments of apparent standby. Consequently, in relation
to fluctuating energy demands and assuming that tumor cells exist in a heterogeneous environment,
they can use a glycolytic pathway to produce ATP quickly in short-term energy requests; conversely,
baseline levels of energy are obtained through OXPHOS [18]. In addition, although lactate is a waste
product of aerobic glycolysis, it is recycled by subpopulations of cancer cells and directed toward the
TCA cycle [19]. These evidences lead to the belief that there is cooperation between different types of
cells within the tumor, which could be a key mechanism for tumor progression. Several genes involved
in the glycolytic pathway regulate the adjustment of cancer cells to the metabolic switch; some of
them are oncogenes. Among them, PI3K/Akt signaling induces the expression of proteins related to
glucose transport (GLUTs) in association with high hexokinase II (HKII) activity. HKII is able to bind
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to the voltage-dependent anion channel (VDAC) on the outer mitochondrial membrane to protect
cells from apoptosis [20,21]. Moreover, altered c-Myc (cancer-myelocytomatosis) regulation affects the
expression of the genes that are related to glutamine metabolism and aerobic glycolysis (HKII, lactate
dehydrogenase (LDH), pyruvate kinase isoenzyme M2 (PKM2), phosphofructokinase 1 (PFK1), and
GLUT1) [21,22], and PKM2 plays a central role in the shift of cellular metabolism to aerobic glycolysis
in cancer cells. PKM2 is the specific isoform that is mainly expressed in tumor cells [23]. Whereas PKM1
is a constitutively active tetrameric enzyme, the 22 amino acid differences in PKM2 create a fructose
1,6-bisphosphate (FBP) binding pocket that renders it dependent on the allosteric binding of FBP for
formation of an active tetramer. PKM2 activity is more flexible than PKM1 activity, which is why
PKM2 is more suitable to guarantee the metabolic switch in cancer cells. In addition, PKM2 presents
a low activity index, probably allowing the storage of glycolytic metabolites to ensure macromolecule
biosynthesis [24]. In this context, the hypoxic environment provides an additional incentive to trigger
the transcription of genes linked to the Warburg effect, and they are directly under the transcriptional
control of hypoxia inducible factor-1α (HIF-1α) [25]. However, aerobic glycolysis is also essential for
the macromolecule biosynthesis, in order to provide the structural components for cell proliferation.
An increased flux of pyruvate provides the carbon source for the anabolic process, such as the de
novo synthesis of nucleotides, lipids, and proteins. At the same time, the synthesis of macromolecules
in cancer cells is necessary to produce reducing equivalents, such as NADH (nicotinamide adenine
dinucleotide H) and NADPH (nicotinamide adenine dinucleotide phosphate H); in turn, they are
essential for ensuring glucose metabolism, biosynthesis, and the degradation of macromolecules [26].

1.2. Lipid, Cholesterol, and Glutamine Metabolism in Cancer Cells

Fatty acids synthesis is typically reactivated in cancer cells by the upregulation of lipogenic
enzymes to provide monomeric components for membrane building, lipid signaling, and post-
translational protein modification [27]. Breast and prostate cancer show an increased expression
of fatty acids synthase (FAS) and enzymes involved in the elongation of very long-chain fatty acids
such as ELOVL1-7 (elongation of very long chain fatty acids protein 1-7) [28,29]. The stability and
fluidity of cellular membranes are cholesterol-dependent, and lipid rafts (which are involved in the
regulation of intracellular transduction signals) are mainly composed of cholesterol [30]. Furthermore,
the mevalonate pathway (MVA), which is responsible for cholesterol synthesis, is linked to the
production of intermediates that are crucial for post-translational modifications of Rho, Ras, and other
small GTPase (isoprenylation, farnesylation, and genarylation) [31]. Interestingly, statins, which are
drugs that are used to decrease plasma cholesterol levels in hypercholesterolemic conditions, inhibit
HMG-CoA (3-hydroxy-3-methyl-glutaryl-coenzime A) reductase (HMGCR); this is the rate-limiting
step of MVA. In support of the lipid importance in tumors, it was demonstrated that statins are able to
decrease the proliferative index in breast cancer and acute myeloid leukemia cells, and make colorectal
cancer cells more sensitive to chemotherapy [32–34]. Moreover, prostate cancer cells showed high
levels of cholesterol [35]. The excess quantity of LDs in cancer cells are further evidence that FAs and
cholesterol accumulate in many types of cancer. Label-free Raman spectroscopy imaging of high-grade
prostate cancer and metastasis revealed the accumulation of abnormal LDs associated with PTEN
(phosphatase and tensin homolog) loss and PI3K/Akt activation [36]; similar evidences were observed
in the breast cancer cell line [37] and colon cancer stem cells [38]. Meanwhile, in gliomas, a higher
amount of LDs was directly proportional to the degree of tumor aggressiveness [39]. As previously
mentioned, FAs derived from free triacylglycerides or intracellular deposits can be metabolized
to produce energy in the form of redox fuel. The early phases of this process occur in cytoplasm
(triglyceride and monoacylglycerol lipases), and the late phases occur in mitochondria and are called
fatty acid β-oxidation (FAO), but can occur also in the lumen of peroxisomes. The end products of
lipid decomposition, such as NADH, FADH2, and acetyl-CoA, are directed toward the TCA cycle;
this is the reason why some non-glycolytic cancers, such as prostate cancer and large B-cell lymphoma,
need FAO to meet their energetic demands [40–43]. In spite of this, even some glycolytic tumors, under

527



Int. J. Mol. Sci. 2018, 19, 1907

certain conditions require FAO to produce energy [43], while in glioblastoma, FAO contributes to
protect the cells from oxidative stress by upregulation of detoxification enzymes, such as glutathione
(GSH) [44]. Unlike aerobic glycolysis, where a hypoxic condition increases glucose utilization, lipid
biosynthesis is not encouraged by oxygen lack, resulting in lipid accumulation into LDs [45,46].
In this scenario, the carbon source to synthesize lipid compounds is supplied by glutamine; isocitrate
dehydrogenase-1 (IDH1) activity releases citrate in the cytosol after carboxylation of glutamine-derived
α-ketoglutarate [47–49]. Moreover, Ras oncogene together with hypoxia induces the pyruvate
dehydrogenase kinase 1 (PDK1), which in turn inhibits pyruvate dehydrogenase (PDH) and forces
cells to implement glutamine-dependent anaplerotic behavior [45,48,50]. This phenomenon restores
the TCA cycle under specific conditions and highlights the key role of glutamine metabolism in cancer
cell growth. Beyond anaplerotic involvement, glutamine catabolism provides nitrogen to synthetize
the nucleotide glutathione, resulting in the major energy source in some transformed cells [51]. Cancer
cells rely on glutamine uptake to ensure a further pathway to support their accelerated metabolism.
Gao et al. [22] showed that c-Myc stimulates glutaminase (GLS) expression through the suppression
of miR-23a/b, while the inhibition of Rho-GTPase by a small compound determines the reduction
of glutaminase activity, which is dependent of NFκB (nuclear factor kappa-light-chain-enhancer
of activated B cells) in breast cancer and B lymphoma cells [52]. In addition, DeBerardinis and
collaborators [53] observed that glioblastoma cells performed aerobic glycolysis associated with
elevated glutamine catabolism to obtain redox energy and TCA cycle intermediates in order to support
biosynthetic activity, mainly FAs. Interestingly, highly invasive ovarian cancer cells showed more
remarkable glutamine dependence than low-invasive ovarian cancer cells; this feature is related to
glutamine-mediated STAT3 (signal transducer and activator of transcription 3) modulation [54].

2. PPARs

Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors
belonging to the nuclear hormone receptor superfamily. PPARα (NR1C1) was the first described as the
receptor mediating peroxisome proliferation in rodent hepatocytes in 1990; later, two related isotypes,
PPARβ/δ (NR1C2) and PPARγ (NR1C3) were found and characterized. PPARα is mainly expressed in
tissues presenting high fatty acid catabolism activity, such as the liver, the heart, the brown adipose
tissue, the kidney, and the intestine; it is also involved in regulating lipoprotein synthesis. Regarding
PPARγ, there are two isoforms: γ1 and γ2, which are obtained by alternative splicing. Both isoforms
act in the white and brown adipose tissue to promote adipocyte differentiation and lipid storage,
while only PPARγ1 is expressed in other tissues, such as the gut or immune cells. PPARγ transcriptional
targets are also involved in regulating inflammatory processes, the cell cycle, and glucose metabolism
by improving insulin sensitivity; in fact, it is a useful target for type 2 diabetes therapy. PPARβ/δ is
ubiquitously expressed, and it has important functions in the skeletal muscle, adipose tissue, skin, gut,
and the brain, including fatty acid oxidation regulation, keratinocyte differentiation, and wound
healing [55–58].

Ordinarily, PPARs are active at transcriptional levels only in presence of their specific ligands,
and each ligand is able to trigger a specific PPARs response; conversely, some findings demonstrated
the basal activity of PPARs in the absence of ligands [59]. Unlike the steroid hormone receptors
(nuclear receptors class 1) that function as homodimers, PPARs (nuclear receptors class 2) are active
when they heterodimerize with retinoid x receptors (RXR); then, each monomer binds a specific DNA
sequence, called PPREs (peroxisomes proliferator response elements). PPREs are direct repetitions
that are located in the promoter region of the target gene as single or multiple copies [58,60,61].
As mentioned above, specific PPARs transcriptional activities are strictly related to lipid ligand type,
and consequently, a wide range of natural or synthetic lipids can bind to the LBD (ligand-binding
domain) of PPARs. These ligands can be obtained from diet or intracellular signaling pathways,
among which FAs from prostaglandins and leukotrienes, as well as synthetic ligands, are described.
Peculiar fatty acid-binding proteins (FABPs) allow the ligand delivery toward the nucleus, where
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PPARs reside [62]. Long-chain unsaturated FAs, eicosanoids, and hypolipidemic drugs (fibrates) can
activate the PPARα, while thiazolidinediones (TZDs) are able to active PPARγ and increase insulin
sensitivity. In this regard, PPARs are considered important therapeutic targets, mainly for metabolic
diseases [63,64]. Given their role as master regulators of cellular energy pathways and considering the
metabolic alterations in tumor cells, PPARs’ modulation can be involved in the specific metabolic plan
undertaken by neoplastic cells. The central debate is whether the transcriptional activity of PPARs
promotes or hinders tumorigenesis and tumor progression. To date, research activity has yielded
conflicting evidence in this regard. There are several evidences about the tumor suppression role
of PPARα and PPARγ [65–71], but there are also several evidences about their cancer promotion
activity [72–74]; instead, regarding PPARβ/δ, the majority of study conducted shows its oncogenic
role [75–77]. Although PPARs can have a dual role that is oncogenic as well as oncosuppressive,
their behavior is severely influenced by the tissue type from which the tumor arises and by the
tumor microenvironment.

2.1. PPARα and Cancer Metabolism

The process of tumorigenesis can be described by a series of molecular features, among which the
alteration of cellular metabolism has recently emerged. This metabolic rewiring fulfills the energy and
biosynthetic demands of fast proliferating cancer cells and amplifies their metabolic reserves to survive
and proliferate in the poorly oxygenated and nutrient-deprived tumor microenvironment. In these
harsh environmental conditions, the deregulation of glucose and glutamine metabolism, alterations
of lipid synthesis and FAO, and a complex rewiring of mitochondrial and peroxisomal function are
required. However, mitochondria and peroxisomes display close relationships; in fact, it was recently
reported that in glioblastoma, an increase of peroxisomes leads to the increase of mitochondria [78].

PPARα mainly regulates the gene expression of specific proteins that are involved in mitochondrial
and peroxisomal functions, such as fatty acids’ β-oxidation, glucose metabolism, and fatty acid
transport [56,58]. The relationship between gene transcription regulated by PPARα and tumor
metabolism can determine oncogenic or oncosuppressive effects. PPARα activation and tumor
suppression was reported in melanoma [79] and glioblastoma [80]; on the other hand, PPARα
activation demonstrated a positive role in stimulating the proliferation of breast and renal carcinoma
cell lines [81,82], while PPARα-null mice were insensitive to hepatic carcinogenesis induced by PPARα
agonist [83].

Several evidences support the paradigm that tumors originate from cancer stem cells and/or
cancer stem progenitor cells, namely, tumor initiating cells or cancer stem-like cells (CSCs). CSCs
represent a small population of cancer cells that exhibit self-renewal and differentiation features similar
to normal stem cells, although they differ in the regulation of their self-renewal pathways. Based on the
CSC presence, they are responsible for tumor formation, progression, metastasis, and relapse, as well
as drug resistance. Even if it is generally known that tumor cells, particularly CSCs, show glucose
and lipid metabolism alterations, the specific metabolic pathways and their regulation are still poorly
understood [11]. Due to their crucial roles in energetic metabolism, the PPARs have been investigated
by many authors regarding their involvement in tumorigenesis, showing an upregulation of the α

isotype in several tumors and CSCs.
Recently, we demonstrated decreased tumor proliferation with an alteration of glucose and

lipid tumor metabolism, antagonizing PPARα by synthetic ligand (GW6471) in glioblastoma stem
cells (GSCs) [84]. GSCs are responsible for drug resistance and relapse; they reside in intratumoral
perivascular and necrotic/hypoxic niches, which provide the GSCs with the optimal environment to
keep their stemness features. Hypoxia is associated with glioblastoma progression and plays a crucial
role in stem cells’ biology. HIF proteins regulate the cellular response to hypoxia or variable oxygen
concentrations by upregulating the genes related to tumor progression, angiogenesis, drug resistance,
and the phenotype maintenance of GSCs. Between HIF proteins, HIF-1α triggers the expression of
genes related to tumor metabolic switch, which in turn induces glucose uptake, glycolytic enzyme
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activity, lactate production, and the anaerobic production of ATP. However, it is also able to control
synthetic pathways (fatty acids and glycogen synthesis), stimulating the expression of anabolic
enzymes, which are related to glucose–glycogen conversion [11,85,86]. In addition, we demonstrated
that glioblastoma and GSCs in hypoxic condition show higher levels of PPARα compared with the
normoxic condition [87], while PPARγ levels are downregulated under hypoxia [84]. In GSCs, glycogen
storage appeared more abundant in hypoxia than in normoxia, since hypoxic cells need glucose to
quickly produce ATP through glycolysis, and the glycogen storages are essential to maintain this fast
energetic process. Moreover, HIF-1α stimulates the expression of genes involved in glycogen synthesis,
as glycogen synthase kinase 3β (GSK3β). When GSK3β is phosphorylated at Ser 9, it is then inactive
and unable to phosphorylate glycogen synthase, thus allowing the start of the anabolic process [88].

GW6471 treatment decreased the viability of GSCs, the number and size of neurospheres, and
induced apoptosis, which was associated with low glycogen supplies. Increasing glycogen degradation
was due to the upregulation of glycogen phosphorylase (GPBB) and downregulation of phosphorylated
GSK3β at Ser 9. Furthermore, a decreased amount of GLUT3 and glucose uptake in hypoxic-treated
GSCs have been reported. Moreover, it was also demonstrated higher amounts of LDs in cancer
cells, mainly in the hypoxic environment, which is in line with previous evidence [21,39,87,89].
FABP7 (fatty acid binding protein 7) transports the fatty acids toward the nucleus; in the same way,
it supplies the LDs to promote tumor growth [90,91], and it appears increased by hypoxia. GW6471
treatment induced the loss of LDs amounts, cholesterol supply, and the transcriptional activity of
genes encoding for mevalonate pathway enzymes. However, FABP7 levels appeared decreased only
in antagonist-treated hypoxic GSCs, since the inhibition of PPARα transcriptional activity in hypoxic
GSCs adversely affects fatty acid and cholesterol amounts. The MVA pathway plays a central role in
glioblastoma survival; besides, its inhibition by PPARα antagonist is linked to cell death and tumor
suppression. This effect is similar to the downregulation of the MVA pathway together with the
upregulation of PPARγ induced by statins. These results seem to emphasize the key role of PPARα
in the metabolic switch that occurs in cancer hypoxic cells, such as GSGs. In harsh environmental
conditions PPARα was upregulated and could result in metabolic directives to ensure energy for
tumor cells. In this regard, the antagonist GW6471 was able to reduce the synthetic processes, such as
glycogen synthesis and LDs biogenesis, which normally ensure fast-acting energy for cancer cells
(as summarized in Figure 1A).

In another study, Abu Aboud et al. [82] used the same PPARα antagonist (GW6471) to treat
two cell lines (Caki-1 and 786-O cell line) of renal cell carcinoma (RCC). They observed that PPARα
levels were higher in high-grade RCC tissue compared with low-grade tissue, linking PPARα protein
levels to RCC aggressiveness. High-grade RCC presents more energy demands than low-grade RCC,
and therefore requires active fatty acid oxidation (FAO), which is regulated upstream by PPARα [92].
Both the antagonist and siRNA directed against the PPARα showed the capability of reducing c-Myc
protein levels, which is likely by PPARα-mediated alteration of oncoprotein stabilization. This event
was associated with the downregulation of cyclin D1/CDK4 and the G1/S transition block with cell
cycle arrest in G0/G1 phase [93,94]. The authors hypothesized that the transcriptional activity of
PPARα was inhibited, which was the reason why the renal carcinoma cells were unable to use FAO
by converging on glycolysis to obtain energy. In fact, GW6471 effects were more pronounced in
media with low glucose concentrations than media with normal glucose concentrations. Furthermore,
2-Deoxy-D-glucose (2-DG), which is an inhibitor of glycolysis, acted in synergy with GW6471 to induce
tumor death. Regarding that, by blocking PPARα in the RCC cell line, the researchers demonstrated
the reduction of cell viability with a marked reduction of c-Myc, cyclin D1, and CDK4 protein levels in
synergy with glycolysis inhibition (as shown in Figure 1A).
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Figure 1. Schematic representation of PPARs-dependent oncogenic metabolic pathways highlighted
in this review. The representation concerns the metabolic mechanisms that are activated/inhibited in
tumor cells under the transcriptional control of PPARs. These hypotheses of molecular mechanisms
are based on evidence obtained by different cancer types. For each PPAR isotype, the specific
activated/inhibited metabolic pathways are reported together with some of the PPARs’ target genes.
(A) Hypoxia-inducible factor-1 (HIF-1) can active PPARα, which in turn activates the transcription
of specific genes resulting in high glycolysis, high glycogen storage, and high proliferation rate
(glucose transporter 3 (GLUT3), c-Myc, and cyclin D1). However, PPARα activation is also related
to the induction of fatty acid oxidation (FAO) by upregulation of carnitine palmitoyltransferase 1
(CPT1). In addition, PPARα induces fatty acid synthesis by upregulation of fatty acid synthase (FAS)
enzymes. It is noteworthy that mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS2) is
upregulated by PPARα; besides, HMGCS2 can form a heterodimeric complex with PPARα to induce
Src expression. The phosphorylation of Src triggers the mevalonate (MVA) pathway, resulting in high
levels of cholesterol (CHOL). Lipid components and cholesterol are useful for membrane synthesis,
and their large amounts are confined in lipid droplets. Extracellular lipids and some intracellular
lipids (from lipid droplets) can be PPARα ligands; they are delivered to the nucleus by fatty acid
binding protein (FABP). (B) PPARγ transcriptional activity activates some proteins related to fatty acid
synthesis, such as FAS, c-Myc, PBP (PPARγ-binding protein), NR1D1 (nuclear receptor subfamily 1,
group D, number 1), and ODC1 (ornithine decarboxylase 1). ODC1 is able to inhibit krüppel-like factor
2 (KLF2), which in turn is unable to inhibit PPARγ. Other PPARγ-dependent mechanisms are able
to reduce palmitate toxicity by confining it into lipid droplets. Moreover, PPARγ 41 kDa fragment,
which is derived from caspase 1 cleavage, is able to inhibit FAO. (C) PPARβ/δ stimulates glycolysis by
the overexpression of GLUT1, angiopoietin-like 4 (ANGPTL4), phosphoinositide-dependent protein
kinase 1 (PDPK1), and PI3K/Akt; likewise, PDPK1 and PI3K/Akt can activate PPARβ/δ expression.
Fatty acid synthesis and FAO are activated by PPARβ/δ transcriptional activity on FAS and SLC1A5
(solute carrier 1 A5) genes. SLC1A5 is linked to the uptake of amino acids; thus, anaplerosis is also
positively affected by PPARβ/δ. Anaplerosis also supports FAO. Interesting, PPARβ/δ upregulates
cytokines expression; for example, interleukin 8 (IL8) and cytokines in concert with PPARβ/δ induce
STAT3 overexpression. The MVA pathway is a downstream process triggered by STAT3. The thin
black continuous lines with arrows indicate upregulation events. The thick black continuous lines
with arrows indicate a stimulation of the metabolic pathway. The thin blue continuous lines with
bars indicate inhibition events. The thick blue continuous lines with bars indicate the inhibition of
a metabolic pathway. The HIF-1-mediated upregulation of PPARs is represented by a grey dash dot
and arrow at the end, while FABP-mediated ligand-dependent activation of PPARs is represented by a
gold dash dot and arrow at the end.
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It has been ascertained that the most of oncogenes are involved in the metabolic reprogramming
of tumor cells [95,96]. Among them, cyclin D1, contrary to what has just been mentioned,
was demonstrated to inactivate the PPARα-mediated gene expression of enzymes related to FAO in
hepatocytes as well as hepatocellular and breast cancer-derived cell lines [97]. Previous evidences
have demonstrated the role of cyclin D1 in the regulation of androgen receptors, estrogen receptors,
thyroid hormone receptor, and PPARγ [98,99] in different cell types. Several pieces of evidence about
the cyclin D1 regulation of cell metabolism, via the inhibition of PPARα transcription factor has
been provided, while the overexpression of cyclin D1 induced the low expression of genes related to
FAO. On the other hand, knockdown of cyclin D1 promoted FAO enzymes expression, but PPARα
gene silencing weakened this effect. These results highlight the role of cyclin D1 in affecting FAO in
a PPARα-dependent manner; for instance, a mitogen-stimulated cancer cell line showed low PPARα
and FAO activity, indicating that the transition from a quiescent state to a proliferation state requires
less energy from fatty acid [99]. Data reported in the paper of Kamarajugadda et al. [97] suggest that
cyclin D1 blocks the binding of PPARα on the PPRE of specific FAO enzymes in a not clear way. At the
same time, cyclin D1 could disturb the association of specific co-activators with PPARα, and then
determine some changes in chromatin conformation; besides, cyclin D1 controls the expression of
CBP/p300 [100,101].

Fatty acid synthase (FAS) is upregulated in a tumor of the urinary tract, such as RCC,
and the downstream intermediates of fatty acid synthesis are endogenous ligands of PPARα,
while the inhibition of FAS in the liver of mice provides rodents with PPARα dysfunction [102–104].
As mentioned above [82], a histological grade of RCC is directly linked to PPARα levels, and its
inhibition leads to cell cytotoxicity, cell cycle arrest with glycolysis, and FAO deregulation. Recently,
in RCC cell lines (Caki-1 and 786-O) and normal human kidney cells (NHK), it was reported that
the inhibition of glycolysis triggered FAO and OXPHOS, even though PPARα inactivation reversed
this metabolic pattern. Moreover, in normal cells, PPARα antagonist did not inhibit the glycolysis;
conversely, in RCC, cell line glycolysis was attenuated, which was likely due to a difference of c-Myc
protein levels between cancer cells and normal cells [105]. FAO can be considered an alternative
metabolic pathway to produce energy when the glycolysis is obstructed. In fact, the RCC cell line
showed increased levels of palmitate 24 h following 2-DG administration. Instead, co-administrations
with GW6471 involve the decay of palmitate levels. Usually, fatty acid β-oxidation provided the
acetyl-CoA groups to supply TCA cycle and OXPHOS, which in turn are more active with glycolysis
inhibition. When RCC cell lines were treated with a combination of 2-DG and PPARα antagonist
(GW6471), the OXPHOS activity levels showed no significant differences compared to the control cells,
while GW6471 alone was able to impair oxidative phosphorylation, but not FAO. Therefore, PPARα
antagonist adversely affected the levels of oncogene c-Myc in the RCC cell line, which is involved in
the overactivation of protein related to glucose uptake and glycolysis. Most likely, PPARα controls
glycolysis via c-Myc at least in RCC cell lines, and the simultaneous administration of 2-DG also
induces FAO inhibition. This double effect is detrimental to the main metabolic pathways that are
normally used by the RCC cell line [82,105].

Human hepatocellular carcinoma (HCC) tissue showed increased mRNA levels of the gene
involved in FAO and glucose metabolism, among which PPARα, carnitine palmitoyl transferase 1A
(CPT1A is the rate-limiting enzyme of FAO), glyceraldehyde 3-phosphate dehydrogenase (G3PDH),
and the upregulation of cyclin D1 mRNA. Although increased levels of PPARα were associated with
the deregulation of metabolic pathways that trigger carcinogenesis, there has not been evidence of
HCC incidence in human patients who were exposed to peroxisome proliferators [106].

Regarding carnitine palmitoyl transferase enzyme, the possible regulatory role of PPARα-CPT1C
axis in tumor proliferation and senescence was recently demonstrated [107]. As mentioned above,
as CPT1A, CPT1C is also a rate-limiting enzyme in FAO, and the enzymatic reaction allows the
acylation of a long fatty acid chain with subsequent entry into the mitochondria. In cancer cells,
the CPT1 enzyme’s family is upregulated [108–110]. Moreover, it was identified as PPRE in the first
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exon of the CPT1B gene [111,112]. In order to investigate the possible relationships between CPT1
genes and PPARα, were performed some analyses on two different cancer cell lines, MDA-MB-231
(breast cancer cell line) and PANC-1 (pancreas cancer cell line) with knockdown or overexpression
of the PPARα gene. Dual-luciferase reporter gene assays showed CPT1C active transcription by
PPARα in association with cell proliferation and senescence interruption. The effects were completely
different when the PPARα gene was depleted; an increase in senescence with low proliferation rate
was observed, indicating that the CPT1C gene is regulated by PPARα. This is further evidence of the
ability of PPARα to modulate cancer cell metabolism (see also Figure 1A) [107].

During carbohydrate deprivation, the cells can adopt ketogenesis to ensure lipid-derived
energy; this process is essential for tumor initiation and metastasis [113]. Mitochondrial 3-hydroxy-3-
methylglutaryl-CoA synthase (HMGCS2) belongs to the HMG-CoA family, and catalyzes the
first enzymatic reaction in ketogenesis. Several proteins related to the ketogenesis pathway were
overexpressed in prostate cancer cells [114], among which HMGCS2 was included; on this basis,
some researchers demonstrated the direct interaction between PPARα and HMGCS2 [115], resulting
in Src activation and the promotion of malignancy and invasion. This study demonstrated the
correlation between the increased mRNA levels of HMGCS2 and poor clinical outcomes as well
as grade malignancy in colorectal cancer (CRC) and oral squamous cell carcinoma (OSCC) tumor
biopsy from affected patients. The demonstration of a direct interaction at the nuclear level between
HMGCS2 and PPARα is interesting; besides, other analyses confirmed that the heterodimeric complex
binds the Src promoter region and induced genes linked to tumor invasion (Figure 1A) [115].

Chronic lymphocytic leukemia (CLL) patients present poor clinical outcomes, and the most
effective therapy is based on high dose of glucocorticoids (GCs) with or without monoclonal
antibodies. Nevertheless, this therapeutic protocol is not curative, and is characterized by progressive
tumor resistance to GCs [116]. Glucocorticoids have immunosuppressive effects, inhibiting glucose
metabolism and increasing FAO in tissue under starvation condition. Tung et al. [117] found in
CLL that primary culture from patient’s blood increased PPARα expression mediated by GCs with
pronounced tumor dependence on FAO. Lipid oxidation ensures tumor survival, providing an
alternative mechanism to the metabolic limitations dictated by GCs. PPARα antagonist impaired the
tumor chemoresistance mechanism of GCs. Pyruvate kinase M2 (PKM2) activity was downregulated
at the transcriptional and protein level by dexamethasone (DEX); despite this, acetate levels were
kept constant, suggesting an increase in FAO activity linked to DEX. PPARα and PPARβ/δ mRNA
levels were increased after DEX administration, while the downregulation of PKM2 occurred
before the PPARα upregulation; it is likely that the nuclear receptor did not affect pyruvate kinase
gene transcription. Nevertheless, the pyruvate dehydrogenase kinase 4 (PDK4) gene is under the
transcriptional control of PPARα and PPARβ/δ; then, PDK4 phosphorylates and inhibits pyruvate
dehydrogenase. Thus, pyruvate is useful for FAO rather than for OXPHOS [118]. Moreover, in order
to understand the role of DEX in FAO and related chemoresistance triggering, the effects of DEX
administration in association with FAO substrates were investigated. About that, CLL cells were
co-cultured with OP-9-derived adipocytes in order to obtain an in vitro model in which lipids
were derived from cells with an adipocyte phenotype. This model was used to mimic an in vivo
tumor environment, where CLL cells are close to the adipocyte, and the high amount of lipids in
the surrounding environment could improve tumor resistance to drugs by feeding FAO [119,120].
CLL showed greater resistance to DEX when cultured with adipocytes compared with CLL cells in
serum-free media, and the effects were the same with conditioned media from an OP-9-derived
adipocyte. These results highlight that lipids secreted from OP-9-derived adipocytes conferred
chemoresistance. This experimental evidence demonstrated the direct involvement of PPARα in
GCs tumor resistance, since it is upregulated by DEX and is a well-known FAO regulator; in addition,
PPARα antagonists revoked these effects and sensitized CLL cells to DEX [117].

Contrary to what is stated, PPARα activity could be useful to counteract tumor progression
in some tissue, as evidenced in melanoma [79]. In addition, PPARα is able to decrease the

534



Int. J. Mol. Sci. 2018, 19, 1907

transcription of fatty acid synthesis genes and positively affect the transcription of FAO enzymes. In
this regard, Chandran et al. reported the protective roles of the clofibrate, which is a PPARα agonist,
in counteracting breast cancer inflammation and invasion [121]. The researchers used two triple
negative breast cancer cell lines, SUM149PT and SUM1315MO2; the first from an invasive ductal
carcinoma of a patient with inflammatory breast cancer, and the second from a highly invasive
breast cancer specimen of a patient with skin metastasis. These two cell lines showed an increased
expression of PPARα with respect to primary human mammary epithelial cells (HMEC). Clofibrate
was able to reduce inflammation by decreasing the levels of COX-2 (cyclooxygenase-2) and 5LO
(5-lipoxygenase) in association with the inhibition of growth tumor. Early events of cancer development
require the upregulation of fatty acid synthesis, which is dramatically exacerbated during the
late events of tumor progression [122]. FAS activity was attenuated by clofibrate, which in turn
downregulated the expression of HMG-CoA synthase 2, acyl-CoA oxidase, and the sterol regulatory
element binding protein 1c (SREBP-1c) gene. HMG-CoA synthase 2 and acyl-CoA oxidase are involved
in the mevalonate pathway, while SREBP-1c is a transcription factor acting on sterol regulatory
element DNA sequences. SREBP-1c (sterol regulatory element binding protein 1c) plays a key role in
regulating de novo fatty acid synthesis, while its cognate SREBP-2 regulates the genes of the cholesterol
metabolism [123]; SREBP’s pathway has a significant role in the de novo fatty acid synthesis of prostate
cancer cells [124]. As reported by Chandran et al. [121], the activation of PPARα by clofibrate was able to
impair the gene expression of SREBPs and reduce the NFκB and Erk1/2 (extracellular signal-regulated
kinase 1/2) protein levels in breast cancer cells derived from high metastatic inflammatory tumor
specimens. Conversely, in the same cancer cells, clofibrate was linked to the CPT-1a (first enzyme in
FAO) upregulation (as reviewed in Figure 2A) [121].

Some evidence has indicated PPARα activation as a possible trigger of ineffective tumor
metabolism. It was reported that the administration of fenofibrate (a PPARα agonist), on cell lines
and a mouse model of oral cancer, supported hexokinase II and VDAC (voltage-dependent anion
channel) dissociation. This event destabilizes the Warburg effect and provides a metabolic switch to
OXPHOS. Furthermore, in these in vivo and in vitro oral cancer models, the activity of fenofibrate
affected hexokinase II, PDH, and VDAC protein levels, as indicated in Figure 2A [125–127]. Recently,
Huang and Chang [128] studied, through proteomic analysis, the differences between normal and
cancer oral tissue from mice, relating it to enzymes involved in the Warburg effect. At the same
time, they investigated the role of PPARα in the fibrate-dependent metabolic changes of the oral
cancer cell line. Proteomic analyses were performed in a basic isoelectric point (pI) range, because the
enzymes of glycolysis, the TCA cycle, and OXPHOS show mainly alkaline pI [128,129]. Seven proteins
showed decreased levels in tumor tissue compared with normal tissue; they were triosephosphate
isomerase and pyruvate dehydrogenase E1 component subunit beta for glycolysis, IDH3 and aconitate
hydratase for the TCA cycle, NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10 and
cytochrome c1 for the respiratory chain. Considering oral cancer cells’ dependence on the Warburg
effect, the researchers evaluated the effect induced by fibrate. PPARα activation induced the reduction
of hexokinase II protein levels, ATP levels, and enhanced PDH activity, alongside reducing cell
viability. Interestingly, they observed a significant increase in TCA cycle metabolites after fenofibrate
administrations in primary cell culture from mouse tongue tumor tissue. Probably, PPARα agonist
increased PDH activity; accordingly, pyruvate was decarboxylated to acetyl-CoA, and TCA cycle was
encouraged. Otherwise, fenofibrate could increase FAO, resulting in high acyl group levels that are
useful for TCA cycle reactions (Figure 2A) [127,128].

Regarding the Warburg effect and related aerobic glycolysis, the repression activity of PPARα on
the GLUT1 gene with reduced glucose uptake was reported; these evidences were obtained in different
cancer cell lines (HCT-116, SW480, MCF-7, and HeLa) (as indicated in Figure 2A) [71].
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Figure 2. Schematic representation of PPARs-dependent oncosuppressive metabolic pathways
highlighted in this review. The representation concerns the metabolic mechanisms that are
activated/inhibited in tumor cells under the transcriptional control of PPARs. These hypotheses
of molecular mechanisms are based on evidences obtained by different cancer types. For each
PPAR isotype, the specific activated/inhibited metabolic pathways are reported together with some
PPAR target genes. (A) Aerobic glycolysis is inhibited by the PPARα’s transcriptional repression of
glucose transporter 1 (GLUT1) and hexokinase II (HKII) genes. Meanwhile, the complex between
the voltage-dependent anion channel (VDAC) complex and HKII is destroyed by PPARα activity,
thus adversely affecting glycolysis and increasing oxidative phosphorylation (OXPHOS). In addition,
pyruvate dehydrogenase (PDH) is upregulated by PPARα to promote OXPHOS. Impairment in fatty
acid synthesis by the downregulation of fatty acid synthase (FAS) and impairment of the mevalonate
(MVA) pathway are due to effects adversely exerted by PPARα on specific target genes. Conversely,
carnitine palmitoyl transferase 1 (CPT1) is upregulated by PPARα; this condition promotes fatty acid
oxidation (FAO). Despite the reduced activity of fatty acid synthesis, FAO depletes insufficient lipid
reserves and impairs cancer cells for life. (B) PPARγ downregulates the c-Myc/Wnt/β-catenin axis and
stimulates β-catenin proteasome degradation. Further downregulation of pyruvate dehydrogenase
kinase 1 (PDK1) and upregulation of pyruvate kinase isoenzyme M1 by PPARγ promotes OXPHOS
and impairs aerobic glycolysis. Fatty acid synthesis, amino acid uptake, and anaplerosis are adversely
affected by PPARγ activity in concert with increased levels of FAO. High FAO levels are related to the
upregulation of PDK4 and mitochondrial uncoupling protein 2 (UCP2). Moreover, PPARγ activity
negatively affects ATP binding cassette G2 (ABCG2) and prevents chemoresistance; this is associated
with the high sensitivity of tumor cells to ROS, whose levels are increased through FAO and OXPHOS
metabolic pathways. In addition, there is glutathione (GSH) downregulation, while hypoxia inducible
factor-1 (HIF-1) is able to inhibit PPARγ activity. (C) In the absence of ligands, PPARβ/δ acts as
a repressor, which is probably due to the strong interaction between PPARβ/δ/RXR heterodimer and
a co-repressor. However, the repressor complex is able to downregulate the genes involved in FAO,
this condition is abolished in the presence of exogenous or endogenous PPARβ/δ ligands. The thin
black continuous lines with arrows indicate upregulation events. The thick black continuous lines
with arrows indicate the stimulation of a metabolic pathway. The thin black dashed lines with arrows
indicate a reduction activity of metabolic pathways. The thin blue continuous lines with bars indicate
inhibition events. The thin blue dashed lines with bars indicate a reduction of the inhibition of the
metabolic pathway. The HIF-1-mediated downregulation of PPARs is represented by a grey dash
dotted line with a bar at the end, while the FABP-mediated ligand-dependent activation of PPARs is
represented by a gold dash dotted line with an arrow at the end.
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2.2. PPARγ and Cancer Metabolism

Several cell types express PPARγ, which is involved in different mechanisms that are essential
to sustain normal cell life. Adipose tissue, liver tissue, muscle, brain, and immune cells (mainly
macrophages) require PPARγ activation to meet energy demands and regulate glucose and lipid
metabolism, insulin sensitivity, and cell fate. PPARγ plays a key role in adipocytes and the
differentiation of macrophages [130–132]. As previously mentioned for PPARα, as well as for PPARγ,
there have been several demonstrations about its role in tumorigenesis, some of them related to the
antiproliferative effects of PPARγ activation, such as in breast [133], hepatic [134], lung [135], and
colorectal cancer [136]. Moreover, PPARγ activation negatively affects the epithelial mesenchymal
transition (EMT) [137]. However, there is other proof of the tumorigenic potential of PPARγ activation,
such as in colorectal cancer [138–140], breast cancer [141,142], and urological cancer [143]. Both roles
of PPARγ are strictly tumor tissue-dependent and tumor microenvironment-dependent.

Several types of epithelial cancers show a common feature: deregulation of the Wnt/β-catenin
pathway, resulting in the upregulation of enzymes related to aerobic glycolysis. The availability
of Wnt ligands triggers the nuclear translocation of the β-catenin, where it is able to bind specific
target genes, including pyruvate dehydrogenase kinase (PDK), monocarboxylate lactate transporter-1
(MCT-1), c-Myc, cyclin D1, and COX-2. Without Wnt ligands, β-catenin is phosphorylated and then
demolished by proteasome. In this view, PPARγ downregulation is associated with Wnt/β-catenin
upregulation; on the other hand the inhibition of Wnt/β-catenin is mediated by PPARγ activation
(see also Figure 2B). Accordingly, it is not inconceivable to think about a mechanism of interconnection
between Wnt/β-catenin and PPARγ, in which each one is able to prevent the pathway of the
other, as already demonstrated [144]. PDK1 acts as a phosphorylating pyruvate dehydrogenase,
and then pyruvate is transformed in lactate by the activation of lactate dehydrogenase. Meanwhile,
MCT-1 is involved in lactate secretion outside the cytoplasm. These two events enable improving
the angiogenesis and biosynthesis of macromolecules, thus providing a unique and favorable tumor
microenvironment [21]. In this context, PPARγ suppresses PDK1 gene transcription, resulting in an
ineffective Wnt/β-catenin pathway (Figure 2B) [145].

Studies conducted on PPARγ agonist or with PPARγ overexpressing cells, support the idea that
PPARγ activation is useful to counteract tumor progression; in fact, thiazolidinediones (TZDs) show the
ability to contain tumor growth in vitro and in vivo models of lung cancer. In addition, it was reported
that the overexpression of PPARγ in a group of non-small lung cancer cells and its activation affect some
genetic pattern underlying the tumor metabolic demands [146]. Srivastava and collaborators [135]
reported in two lung adenocarcinoma cell lines (NCI-H2347 and NCI-H1993) that PPARγ activation
compromised glucose, fatty acid, and glutamine metabolism, which are associated with increased ROS
(reactive oxygen species) and hypophosphorylated RB (retinoblastoma protein). Dephosphorylated
RB is opposed to the cell cycle progression. Unlike what was previously mentioned, in this work,
the researchers found an upregulation of PDK4 expression by pioglitazone, and the central role of
PDK4 in inducing the metabolic switch from glucose oxidation to fatty acid oxidation was suggested.
PDK4 knockdown abolished the effect induced by pioglitazone related to RB hypophosphorylation
and ROS levels; simultaneously, the same results were achieved in cell lines and xenograft mice
models by inhibiting FAO with chemical compounds. These results suggested that PDK4 upregulation,
by pioglitazone, compromised glucose utilization and triggered FAO with a subsequent increase of
ROS levels, which in turn induced RB hypophosphorylation. Moreover, the researchers reported
alterations in glutamine metabolism, an impairment of glutaminolysis, and downregulation of reduced
glutathione (GSH) levels; therefore, tumor cells were unable to carry out ROS detoxification processes
(as reported in Figure 2B) [135].

One common feature of several tumors such as non-small cell lung cancer (NSCLC) is resistance
to radiation and chemotherapy, but the specific mechanisms are not entirely understood. However,
it is well-known that hypoxia supports the malignancy and expression of ATP-binding cassette (ABC)
transporters, which drive chemotherapeutic agents outside the cells [147,148]. The hypoxic condition
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is also combined with the downregulation of mitochondrial uncoupling protein 2 (UCP2) in NSCLC
cells, as highlighted in a recent work [149]. UCP2 is a mitochondrial protein that is involved in the
detoxification process by reducing ROS levels, because the cells are more sensible to superoxide anion
released after proton force development by the electron transport chain. Moreover, a double role
was suggested for UCP2: the reduction of ROS levels, and the metabolic regulation of glycolysis,
fatty acid, and glutamine oxidation [150]. Downregulation of UCP2 by hypoxia was associated with
PPARγ repression, the upregulation of the ABC transporter and ATP binding cassette G2 (ABCG2),
and an increase of aerobic glycolysis and chemoresistance. HIF-1 was directly involved in PPARγ and
FAO downregulation; this condition negatively affected the UCP2 transcription. Conversely, glucose
consumption was stimulated and established a progressive increase of ROS in concert with ABCG2
upregulation, as indicated in Figure 2B [149,151].

Several studies show the ability of ATRA (all-trans retinoic acid) to induce the differentiation of
some myelocytic cell lines (HL-60, U937, and NB4) into mature phagocytic cells. ATRA administration
is useful for the therapy of acute promyelocytic leukemia (APL), but the permanent administration of
ATRA causes high resistance at differentiation, because there is overexpression of cytosolic retinoic
acid binding proteins [152,153]. In this regard, the association between ATRA and PPARγ ligands
was demonstrated to be synergistic in the differentiation effect on myelocytic leukemia cell lines [130].
The synergistic effect also concerned the enhancement of lipogenesis, as evidenced in the NB4 cell
line by an accumulation of lipid droplets. Therefore, an induction of differentiation by ATRA and
pioglitazone results in a high activity of triacylglycerol synthesis in human myelocytic leukemia cell
lines [154].

An induction of PPARγ activity and concomitant autophagic cell death in human chronic myeloid
leukemia (CML) cell lines (K562 and KCL-22) was reported by Shinohara et al. [155]. By docking
analysis, they observed that anti-cancer fatty-acid derivative, called AIC-47, was able to bind PPARγ,
making it transcriptionally active, and indirectly reducing c-Myc protein levels, since PPARγ activation
is related to the proteasome degradation of β-catenin, as already mentioned [144]. Other interesting
results also demonstrated the involvement of AIC-47/PPARγ in the deregulation of the glycolytic
pathway. In fact, the upregulation of c-Myc is a cause and a consequence of aerobic glycolysis in
tumor cells. As previously demonstrated, c-Myc can induce the overexpression of three heterogeneous
nuclear ribonucleoproteins (hnRNPs), and, in turn, they can suppress the alternative splicing of
pyruvate kinase isoenzyme M1 (PKM1), which is the less present isoform in cancer cells. Unlike other
isoforms of PK that need allosteric regulation to be active, PKM1 is a tetrameric stable and active
enzyme; for this reason, cancer cells prefer to use PKM2 for their metabolic purposes. PKM2 shows
slow activity in cancer cells, because it also allows the biosynthetic pathways; consequently, in
cancer cells, the PKM1/PKM2 ratio is low and c-Myc-dependent [23,24,156]. PPARγ activation
AIC-47-dependent induced c-Myc downregulation, resulting in β-catenin inactivation with an increase
of the PKM1/PKM2 ratio and the metabolic switch from glycolysis to the TCA cycle; simultaneously,
ROS levels increase, which results in autophagy induction (Figure 2B) [155].

Survival in hepatocellular carcinoma (HCC) patients is related to the expression patterns of some
genes, including ODC1 (ornithine decarboxylase 1). Its overexpression is associated with reduced
patients survival [157]. The OCD1 enzyme catalyzes the first reaction in the biosynthesis pathway
of polyamine; its mRNA and protein levels are increased together with c-Myc activity in HCC tissue
compared with normal tissue [158]. An impairment of OCD1 expression by gene silencing was related
to cell cycle interruption and apoptotic cell death; besides, phenotypic alterations occurred through
a characteristic deregulation of 119 genes. Among them, it was interesting that the downregulation
of PPARγ gene and lipogenesis were both linked to the upregulation of KLF2 (krüppel-like factor 2)
oncogene. It was reported that the siRNA of ODC1 gene induced the upregulation of the KLF2
gene, which, in turn, negatively affected PPARγ expression, thus causing a downregulation of
lipogenic enzymes, such as FAS and ACC2 (acetyl-CoA carboxylase 2), as already highlighted; see also
Figure 1B [159,160].
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Regarding de novo fatty acid synthesis, in ERBB2 (erythroblastic oncogene B)-positive breast
cancer cells, a remarkable amount of lipid droplets was observed. ERBB2 cells assumed this metabolic
behavior under the transcriptional control of PPARγ, and the inhibition of PPARγ decreased tumor cell
viability. By RNA interference screening, some genes that are required for fatty acid metabolism and
tumor cell survival were identified [161]. Within this group of genes, two were associated with PPARγ
activity: PBP (PPARγ-binding protein) and NR1D1 (nuclear receptor subfamily 1, group D, number 1).
Both were identified as activators of PPARγ expression; it is likely that PBP was a co-activator, and
NR1D1 was the target gene [162]. The gene sequence of PBP and NR1D1 are located in the ERBB2
amplicon, and in breast cancer, mutations in this gene locus are linked to high lipid synthesis and PBD,
NR1D1 overexpression. PBD and NR1D1 activity is aimed at the regulation of FAS (fatty acid synthase),
ACLY (ATP citrate lyase), and ACACA (acetyl-coenzyme A carboxylase α) gene expression [162,163].
In this regard, palmitate, the last metabolic product of the fatty acid synthesis pathway, was described
as lipotoxic agent, likely by ROS induction [164]. Some researchers identified a protective role of
PPARγ against palmitate-induced lipotoxicity in ERBB2-positive breast cancer cell lines (BT474 and
MDA-MB-361), but not in other types of breast cancer (MCF-7) and normal cells. The PPARγ activity
allowed the induction of triacylglycerol synthesis, in order to remove the excess of fatty acid and enclose
them in specific stores (LDs) to relieve lipotoxicity. Moreover, PPARγ played a central role in keeping
the FAS active by confinement of palmitate in specific stores. The inhibition of PPARγ by antagonist
abolished the protective mechanism, and ERBB2 cells were more sensible to palmitate-dependent
toxicity (Figure 1B) [165]. A pertinent work showed the suppressive effects of PPARγ antagonism
in populations of cancer stem cells (CSCs) derived from ERBB2-positive breast cancer cell lines
(BT474 and SKRB3). These cell lines expressed high levels of ALDH (aldehyde dehydrogenase) activity
with greater lipid storage than ERBB2-negative cells. Also in this case, the tumor suppressive effects
were related to increased ROS levels and a damaged lipogenesis pathway. The researchers’ assumption
was that the epigenetic pattern of ACLY (ATP citrate lyase) could be altered by PPARγ inactivation,
considering the ACLY gene a PPARγ target gene. In fact, acetylation levels of H3 and H4 histone were
found to be different between ERBB2-positive cells and control cells [166].

Recently, an interesting approach, called sleeping beauty (SB), was used to mainly find genes
leading to prostate cancer metastatic events. Briefly, this approach is based on transposons, which can
induce somatic mutations, and the expression of transposase enzymes could be tissue-specific or
ubiquitous [167]. Most of the analyses were conducted on PTEN-null mice, because patients with poor
prognosis presented low PTEN levels and conversely high PPARγ and FAS levels. Noteworthy,
the insertion of mutations within the PPARγ gene established greater tumor aggressiveness in
PTEN-deleted mice than in mice without insertion. Also in this study, the PPARγ overexpression
determined the upregulation of enzymes involved in de novo fatty acid synthesis, and conversely,
this effect was abolished by PPARγ knockout and downregulation [168].

Tumor-associated macrophages (TAMs) have a close relationship with the tumor
microenvironment and encourage tumor progression. Several evidences support the idea that
stromal cells play a key role in tumor maintenance, since tumor cells exploit them by using their
energy resource, in the form of metabolic intermediates or end products (lactate, ketones, glutamine,
and fatty acids). Concerning this scenario, the ability of caspase-1 to cut PPARγ in a 41-kDa
fragment was reported. Afterwards, this fragment translocates into mitochondria to dampen MCDA
activity. Medium-chain acyl-CoA dehydrogenase (MCDA) contributes to fatty acid β-oxidation [169];
its inactivation was demonstrated to be linked to lipid synthesis, and LDs increase with concomitant
TAMs differentiation. Considering the caspase-1/PPARγ/MCDA axis as an important mechanism
to improve TAMs differentiation and tumor aggressiveness, when this axis was damaged with
a caspase-1 inhibitor, TAMs cells suffered a specific commitment that negatively affected tumor
progression (Figure 1B) [170].

540



Int. J. Mol. Sci. 2018, 19, 1907

2.3. PPARβ/δ and Cancer Metabolism

PPARβ/δ, similar to other PPAR isotypes, regulates the transcription of genes that are required for
the main metabolic processes, such as glucose and fatty acid catabolism, although its regulatory role is
also implicated in cell proliferation, cell differentiation, wound healing, and inflammation [55,171,172].
Several scientific evidences reported the pro-tumorigenic role of PPARβ/δ, but to date, there has
been conflicting information on the exact role of PPARβ/δ in carcinogenesis [75,173]. This aspect was
especially investigated in breast cancer with conflicting results, showing that the estrogen receptor was
involved in the effects induced by PPARβ/δ activity modulation. In fact, proliferation in the MCF-7
cell line (estrogen receptor positive, ER+) was increased by PPARβ/δ overexpression; conversely,
the MDA-MB-231 cell line (estrogen receptor negative, ER−) showed no effect on the cell proliferation
rate. Unfortunately, these results are not consistent with other evidences, showing that in MCF-7 cells,
the overexpression of PPARβ/δ induced differentiation and cell cycle interruption [174–176]. On the
other hand, the negative effect of PPARβ/δ activation on tumor survival in MCF-7 and MDA-MB-231
cell lines has also been reported [177].

Tumor progression in non-small cell lung cancer (NSCLC) was associated with PPARβ/δ
upregulation, an increase in VEGF (vascular endothelial growth factor) levels and activation of the
PI3K/Akt pathway [178]. PPARβ/δ could be considered an upstream regulator of PI3K/Akt activity.
PI3K/Akt signaling is able to reduce PTEN levels and increase PDPK1 (3-phosphoinositide-dependent
protein kinase-1) expression [179]. Since the PDPK1 gene presents PPRE specific for PPARβ/δ,
as already demonstrated [180], an interesting analysis was conducted on mammary tumorigenesis in
an in vivo model. In this regard, transgenic mice carrying the PDPK1 gene under the transcriptional
control of mouse mammary tumor virus (MMTV-mice) were used. Nevertheless, the expression was
limited to the mammary gland [181]. Transgenic mice showed higher PPARβ/δ expression levels than
control mice; the expression was further increased in MMTV-mice fed a diet containing PPARβ/δ
agonist. Mammary carcinogenesis was promoted in both wild-type and transgenic mice under feeding
treatment, especially in transgenic mice. The researchers emphasized the differences between wild-type
and MMTV mice regarding the treatment response, because mice bearing the PDPK1 transgene and
treated with PPARβ/δ agonist were more prone to tumor initiation, which might have been due to
differences in the involved metabolic pathway. Regarding that, the PI3K/Akt pathway is able to
phosphorylate and activate ATP citrate lyase; simultaneously, PDPK1 slows down the pyruvate flow
into oxidative phosphorylation and the Acss2 (Acyl-coenzyme A synthetase short-chain family member
2) supports the conversion of lactate to pyruvate. These three proteins work in concert to raise the
acetyl-CoA amount in order to promote glycolysis and fatty acid synthesis, and the PPARβ/δ agonist
increases their efficiency. Although PDPK1 expression alone was not able to induce carcinogenesis,
its association with the active PPARβ/δ triggered a malignancy molecular pathway that was more
aggressive in transgenic mice than in wild-type mice treated with PPARβ/δ agonist. Therefore,
two different metabolic mechanisms can be activated, whereby PDPK1 induces the expression of
PPARβ/δ and vice versa; this loop in turn supports the transcription and the activity of genes
related to glycolysis and lipid synthesis. Fatty acid synthesis could be useful for supplying PPARβ/δ
endogenous ligands and continuing to feed PDK1-PPARβ/δ loop activity (see also Figure 1C) [181].

Despite the maintenance of hematopoietic stem cells (HSCs) and endurance of muscle cells
establishing an unfavorable metabolic condition, they are safeguarded through PPARβ/δ activity.
It is likely that PPARβ/δ triggers specific molecular mechanisms related to the metabolic switch
to allow the cell life cycle [182,183]. As already demonstrated by Tung and collaborators [117],
PPARβ/δ transcription was promoted when leukemic cells were stressed by glycolysis inhibitors.
The same results were obtained in a recent paper, but in breast cancer cell lines. When the cells grow in
standard culture conditions for 10 days without medium replacement, the overexpressing-PPARβ/δ
cells continued to proliferate much better than control cells. Conversely, cells with the PPARβ/δ
knockdown, through CRISP/Cas9, showed a proliferation rate comparable to the control levels.
However, the low glucose culture conditions induced a more pronounced PPARβ/δ upregulation in

541



Int. J. Mol. Sci. 2018, 19, 1907

transfected cells compared to standard culture conditions, confirming the central role of PPARβ/δ
in tumor metabolic modulation. Furthermore, these events were associated with increased levels of
catalase and Akt protein, as well as an upregulation of the antioxidant defenses (Figure 1C) [184].

As mentioned above, PPARβ/δ plays, in concert with FAO, a key role in the preservation
of HSCs, also in the presence of harsh environmental conditions. Regarding that, PPARβ/δ-FAO
pathway undergoes an upstream regulation by the PML (promyelocytic leukemia) protein; which is
codified by a tumor-suppressor gene. For example, Ito and colleagues [183] demonstrated that HSCs
with Pml gene deletion were less inclined to asymmetric division with significant variation of the
asymmetric/symmetric division ratio, and there are similar results also in breast cancer cells that
sustain this observation [185]. These evidences provide further support regarding PPARβ/δ-FAO
pathway regulation by PML upstream control. Therefore, abolishing the oxidative metabolism of
fatty acids could damage cancer stem cells and more differentiated scaffold cells [183]. In this regard,
a similar effect was observed in chronic lymphocytic leukemia (CLL) cells (Daudi cell line and primary
culture), where the stressful environmental conditions stimulated PPARβ/δ expression by triggering
a protective mechanism in cancer cells. Various kinds of harsh conditions were tested: low glucose,
hypoxia, exposure to glucocorticoids, and cytotoxic agents. In any case, the response of tumor cells
was to improve antioxidant activity and make better use of energy supplies through a proper metabolic
pathway [186]. More recently, the involvement of PPARβ/δ signaling in the survival of CLL cell lines
was reported. This event was associated with increased cholesterol and plasma membrane biosynthesis.
Exposure to PPARβ/δ agonists was found to induce high cholesterol levels and interferon-dependent
STAT phosphorylation. Cytokines stimulated the specific pathway related to cholesterol synthesis,
while the inability of cytokines to upregulate PPARβ/δ was also demonstrated. On the other hand,
PPARβ/δ could stimulate the cytokines expression in order to maintain the tumor microenvironment
(as reported in Figure 1C) [187].

Consistent with these results, the direct role of PPARβ/δ in the IL-8 gene transcription was
also observed in colon cancer cells, mainly in a hypoxic environment [188]. Unlike PPARα and γ,
which present both pro-tumor and anti-tumor effects in colorectal cancer, different experimental
evidences showed the pro-tumorigenic role of PPARβ/δ, mainly through its involvement in the
APC/β-catenin/K-Ras oncogenic pathway [189,190]. The upregulation of PPARβ/δ was observed in
human HCT116 colon cancer cells in a hypoxic environment. Whereas p300/PPARβ/δ interaction
was triggered by HIF-1. p300 is an all-purpose co-activator for the nuclear receptor that contributes to
the formation of transcriptional complex. The authors reported high levels of tumor angiogenesis by
IL-8 and VEGF overexpression linked to hypoxic conditions that in turn induce the p300/PPARβ/δ
complex. This complex strongly affected the expression of inflammatory cytokines. At the same time,
PPARβ/δ is upstream regulated by PI3K/Akt, but PPARβ/δ itself is able to regulate PI3K and Akt
expression; thus, a permanently active closed loop could be generated, as indicated in Figure 1C [188].

As mentioned above, PPARγ is directly involved in the differentiation of TAMs [170]; it is also
worth mentioning that macrophages can assume two specific phenotypes: M1 (inflammatory) and M2
(anti-inflammatory). However, TAMs present a mix of both phenotypes [191]. PPARγ and PPARβ/δ
are able to regulate the final fate of macrophages in a tumor environment. The transcriptional control
of PPARβ/δ on genes linked to TAMs was observed in ovarian cancer cells. CD14+ monocytes cells
from ovarian carcinoma ascites were used as TAMs in vitro model [192]. This study evaluated which
genes related to TAMs were under PPARβ/δ transcriptional control. The overall results confirmed the
regulation of metabolic pathway genes and inflammatory/migration pathway genes. The upregulation
of these genes was also found in the presence of PUFA (poly-unsaturated fatty acid) ligands. Therefore,
transcriptional regulation by PPARβ/δ could be associated not only with the maintenance of TAMs,
but also with tumor progression. The upregulation of genes encoding for soluble mediators of cancer
progression, such as ANGPTL4 (angiopoietin-like 4), could be under the transcriptional control of the
PPARβ/δ. ANGPTL4 is a lipoprotein lipase regulator; it is essential for tumor-metastatic progression.
In fact, angiopoietin-like 4 prevents the cell death by anoikis [193,194]. However, the preservation of
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TAMs was dependent of PPARβ/δ activation, which in turn induced the transcription of downstream
elements, such as ANGPTL4 and PDK4, in order to allow a metabolic switch to aerobic glycolysis
(Figure 1C). In fact, high lactate levels were detected, and cells from ascites resulted in having high
fatty acid ligands for PPARβ/δ; thus, the nuclear receptor activity in TAMs maintenance was greatly
facilitated by the tumor microenvironment [192].

Since the metabolic fate undertaken by cancer cells is a response depending on the cell phenotypic/
genotypic characteristics, and on the specific microenvironment around the neoplastic bulk. PPARβ/δ
behavior also undergoes this specific tumor conditioning. However, the microenvironment affects
the ability of cancer cells to acquire nutrients from extracellular compartments to cytoplasm by
transmembrane transporter proteins. In this regard, Zhang et al. [77] reported the direct binding of
PPARβ/δ on the PPRE of Glut1 and Slc1-a5 genes, and highlighted their upregulation by PPARβ/δ
activation, in order to ensure glucose and amino acids for tumor growth. Transfected SW480 cells
(cell line from colon adenocarcinoma) with PPARβ/δ transgenes showed high mRNA and protein
levels of GLUT1 and SLC1-A5 (solute carrier family 1 member 5), and as a consequence, lactate
increases, and there is also high glucose and glutamine consumption. All of these results were
abolished by PPARβ/δ knockdown or through the use of an antagonist. Moreover, the overexpression
of GLUT1 and SLC1-A5, with contemporary PPARβ/δ silencing, caused an increase in the proliferation
rate, which was abolished in cells with a specific deletion of the transporter protein genes and
overexpression of PPARβ/δ. Considering these results, it is conceivable to hypothesize that there is
a PPARβ/δ-dependent molecular pathway leading to GLUT1 and SLC1-A5 upregulation, resulting in
the modulation of metabolic patterns suitable for tumor growth (Figure 1C) [77].

Unlike the evidence reported so far, the oncosuppressive activity of PPARβ/δ in prostate cancer
was recently demonstrated [195]. In a tumor tissue biopsy of prostate cancer, low mRNA levels of
PPARβ/δ were observed compared with benign tissue. The same results were obtained in prostate
cancer cell lines (DU145, PC3, LNCAP, VCAP, C4-2, and 22RV); thus, the downregulation of PPARβ/δ
was associated with high aggressiveness. In the absence of ligands, the PPARβ/δ could exist as
a transcriptional repressor [172]; in fact, the inhibition of FAO was demonstrated when PPARβ/δ was
overexpressed, but only in PC3 and LNCaP cell lines. The repressive effect on FAO was abolished by
PPARβ/δ agonist, without affecting PPARβ/δ transcription levels. The results obtained confirm the
suppressive role of PPARβ/δ in its unliganded form; see also Figure 2C [195].

3. Conclusions

Although there is no clear view on the exact role of PPARs in carcinogenesis, and considering
that most of the experimental proofs are mutually conflicting, the key role of PPARs in the metabolic
modulation faced by cancer cells to ensure their own survival has been accepted. Each cancer cell
exhibits a specific metabolic signature that is related to its tissue-specific genotypic and phenotypic
features. Nevertheless, the specific cell phenotype has a close relationship with the microenvironment
around the tumor bulk; thus, tumor phenotypic manifestations are the result of the effects induced
by the tumor microenvironment on cellular transcription events. Regarding that, the transcriptional
activity of PPARs on specific target genes is deeply correlated to the tissue type from which the
tumor arises and to the tumor microenvironment. For this reason, each PPAR isotype establishes
different effects in various tumor cell types. Overall, all of these factors determine whether PPARs
promote tumorigenesis and tumor progression or counteract cancer survival. Moreover, the tumor
microenvironment provides PPAR ligands; consequently, the extracellular environment can directly
modulate the activities of PPARs.

The most recent evidences reported in this review demonstrate the involvement of PPARs in
a metabolic switch that occurs in different cancer types. The oncogenic metabolic pathway of PPARα
is characterized by high glycolysis in concert with c-Myc and cyclin D1 upregulation, as well as
high levels of lipid and glycogen synthesis. In addition, an increase of LDs is observed that is
associated with the upregulation of the MVA pathway, while, less frequently, PPARα oncogenic
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activity can be connected to the induction of OXPHOS and FAO. Moreover, an increase in fatty acid
oxidation was reported to confer chemoresistance, i.e., against glucocorticoids [116]. Hypoxia exerts
its oncogenic role through a stimulation of PPARα transcriptional activity (Figure 1A). Oncogenic
metabolic behavior related to PPARγ activity mainly triggers an increase in lipid synthesis and
reduces FAO. Meanwhile, lipotoxicity related to a high amount of palmitate is arrested by PPARγ,
which drives palmitate confinement into LDs. The positive role of PPARγ in the differentiation of
TAMs is intriguing; the behavior of tumor stromal cells is affected by the PPARγ-mediated inhibition
of FAO and induction of lipid synthesis (Figure 1B). Unlike other two PPAR isotypes, most of the
evidence regarding PPARβ/δ activity highlights its oncogenic role. Environmental stress, such as
hypoxia and low glucose, triggers the tumor metabolic pathway under PPARβ/δ transcriptional
control; thus, aerobic glycolysis, lipid synthesis, anaplerosis, and FAO are stimulated. It is noteworthy
in leukemia cells that the upstream regulation of cytokines by PPARβ/δ is related to high cholesterol
levels and malignancy (Figure 1C).

Under certain circumstances, the transcriptional activity of PPARs is aimed at suppressing specific
tumor metabolic pathways. PPARα can inhibit lipid and cholesterol synthesis in concert with FAO
induction. Glycolysis is obstructed by the PPARα-dependent destruction of the hexokinase II/VDAC
complex, leading to metabolic switch and high OXPHOS levels, as demonstrated in oral cancer cells
(Figure 2A) [127,128]. Unlike PPARα, in some tissues, the hypoxia inducible factor downregulates
PPARγ, leading to the loss of its tumor suppression activity. In normoxic conditions, PPARγ represses
the expression of the gene related to glycolysis (Wnt/β-catenin, c-Myc), glutamine anaplerosis,
chemoresistance, and antioxidant defenses. Conversely, PPARγ transcriptional activity encourages
the expression of genes involved in tumor differentiation, TCA cycle, and FAO, which are all in
agreement with the PKM1/PKM2 ratio increase (Figure 2B). Among the scant evidence supporting
the oncosuppressive role of PPARβ/δ, its ability to decrease FAO and disrupt tumor proliferation in
prostate cancer cells is accepted, but only in absence of its ligands (Figure 2C).

Overall, this review highlights the central role of PPARs in tumor metabolic decisions, which are
in turn affected by the genetic signature of tumor cells and the specific tumor microenvironment. In this
regard, epigenetic events could play a key role in the regulation of PPAR activities in tumor metabolic
response, while the possible relationship between the three PPARs isotypes in tumor metabolism
should be taken in consideration, as already described in the pathogenesis of neurodegenerative
diseases [196]. However, in order to fully understand the exact role of PPARs in cancer metabolism,
studying the epigenetic effects related to PPARs and the relationship between the three isotypes could
be interesting, in order to efficiently target the complex machinery that achieves the energy demands
of cancer cells.
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Abstract: Background: Peroxisome proliferator–activated receptor (PPAR) β/δ, a ligand-activated
transcription factor, is involved in diverse biological processes including cell proliferation,
cell differentiation, inflammation and energy homeostasis. Besides its well-established roles in metabolic
disorders, PPARβ/δ has been linked to carcinogenesis and was reported to inhibit melanoma cell
proliferation, anchorage-dependent clonogenicity and ectopic xenograft tumorigenicity. However,
PPARβ/δ’s role in tumour progression and metastasis remains controversial. Methods: In the present
studies, the consequence of PPARβ/δ inhibition either by global genetic deletion or by a specific
PPARβ/δ antagonist, 10h, on malignant transformation of melanoma cells and melanoma metastasis
was examined using both in vitro and in vivo models. Results: Our study showed that 10h promotes
epithelial-mesenchymal transition (EMT), migration, adhesion, invasion and trans-endothelial migration
of mouse melanoma B16/F10 cells. We further demonstrated an increased tumour cell extravasation
in the lungs of wild-type mice subjected to 10h treatment and in Pparβ/δ−/− mice in an experimental
mouse model of blood-borne pulmonary metastasis by tail vein injection. This observation was further
supported by an increased tumour burden in the lungs of Pparβ/δ−/− mice as demonstrated in the
same animal model. Conclusion: These results indicated a protective role of PPARβ/δ in melanoma
progression and metastasis.

Keywords: melanoma; peroxisome proliferator–activated receptorβ/δ; migration; EMT; invasion; metastasis

1. Introduction

Melanoma is the deadliest and the most aggressive form of skin cancer that originates from the
pigment making melanocytes in epidermis. In contrast to the declining incidence for many types
of cancers, the number of annually diagnosed melanoma cases has doubled in the past decade [1].
Furthermore, melanoma is more likely to spread than any other types of skin cancers and the lung is
the most common site of distant metastases [2]. Although surgical treatment of early-stage melanoma
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shows a 90% cure rate, therapeutic options for advanced melanoma are very limited. To make
things worse, melanoma cells are particularly adept at rewiring themselves and will inevitably
evolve resistance to treatments [3]. The median survival for patients with metastatic malignant
melanoma ranges from 6–15 months [4] and the 5-year survival rate is only around 5% [5]. To date,
effective therapies for metastatic melanoma remain a significant challenge.

Peroxisome proliferator–activated receptors (PPARs) are ligand-activated transcription factors
that belong to the nuclear receptor superfamily. They regulate many biological processes, including
cell proliferation, migration and differentiation, immune response, and energy homeostasis [6].
Upon ligand binding, PPARs undergo conformational change which allows the release of corepressors,
recruitment of coactivators and subsequent activation of downstream target genes. There are three
distinct members of the PPAR family: PPARα, PPARβ/δ, and PPARγ [7]. The biological roles of
PPARα and PPARγ have been extensively studied, whereas, PPARβ/δ’s function is less clear or
even controversial. Several studies linked PPARβ/δ to tumour growth and progression with both
promoting and inhibitory effects reported [8–11]. PPARβ/δ was previously shown to be expressed
in melanocytes [12], suggesting a potential physiological role in melanocyte activity and function.
Although the activation of PPARβ/δ has no impact on melanocyte proliferation [12], it significantly
inhibits the proliferation of melanoma cells, prevents anchorage-dependent clonogenicity and
attenuates ectopic xenograft tumorigenicity [13]. On the contrary, shRNA-mediated knockdown
of PPARβ/δ in a highly malignant mouse melanoma cell line B16-F10 demonstrated reduced lung
metastasis and tumour burden [9]. In this study, we showed that PPAβ/δ inhibition by either the
PPAβ/δ antagonist 10h, or gene deletion promotes the transformation of melanoma cells towards
a more malignant phenotype, leading to increased melanoma cell extravasation and tumour burden
in the lungs.

2. Results

2.1. 10h Induces Phenotypic Changes of B16/F10 Mouse Melanoma Cells

Although melanoma cells do not show classic epithelial or mesenchymal characteristics,
they undergo a coordinated phenotypic switch which is necessary for tumour cells to disperse from
the primary site [14]. To evaluate the role of PPARβ/δ in melanoma cell function, we used a novel
PPARβ/δ antagonist 10h [15,16]. 10h has been shown to efficiently antagonized agonist-mediated
transcriptional activation of PPARβ/δ. On the contrary, it had no significant effect on ligand activated
PPARα or PPARγ [15]. To test the efficacy of 10h-mediated PPARβ/δ inhibition, we first evaluated
the expression of known PPARβ/δ target genes in 10h-treated B16/F10 cells and demonstrated
a significant reduction in Angiopoietin-like 4 (Angptl4) and Cpt1 expression (Figure 1A). ANGPTL4
was previously demonstrated to prevent tumour metastasis by inhibiting tumour cell motility and
invasiveness [17]. Consistent with this observation, 10h-treated B16/F10 cells underwent a drastic
change in morphology and were converted from a typical “cuboidal” shape into an elongated
mesenchymal like structure (Figure 1B). This phenotypic change was associated with an apparent
depigmentation in both the 10 h-treated B16/F10 cells (Figure 1C) and conditioned medium of these
cells (Figure 1D), which are characteristic features of transformed invasive melanoma cells [18].
Microphthalmia-associated transcription factor (Mitf) drives the expression of a number of genes
involved in melanocyte pigmentation [19]. The expression of this factor is stimulated by the
α-melanocyte-stimulating hormone (α-MSH), an endogenous peptide hormone that plays a critical role
in melanogenesis. Our study showed that 10h significantly attenuated both basal and α-MSH-induced
Mitf expression in B16/F10 cells (Figure 1E). Consistently, there was a significant reduction in the
α-MSH-induced melanin secretion after 10h treatment (Figure 1F). Transforming growth factor (TGF)
β1 is a potent stimulator of epithelial to mesenchymal transition (EMT) during tumour invasion
and metastasis [20]. Similarly to TGFβ1, 10h significantly induced the expression of the specific
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mesenchymal markers Fibronectin and N-cadherin in B16/F10 cells (Figure 1G). Together, our study
showed that 10h induces the switch of melanoma cells towards a more transformed phenotype.

Figure 1. Effect of 10h on B16/F10 mouse melanoma cells. (A) Angptl4 and Cpt1 gene expression
measured using real-time quantitative PCR analysis. (B) Morphology of B16/F10 cells after treatment
with 10 μM of 10h in 5% serum supplemented DMEM compared to 0.05% DMSO-treated control cells.
Scale bar: 50 μm. Representative picture of trypsinized B16/F10 cell pellets (C) and conditioned
medium (D) after 72 h treatment with 10 μM of 10h. (E) Representative images and quantitative analysis
of western blot for MITF in α-MSH and/or 10h-treated B16/F10 melanoma cells. (F) Percentage of
melanin content in α-MSH and/or 10h-treated B16/F10 melanoma cells. (G) Representative images
and quantitative analysis of western blot for fibronectin, N-cadherin, and GAPDH in 10h-treated
B16/F10 cells. Data are presented as mean ± s.e.m of three independent experiments. Statistical
analysis was performed using one-way ANOVA followed by Turkey’s post hoc analysis or two-tailed,
unpaired student’s t-test; * p < 0.05, ** p < 0.01, *** p < 0.001.

2.2. 10h Promotes Melanoma Cell Migration and Invasion

To understand the functional consequences of the 10h-induced morphological transformation
of melanoma cells, we carried out the Transwell migration assay and demonstrated an increased
motility of 10 μM of 10h-treated B16/F10 cells as compared to vehicle-treated control cells (Figure 2A).
Next, to mimic the invasion process, 10h-treated B16/F10 cells were seeded on top of a Matrigel
coated Transwell membrane. Consistent with the increased motility, 10h significantly increased the
invasiveness of B16/F10 cells (Figure 2B). During invasion, epithelial-derived tumour cells move
from the lamina-enriched basal membrane to the collagen and fibronectin-enrich connective tissue
region [21,22]. The ability of tumour cells to adapt to this abrupt change in microenvironment
contributes to their metastatic and invasive behaviour. Consistently, our study showed a promoting
effect of 10h on the capability of B16/F10 cells to adhere to fibronectin-coated cell culture plates
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(Figure 2C). A critical prerequisite for metastatic tumour cells to invade the surrounding tissue is
their capacity to degrade extracellular matrix (ECM) by the action of matrix metalloproteinases
(MMPs) [23–25]. Among all MMPs, MMP9 is particularly important for melanoma progression [26],
and increased expression and activity of these MMPs were observed in invasive melanoma cell
lines [27,28]. Our study showed that both transcript (Figure 2D) and protein (Figure 2E) levels of
MMP9 were induced in 10h-treated B16/F10 cells. Together, our data showed a promoting effect of
10h on B16/F10 melanoma cell motility, invasion, and MMP9 expression, all critical characteristics for
melanoma progression and metastasis.

Figure 2. Effect of 10h on B16/F10 cell migration and invasion. (A) Representative images and
quantitative analysis of migrated B16/F10 cells after 10h and DMSO treatments. (B) Representative
images and quantitative analysis of invading B16/F10 cells after respective treatments. Scale bar:
200 μm. (C) Quantitative analysis of B16/F10 cells attached to fibronectin coated plate normalised to
0.05% DMSO-treated controls. (D) MMP9 gene expression in 10 μM 10h or DMSO-treated B16/F10 cells
as determined by real-time quantitative PCR analysis. (E) Representative Western blot and densitometry
analysis of MMP9 in 10 μM 10h or 0.05% DMSO-treated control B16/F10 cells. All images are
representative. Data are presented as the mean ± s.e.m of three independent experiments. Statistical
analysis was performed using two-tailed, unpaired student’s t-test; * p < 0.05, ** p < 0.01.

2.3. 10h Increases B16/F10 Melanoma Cell Adhesion to the Endothelium and Trans-Endothelial Migration

To reach distant sites, cancer cells must be able to adhere to endothelial cells (ECs) and
migrate across the endothelium [29,30]. To understand PPARβ/δ’s role in this process, we applied
10h treated B16/F10 cells to pulmonary microvascular endothelial cells (HPMECs) and observed
an increased number of 10h-treated B16/F10 cells adhered to a HPMEC monolayer (Figure 3A).
In vitro trans-endothelial migration assay is commonly used to mimic the process of tumour cells
to cross the endothelium, a critical step in metastatic spread. Similarly, 10h significantly increased
the number of 10h-treated B16/F10 cells that migrated across the HPMEC monolayer as compared
to those treated with DMSO (Figure 3B). We then investigated the effects of PPARβ/δ inhibition in
HPMECs on melanoma cell behaviour. B16/F10 cells were layered on top of the HPMECs pre-treated
with 10h. Similarly to the above observation, there was an increased number of melanoma cells that
adhered to (Figure 3C) and migrated across the 10h-treated HPMECs (Figure 3D). Together, these data
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demonstrated that PPARβ/δ inactivation by 10h either in tumour cells or in ECs facilitates tumour
cell dissemination.

Figure 3. Impact of 10h on B16/F10 cell adhesion to endothelial cells and transendothelial migration.
(A) Representative images and quantitative analysis of the number of CMFDA-positive B16/F10 cells
adhered on the HPMEC monolayer. Scale bar: 200 μm. (B) Representative images and quantitative
analysis of the number of CMFDA-positive cells that migrated across the HPMEC monolayer. Scale bar:
200 μm. (C) Representative images and quantitative analysis of the number of CMFDA-positive B16/F10
cells adhered on the 0.05% DMSO or 10 μM 10h-treated HPMEC monolayer. (D) Representative images
and quantitative analysis of the number of CMFDA-positive cells that migrated across 0.05% DMSO-
or 10 μM 10h-treated HPMEC monolayers. Scale bar: 200 μm. All images are representative. Data are
presented as mean ± s.e.m of three independent experiments. Statistical analyses were performed using
two tailed, unpaired student’s t-test. * p < 0.05; ** p < 0.01; *** p < 0.001.

2.4. PPARβ/δ Inhibition Promotes Lung Metastasis of Melanoma Cells In Vivo

Having established an important role of PPARβ/δ in attenuating the morphological and
functional transition of B16/F10 cells towards a more aggressive phenotype, we next investigated
its involvement in lung metastasis in vivo. We observed an increased pulmonary extravasation of
10h-treated B16/F10 cells in an experimental C57BL/6 mouse model of blood-borne pulmonary
metastasis, as compared to mice injected with DMSO-treated control cells (Figure 4A). Similarly,
there was an increased extravasation of B16/F10 cells in Pparβ/δ−/− mice as compared to that in
wild-type controls (Figure 4B). Furthermore, the lungs of Pparβ/δ−/− mice were leakier than WT
counterparts as demonstrated by the Mile’s assay (Figure 4C). We further demonstrated an increased
tumour burden in the lungs of Pparβ/δ−/− mice (Figure 4D,E). Together, these data showed that
PPARβ/δ inhibition in tumour cells or Pparβ/δ deletion in the host promoted melanoma metastasis.
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Figure 4. PPARβ/δ inhibition promotes pulmonary lung metastasis of B16/F10 melanoma cells.
(A) Representative images and quantitative analysis of extravasated B16/F10 cells in C57BL/6 mice
subjected to intravenous delivery of 10h- or vehicle-treated B16/F10 cells (n = 3). (B) Representative
images and quantification of extravasated B16/F10 cells in the lungs of wild type (n = 6) or Pparβ/δ−/−

mice (n = 7). Scale bar: 60 μm. Arrows indicate extravasated tumour cells. (C) Quantification
of Evans blue dye extravasation in the lungs of wild type (n = 4) and Pparβ/δ−/− (n = 4) 30 min
after Evans blue injection. (D) Representative images and quantification of the metastatic burden
in the lungs of wild type (n = 8) and Pparβ/δ−/− mice (n = 8) subjected to intravenous delivery of
B16/F10 cells. (E) Representative images and quantification of Hematoxylin & Eosin staining showing
metastatic tumour nodules in the lungs of wild type (n = 5) and Pparβ/δ−/− mice (n = 5). All images are
representative. Data are presented as the mean ± s.e.m. Significance was determined by two tailed,
unpaired, Student’s t-test; * p < 0.05; ** p < 0.01; *** p < 0.001.

3. Discussion

Melanoma is the deadliest form of skin cancer. It is well known for its aggressive, metastatic and
invasive properties [31], and its capability of rewiring itself to develop resistance to treatments [3].
Currently, treatments for metastatic melanoma are very limited and great efforts have been made
towards developing novel targeted therapies.

PPARs are ligand-activated transcription factors that are members of the nuclear receptor
superfamily. There are three related isotypes of PPARs, PPARα, PPARβ/δ, PPARγ, which share high
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levels of sequence homology but have distinct ligand specificity and tissue distribution patterns [32,33].
PPARs play numerous physiological functions and their dys-regulation is implicated in various
pathological conditions, including cancers [34]. The roles of PPARβ/δ in cancer development and
progression are very complicated with both promoting and protective roles reported [35,36]. For
example, PPARβ/δ knockdown by shRNA in B16/F10 cells has been shown to significantly attenuate
lung metastasis [9] and the ligand-mediated PPARβ/δ activation by GW501516 is able to increase the
migration and invasion of the highly metastatic human melanoma cell line A375SM [31]. However,
GW501516 was also reported to reduce metastasis and migration of pancreatic cancer cells, whereas
short hairpin RNA-mediated inhibition of PPARβ/δ has been shown to promote the invasiveness
of pancreatic cancer cells [37]. Furthermore, GW501516 is able to inhibit the expression of MMP-9,
an important matrix remodelling proteinase that is involved in degrading pericellular and stromal
compartments to facilitate metastasis [38]. Our study suggests a protective instead of promoting
role of PPARβ/δ in melanoma progression and metastasis. Inhibition of PPARβ/δ signalling by 10h
leads to phenotypic transformation of melanoma cell B16/F10 to elongated mesenchymal like shaped
mimicking the initiation of EMT, an important process for tumour cells to achieve further differentiation
and progress to an advanced stage [39]. This observation is supported by a reduced expression of
melanocyte lineage-specific transcription factor, Mitf, a key regulator of melanin synthesis [40,41].
In line with this observation, 10h-treated B16/F10 cells and conditioned medium from these cells
showed a significant reduction in pigmentation. This is associated with a concomitant increase
of mesenchymal markers, fibronectin and N-cadherin. Besides its role in phenotypic expression
of the melanocytic lineage, Mitf is reported to act as a suppressor of melanoma invasion and
metastasis [42–45]. Consistent with the reduced Mitf expression, 10h promotes B16/F10 cell migration,
expression of MMP9, invasion into the Matrigel, and adhesion to fibronectin. To metastasize to distant
organs, cancerous cells need to extravasate from the vascular system into the surrounding tissue [46].
Our data demonstrate that PPARβ/δ inactivation in both B16/F10 cells and PMVECs promotes
melanoma cell adhesion to and transmigration through the endothelium. We further demonstrated
increased extravasation of 10h-treated B16/F10 cells in C57/BL6 mice in an experimental mouse model
of blood-borne pulmonary metastasis. Similar observation was made in Pparβ/δ−/− injected with
B16/F10 cells. Finally, Pparβ/δ deletion in host tissue caused increased pulmonary vessel leakage and
tumour burden in the lungs. In summary, our data support a critical role of PPARβ/δ in attenuating
melanoma progression and metastasis in various in vitro and in vivo models.

However, each experimental model has its own limitations and could not faithfully recapitulate
all characteristic features of tumour development and progression, particularly the role played by the
different cell types, such as the predominant cancer-associated fibroblasts (CAFs), tumour associated
macrophages (TAMs), tumour-infiltrating lymphocytes (TILs) and pericytes in tumour progression [47].
Furthermore, levels of PPARβ/δ inhibition or activation by small molecule drugs, combination of
ligand target and off-target effects, subtle differences in experimental design, may also contribute to
the controversial observations on PPARβ/δ’s role in tumourigenesis. Much more research will be
necessary to clarify the multifaceted and intriguing pro- and anti-tumorigenesis roles of PPARβ/δ in
different cancers.

4. Material and Methodology

4.1. Animals

Pparβ/δ-null mice (mixed genetic background of Sv129/C56BL/6) were kind gifts from
Prof. Walter Wahli (University of Lausanne, Lausanne, Switzerland). Wild type mice (C57BL/6) were
purchased from the InVivos Pte Ltd., Singapore. All animal procedures were reviewed and approved
by the Nanyang Technological University Institutional Animal Care and Use Committee (IACUC,
Project number: A0269), Singapore.
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4.2. Cell Culture

Mouse melanoma cell line B16/F10 was cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco), 2 mM
of L-glutamine (Gibco), 100 U/mL of penicillin and 100 μg/mL of streptomycin (Nacalai Tesque,
Kyoto, Japan). Human Pulmonary Microvascular Endothelial Cells (HPMEC) cells were cultured in
Endothelial Cell Medium-2 supplemented with endothelial cell growth medium bulletkits (Lonza,
Cologne, Germany). All cell lines were maintained in 5% CO2 atmosphere at 37 ◦C.

4.3. Synthesis of 10h

Compound 10h (IUPAC: methyl 3-(N-(4-(isopentylamino)-2-methoxyphenyl)sulfamoyl)-thiophene-
2-carboxylate; PPARβ/δ antagonist) was synthesised in-house (Shunsuke Chiba) according to as shown
in Toth et al. 2012 [15]. The synthesis scheme can be found in Sng et al. 2018 [16].

4.4. RNA Extraction and Quantitative Real-time PCR

Total RNA was extracted using RNAzol RT (Molecular Research Centre, Cincinnati, OH, USA)
and cDNA was synthesised using qScript cDNA Supermix (Quantabio, Beverly, MA, USA) according
to manufacturer protocols. Quantitative real-time PCR was performed in a total of 20 μL volume
containing SYBER green (PrimerDesign Precision, Camberley, UK) on a QuantiStudio 6 Flex Real-time
PCR system. The primers used were as follows (Table 1):

Table 1. Sequences of the forward and reverse primers utilized for gene expression analysis.

Target (Mouse) Forward Sequence (5′–3′) Reverse Sequence (5′–3′)
Angptl4 (NM_020581.2) GGGACCTTAACTGTGCCAAGAG GGAAGTATTGTCCATTGAGATTGGA
Cpt1a (NM_013495.2) ACACCATCCACGCCATACTG TCCCAGAAGACGAATAGGTTTGAG
Mmp9 (NM_013599.4) GCCCTGGAACTCACACGACA TTGGAAACTCACACGCCAGAAG

Gapdh (NM_001289726.1) ACTGAGGACCAGGTTGTCTCC CTGTAGCCGTATTCATTGTCATACC

4.5. Epithelial Mesenchymal Transition (EMT)

The B16/F10 cells (0.5 × 105 cells/well) was seeded in a well of a 6-well plate and serum starved
in serum free DMEM for 8 h before treatment with DMSO (0.05% v/v) as control or 10h (10 μM).
After 72 h, the cells were harvested for western blot analysis to detect EMT marker proteins, MITF and
MMP-9 expression or seeded for migration and invasion assays.

4.6. Measurement of Extracellular Melanin Content

For melanin content analysis, B16/F10 cells were cultured in phenol red-free DMEM (Gibco)
containing 10% FBS. The cells were cultured with α-MSH at 0.1 μM (Sigma, St. Louis, MO, USA)
treatment in the absence or presence of 10h for 3 days. The cultured cells or media were harvested, and
pellets were dissolved in 1N NaOH (Merck, Kenilworth, NJ, USA) containing 10% DMSO (Sigma) at
80 ◦C for 1 h. The melanin content was measured at 475 nm wavelength using an ELISA plate reader
(BioTek, Winooski, VT, USA).

4.7. Cell Adhesion and Tumour-Endothelial Assay

For cell adhesion assay, B16/F10 cells (6 × 104 cells/well) were seeded in a fibronectin coated
96-well tissue culture plate and incubated for 30 min at 37 ◦C in a 5% CO2 incubator. Non-adherent
cells were aspirated, and adherent cells were washed thrice with PBS. The remaining cells were then
fixed with ethanol and stained with crystal violet. Excess dye was removed by washing with PBS and
the dye absorbed by adherent cell nuclei was extracted with 0.5% Triton X-100. Quantification was by
measuring the absorbance at 570 nm using an ELISA plate reader (BioTek).
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For tumour-endothelial assay, B16/F10 cells were pre-treated with 0.05% DMSO or 10 μM 10h
and pulsed with 25 μM Cell Tracker Green CMFDA (Invitrogen, Carlsbad, CA, USA) dye for 30 min
and harvested to obtain a cell suspension. B16/F10 cells (2 × 104) were seeded onto a monolayer of
HPMEC and incubated for 15 min at 37 ◦C in a 5% CO2 incubator. Non-adherent cells were aspirated,
and adherent cells were washed 3 times with PBS. Remaining adherent cells were fixed using 1%
paraformaldehyde (PFA) for 15 min and the adherent cancer cells tagged with green signal were
counted under an inverted fluorescence microscope (Nikon, Tokyo, Japan).

4.8. Trans-Well Migration and Invasion Assay

The cell migration assay was carried out using a transwell system with pore size of 8 μm
(Corning Costar, Corning, NY, USA). The cells (0.8 × 105 cells per well) were seeded into the
upper chamber in serum free DMEM, while conditioned medium from NIH-3T3 was applied to
the lower chamber. After 4 h incubation, migrated cells on the bottom surface of the membrane were
fixed with 1% PFA, non-migrated cells on the top of the membrane were gently removed by cotton
bud while the migrated cells at the bottom of the membrane were stained with DAPI. Migrated cells
were counted in five random microscopic fields (original magnification, 10×). The cell invasion assay
was carried out using a transwell system with pore size of 8 μm (Corning Costar, USA), coated with
Matrigel (BD Biosciences, San Jose, CA, USA). Similarly, the cells (1 × 105 cells per well) were seeded
into the upper chamber in DMEM supplemented with 1% FBS, while medium with 10% FBS was
applied to the lower chamber. After 24 h, invading cells were quantified as described above.

4.9. Trans-Endothelial Migration

1 × 105 HPMEC cells were seeded in the upper chamber of a collagen-coated transwell insert
and allowed to grow in complete endothelial medium to confluence (up to 4 days with P2 (HPMEC);
fresh medium was added at day 2). Pre-treated B16/F10 cells with 0.05% DMSO or 10 μM 10h were
pulsed with 25 μM CellTracker Green CMFDA dye (Invitrogen) for 30 min before being detached by
0.25% trypsin. 0.8 × 105 of pre-treated B16/F10 cells were seeded onto the endothelial monolayer
and allowed to migrate for 18 h at 37 ◦C in 5% CO2. Conditioned NIH-3T3 medium was used
as a chemoattractant. The transwells were then fixed in 4% PFA and cells on the apical side of
each insert were scraped off, and the transwell membrane mounted onto glass slides. Migration
to the basolateral side of the membrane was visualized with a immunofluorescent microscope at
10× magnification. An average of five random fields were quantified using the NIH ImageJ analysis
software (http://rsbweb.nih.gov/ij/). For trans-endothelial migration for HPMEC treated with 10h,
the experimental design is similar to the above with the exception that the endothelial monolayer was
treated with 0.05% DMSO or with 10h up to 4 days to confluence and green signal tagged B16/F10 cells
were seeded onto the endothelial monolayer.

4.10. In Vivo Metastasis Assay

For experimental metastasis assays, pre-treated 5 × 105 B16/F10 cells were injected into the tail
vein of 6- to 8-week-old WT and Pparβ/δ−/− mice as described [48]. After 2 weeks, the animals were
sacrificed to harvest the lungs. The area or the number of metastases in the lungs was measured on
photographs using the ImageJ software (http://rsbweb.nih.gov/ij/).

4.11. Extravasation Assay

1 × 106 B16/F10 cells labelled with CellTracker Green CMFDA (Invitrogen) were injected
into the tail vein of 6- to 8-week-old C57BL/6 female mice. Twenty-four hours later, mice were
sacrificed, and lungs were harvested. Lung tissues were subjected to fixation using 4% PFA for 3 h
and were cryoprotected in 15% sucrose and then 30% sucrose in PBS overnight. The lungs were then
frozen using Shandon™ Cryomatrix™ embedding resin (Thermo Scientific, Waltham, MA, USA) and
cryostat-cut in 6-μm thick sections. Immunofluorescent staining for blood vessels was conducted with
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anti-CD31 RFP conjugated primary antibody (1:100 dilution) (BD Biosciences, Bedford, MA, USA)
and anti-DAPI (1:1000 dilution). The specimens were then examined using an upright widefield
fluorescence microscope (Leica, Wetzlar, Germany).

4.12. Evans Blue Assay

For evans blue extravasation assay, 200 μL of 0.5% Evans Blue Solution was injected into the
tail vein of 6- to 8- week-old WT and Pparβ/δ−/− mice. After 30 min, the mice were euthanized
before perfused transcardially with 5 mL of PBS. The lungs were then excised, washed with PBS
and allowed to dry at 37 ◦C for 48 h. The dry weights were recorded and 500 μL of formamide
(Sigma, St. Louis, MO, USA) was added. The samples were then incubated for 24 h at 55 ◦C.
The amount of extravasated evans blue was measured by the absorbance of 620 nm using an ELISA
plate reader (BioTek).

4.13. Statistics

One-way ANOVA followed by Turkey’s post hoc analysis or two-tailed, unpaired Student’s t-test
was used to determine whether the experimental samples were significantly different from the control
samples. Differences were considered statistically significant at * p < 0.05; ** p < 0.01; *** p < 0.001.
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