
Edited by

Effect of Phenolic 
Compounds on 
Human Health

Elena González-Burgos and M. Pilar Gómez-Serranillos Cuadrado

Printed Edition of the Special Issue Published in Nutrients

www.mdpi.com/journal/nutrients



Effect of Phenolic Compounds on 
Human Health





Effect of Phenolic Compounds on 
Human Health

Editors

Elena González-Burgos
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This book, based on a Special Issue of Nutrients, contains a total of 12 papers (8 origi-
nal research and 4 reviews) on the effect of phenolic compounds on human health. The
consumption of exogenous medicinal plants and food rich in phenolic compounds repre-
sents a promising therapeutically to prevent many chronic diseases, including diabetes,
cardiovascular diseases, cancer, and neurodegenerative diseases, among others.

The original articles include three in vitro studies, one in vivo work, and four clin-
ical trials. Regarding in vitro studies, two of them study the effect of polyphenols on
obesity. Hence, Inula Britannica flower aqueous extract, which is rich in phenolic com-
pounds, has shown to inhibit adipogenesis through modulation of mitotic clonal expansion
and the extracellular signal-regulated kinase 1/2 and Akt signaling pathways in 3T3-L1
adipocytes [1]. Likewise, in another in vitro study, it has been shown that anthocyanin
and non-anthocyanin polyphenol fractions from lingonberry fruit could help prevent and
treat obesity and endothelial dysfunction by reducing oxidative stress and inflammation
through enhancing antioxidant enzyme expression and inhibiting ROS production and pro-
inflammatory genes expression and adhesion molecules [2]. In addition to these anti-obesity
effects of polyphenols, their neuroprotective role has been demonstrated in other work.
Particularly, methanol extracts of Moringa oleifera leaf powder, rich in polyphenols with
potent antioxidant properties, protected human neuroblastoma cells from H2O2-induced
oxidative stress. Pretreatments with concentration of 25 μg/mL of moringa extracts re-
duced reactive oxygen production and lipid peroxidation, as well as increasing the reduced
glutathione content and antioxidant enzymatic activity. Moreover, this study revealed that
moringa can act at the mitochondrial level by regulating calcium levels and increasing
mitochondrial membrane potential [3].

The only in vivo study included in this book covers the preventive role of grape
seed-derived procyanidins (GSPE) (500 mg/kg) in age-related processes in female rats,
such as pancreas dysfunction and tumor development [4].

Finally, four clinical trials are compiled. Two of them have shown the benefits of
polyphenols in overweight and obese people. Hence, supplementation with a polyphenol-
rich ingredient (900 mg/day for 16-week) improved the physical and mental health of
overweight and obese volunteers [5]. Moreover, a combination of trans-resveratrol and
hesperetin (tRES-HESP, 90–120 mg) reduced dysglycemia, blood pressure, vascular inflam-
mation, and dyslipidemia in healthy, overweight, and obese subjects. These beneficial
effects are related to its ability to counteract methylglyoxal accumulation and protein
glycation and to decrease TXNIP and TNFα expression. The study also demonstrated that
these compounds exert their effects synergistically [6]. In other work, it has been seen that
a diet rich in polyphenols in ultra-endurance athletes enhance both exercise performance
and post-exercise recovery for balancing redox balance [7]. Furthermore, this book also
included a cross-sectional study to investigate the multidirectional interactions between
TAS2R genotype [TAS2R4 gene (rs2233998 and rs2234001); TAS2R5 gene (rs2227264)],
epicatechin intake, and body mass index (BMI), together in an elderly cohort. This study
demonstrated that there is not an association between epicatechin intake and BMI and
TAS2R genotype [8].

Nutrients 2021, 13, 3922. https://doi.org/10.3390/nu13113922 https://www.mdpi.com/journal/nutrients
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Regarding the reviews, two general papers on the effect of dietary polyphenols as
immunomodulatory and liver protector agents have been included [9,10], and two more
specific papers focused on the benefits of hop components in beer, rich in flavonoids, as
neuroprotective agents, based on its antioxidant and anti-inflammatory activities, and the
benefits of citrus flavonoids in diabetes [11,12].

We believe that this collection includes a summary of current studies on the benefits
of polyphenols and of great value for future research in this area.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The role of dietary antioxidants on exhaustive exercise-induced oxidative stress has been
well investigated. However, the contribution of total dietary antioxidant capacity on exogenous
antioxidant defense and exercise performance has commonly been disregarded. The aims of
the present investigation were to examine (i) the effects of dietary total antioxidant intake on body
antioxidant mechanisms, and (ii) an exhaustive exercise-induced oxidative damage in ultra-endurance
athletes. The study included 24 ultra-marathon runners and long-distance triathletes (12 male and
12 female) who underwent an acute exhaustive exercise test (a cycle ergometer (45 min at 65% VO2max)
immediately followed by a treadmill test (75% VO2max to exhaustion). Oxidative stress-related
biomarkers (8-isoprostaglandin F2alpha (8-iso PGF2a), total oxidant status (TOS, total antioxidant
status (TAS)) in plasma were collected before and after exercise. Oxidative stress index was calculated
to assess the aspect of redox balance. Blood lactate concentrations and heart rate were measured at
the 3rd and 6th min after exercise. Dietary antioxidant intake was calculated using the ferric reducing
ability of plasma (FRAP) assay. Dietary total antioxidant intake of the subjects was negatively
correlated with pre-exercise TOS concentrations (rs = −0.641 in male, and rs = −0.741 in females)
and post- vs. pre- (Δ) 8-iso PGF2a levels (rs = −0.702 in male; p = 0.016, and rs = −0.682 in females;
p = 0.024), and positively correlated with Δ TAS concentrations (rs = 0.893 in males; p = 0.001,
and rs = 0.769 in females; p = 0.002) and post- exercise lactate concentrations (rs = 0.795 for males;
p = 0.006, and rs = 0.642 for females; p = 0.024). A positive meaningful (p = 0.013) interaction was
observed between time at exhaustion and dietary antioxidant intake (rs = 0.692) in males, but not
in females. In conclusion, the determination of total dietary antioxidant intake in ultra-endurance
athletes may be crucial for gaining a better perspective on body antioxidant defense against exhaustive
exercise-induced oxidative stress. However, the effects of dietary antioxidant on exercise performance
and recovery rate needs further investigation.

Keywords: ultra-endurance; dietary antioxidants; total antioxidant capacity; exercise intensity;
post-exercise recovery; 8-iso prostaglandin F2a

Nutrients 2020, 12, 1877; doi:10.3390/nu12061877 www.mdpi.com/journal/nutrients3
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1. Introduction

Ultra-endurance sports such as ultra-marathon races, ultra-cycling, and ultra-triathlon events
requires athletes to push their limits, and to perform beyond their capacity for a long period of time [1,2].
It is known that moderate physical activity has quite beneficial effects for the body redox status which
is playing a crucial role in exercise adaptation and cell-signaling [3], including a regulatory role in
muscle regeneration during muscle damage [4], exercise-induced adaptations of muscle phenotype [5],
and activation of the transcriptional factors like sirtuin-1 (SIRT-1) [6]. However, vigorous exercise results
in a manifest increase that overwhelms the body antioxidant defenses [5]. It is well-established that
exercise-induced oxidative stress caused by prolonged or exhaustive exercise has detrimental effects on
skeletal muscles [7], fatigue [8,9], and immune function [10], which could all alter exercise performance.

A lot of research in recent years has focused on exogenous antioxidant supplements’ effect
on achieving the balance between reactive oxygen species (ROS) and antioxidants in endurance
athletes [11–14]. The acute supplementation of the well-known dietary antioxidants such as
beta-carotene, vitamin C, vitamin E, selenium, coenzyme Q, thiols, and polyphenols are attracting
widespread interest in fighting exercise-induced oxidative stress and enhancing performance [13,15–18].
However, some studies investigating the effects of the supplementations on the body redox status
demonstrated that they showed no benefit due to their detrimental effects on decreasing both cell
and muscle adaptation against exercise-induced oxidative stress and interfering with the beneficial
influences of exercise [19,20]. Furthermore, some studies pointed out that the chronic supplementation
may blunt the free radical-induced stress adaptation pathways in exhaustive exercise by interfering with
the antioxidant defense against ROS within body systems [19,21,22]. Few studies have addressed that
the antioxidant supplementation may be advantageous in athletes where the exogenous antioxidant
levels are already depleted [12,23]. Therefore, before a supplementation to athletes should be considered,
it is crucial to first determine whether the body antioxidant level is normal, and whether dietary
antioxidant intake is needed to assess as well.

Oxidative stress-related research indicated that endogenous antioxidant defense is quite
complicated, and is arranged by several antioxidant defense mechanisms affecting the body redox
status [12,24–27]. Dietary antioxidants may be crucial for gaining a better perspective on body
antioxidant levels. It is well-documented that antioxidant-rich foods provide several bioactive food
constituents called phytochemicals that help to eliminate ROS and DNA damage by acting as an
inducer of antioxidant defense mechanisms in the body [28,29]. Despite the fact that antioxidant
rich-foods such as fresh and dry fruits, vegetables, nuts, and seeds are considered to play a major
part in defending exercise-induced oxidative stress [29], studies commonly just focused on dietary
micronutrient content disregarding polyphenolic functions, and few researchers have addressed the
effects of antioxidant-rich foods on body redox status in athletes [23,30]. Thus, the dietary antioxidant
intake effects on endogenous defense mechanisms and exercise performance in ultra-endurance athletes
largely remain equivocal.

Numerous oxidative damage biomarkers have been identified during exhaustive or long-period
exercise [31], however, the detection of them is mostly limited due to several factors including the
lack of sensitivity, the low quantity, the very short half-life, the rapid interaction with antioxidants,
the inapplicability of direct detection methods because of the instability, or the need for expensive
devices and equipment [32,33]. Therefore, the difficulties in measuring different oxidant molecules,
plasma total oxidant status (TOS), and total antioxidant status (TAS) is preferred to define the redox
status under certain conditions such as exhaustive performance in athletes [23,34]. In addition to
that, since exercise-induced ROS production is well-known to provoke lipid peroxidation, 8-iso
prostaglandin F2alpha (8-iso PGF2a) is detected as a stable end product of the arachidonic acid,
and defined as a suitable indicator of in vivo lipid peroxidation [35]. Several studies reported a parallel
rise in the production of 8-iso PGF2a in plasma or urine, due to the accumulation of lipid peroxidation
along with the increase in the intensity of the exercise [34,36–38].
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In this study, we aimed to investigate the hormetic role of the dietary antioxidants, and to examine
the interaction between the dietary antioxidant intake and the acute exhaustive exercise-induced
oxidative stress in ultra-endurance athletes. It was hypothesized (i) that diets rich in antioxidants
may increase the body exogenous antioxidant capacity after an exhaustive exercise. Furthermore,
we assumed that a high dietary antioxidant consumption may also improve (ii) exercise performance
by increasing the time until exhaustion during exercise and (iii) recovery, assessed by post-exercise
heart rate and lactate concentrations in ultra-endurance athletes.

2. Materials and Methods

2.1. Study Participants

In total, 12 male (triathletes, n = 6; ultra-marathoners, n = 6; age 38.5 (31.3–40.0) years; body
mass 72.6 (69.6–81.0) kg; body height 179.0 (173.5–184.5) cm; fat mass percentage 12.9 (10.0–16.3)%,
fat-free mass 63.8 (60.0–68.3) kg) and 12 female (triathletes, n = 6; ultra-marathoners, n = 6; age 38.0
((31.6–44.5) years; body height 162.0 (160.0–166.5) cm; fat mass percentage 19.4 (9.2–12.9)%; fat-free
mass 45.5 (42.8–47.9) kg) were recruited from Ancyra Sports Club and local ultra-endurance groups
by using study brochures and social media. Inclusion criteria for the study were: age 20–64 years
old, being in a good health, training at least 15 h per week, not having any metabolic disease, being
a non-smoker, participating at least one ultra-endurance race/event, taking no vitamins, minerals,
dietary supplements, antibiotics, and any medication at least during the three months before the
study. The lower age of participation was defined by age groups of triathlon and ultra-marathon
races. Females with a regular menstrual cycle of physiological length (24–35 days) were included in
the study. In addition, females in menopause or using oral contraceptives were excluded from the
study. In literature, the influence of menstrual cycle on endurance performance is still controversially
discussed. Whilst some studies found no interaction between different menstrual phases and maximal
anaerobic performance [39], maximal oxygen consumption, cardiorespiratory variables and blood
lactate concentration [40], few studies suggested that some interactions, i.e., VO2max was 2% lower in
the luteal phase compared to the early follicular phase, endurance performance and muscle glycogen
content were enhanced in the luteal phase. There is no consensus suggesting a specific menstrual phase
for use in research on athletic performance. Therefore, to standardize the menstrual phase within
subjects [41] and the estrogen effects on body antioxidant capacity by binding estrogen receptors and
expand the antioxidant enzyme expressions using intracellular signal pathways [42], and to eliminate
the effects of different phases on exercise performance [43], all females performed all exercise tests
during mid-follicular phase (low estrogen levels, 7–9 days of the menstrual cycle). Menstrual cycle
was calculated starting the first day of their period.

Subjects were informed of all potential risks involved and signed a written informed consent
form before participating in the study. The study was performed at the Center of Athlete Training and
Health Research of the Ministry of Youth and Sports, and was approved by Hacettepe University Ethics
Board and Commission (research ethic project no, KA-180011) and The Ministry of Health (research
ethic project no, E182).

2.2. Study Design

Subjects were required to visit the exercise laboratory on two visits. Before the visits, the subjects
were informed to attend the laboratory at 8.00 a.m. to 9.00 a.m. after an overnight fast, and to refrain
from exhaustive or long-duration exercise on the day preceding the visitations.

At the first visit, anthropometric parameters (body height, body weight, fat mass percentage,
fat-free mass) were recorded, maximal oxygen uptake (VO2max) was measured, and a study
questionnaire including quantitative food frequency questionnaire was applied to the subjects.

At the second visit, the study exercise test (a cycle ergometer (45 min at 65% VO2max) and
immediately followed by a treadmill test (75% VO2max to the exhaustion) was performed, and blood
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samples were collected immediately before and after the test for analysis of oxidative stress (plasma
8-iso PGF2a) and total oxidant and antioxidant biomarkers, and blood lactate (La-) and heart rate
were measured before, 3 and 6 min post-exercise to determine exercise performance and post-exercise
recovery. Before both the VO2max test and the study exercise test, subjects were required to consume a
standardized breakfast (50 g of carbohydrate, 6 g of protein, 3.5 g of fat) 2 h before the tests.

2.3. Dietary Records Assessment and Dietary Total Antioxidant Capacity Analysis

Dietary intake was determined using a validated quantitative food frequency questionnaire
(QFFQ) [44] and 3-day food records. The QFFQ comprised 110 food items, and was used to assess
the amount and frequency of total dietary consumption. The QFFQ was applied through face-to-face
interviews by a sports dietitian. A photographic Meal and Food Atlas was used to record the quantity
and portion size of food items more accurately [45]. The total dietary antioxidant intake was calculated
using the intake frequency and total amount of each food item in QFFQ. The Ferric-reducing ability of
plasma (FRAP) was calculated for each subject to assess the total antioxidant content of the diet [29].
To determine the dietary FRAP score, the Antioxidant Food Database developed by Carlsen et al. [29],
which involves more than 3100 foods, spices, beverages, and herbs, was used. The FRAP assay
measures the ability of reduction potential of each food to reduce ferric (Fe+3) ions to ferrous (Fe+2)
ions. The FRAP assay was preferred because the assay does not include glutathione content of foods
compared to other assays. This is considered an advantage because glutathione abundant in foods,
but it is highly degraded in the human intestine and poorly absorbed in the body. FRAP scores were
calculated with the exclusion of coffee in this study, in consistent with literature. Although the main
antioxidant content of coffee has reported to be the Maillard products of the coffee which occurs
during the roasting process, due to their high molecular weight, the percentage of absorption remains
questioned. Therefore, coffee was excluded from total FRAP score to eliminate its effect on obscuring
any other interactions between other sources of antioxidants and exercise-induced oxidative stress due
to its high antioxidant capacity, in accordance with the literature [46].

An in-depth 24-h dietary recall was collected at the first visit to illustrate how subjects would
collect the 3-day food record themselves. Before the second visit, the subjects completed 3-day food
records (two working days and one weekend day). The food records data were converted to total daily
energy and nutrient intake using the Nutrition Information System Software (BEBIS 6.1) program.
When cooked meals were taken into account, the number of vitamins such as ascorbate, folate was
adjusted by the software, i.e., the ascorbate was decreased to 50% of the uncooked value. Dietary
micronutrient and micronutrient intakes were determined using Recommended Dietary Allowance
(RDA) values approved by the National Institutes of Health (NIH) [47].

2.4. Maximal Oxygen uptake (VO2max) Measurement

Since the study included both ultra-marathon runners and triathletes, and since it has been
reported that triathletes who have particularly trained for a triathlon show a similar VO2max for
running and cycling [48], we preferred to measure VO2max on a treadmill. Before the VO2max
test started, a warm-up of 5 min was performed at 5 km·h−1 and 0% gradient on the treadmill.
After 5 min of passive recovery, the incremental running protocol started at 10 km·h−1 and with 0%
gradient with the speed increasing by 1 km·h−1 each min until a running speed of 18 km·h−1 was
achieved. After reaching and spending 1 min at the speed of 18 km·h−1, whilst the speed was fixed
at 18 km·h−1, the gradient was increased by 1% each minute until exhaustion [49]. Heart rate was
measured continuously and recorded at intervals of 30 s (Garmin HRM Soft Premium, Olathe, KS,
USA). Respiratory parameters were recorded every 30 s (COSMED K5 metabolic cart; COSMED, Rome,
Italy). Rating of perceived exertion (RPE) was used to monitor exercise intensity and fatigue during
exhaustive exercise. The BORG 6-20 Category Scale was used to measure RPE by asking the subjects
how tough they felt during an exercise bout at the end of each stage until volitional exhaustion [50].
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VO2max was determined as the highest average of the two highest sequential reading, in the
case at least two of the following criteria was observed: (1) Whilst the exercise load increased, VO2

remained stable in the last two stages (range < 2.1 mL·kg−1·min−1), (2) Respiratory exchange ratio
(RER) ≥1.10, (3) maximum heart rate (HRmax) >90% of age-predicted HRmax (220-age) and (4) blood
lactate concentration ≥8.00 mmol·L−1 [51].

2.5. Exercise Protocol

Subjects were initially cycling for 45 min at a submaximal speed (65 ± 5% VO2max), and then
immediately followed a running test at 75% VO2max to exhaustion defined as inability to maintain
running intensity. The expiration parameters (COSMED K5 metabolic cart; COSMED, Rome, Italy),
and heart rate (Garmin HRM Soft Premium, Olathe, KS, USA) were recorded all the exercise period.
The exercise test was performed under controlled laboratory conditions (20–25 ◦C, 40% relative
humidity). All athletes were familiarized with cycling on a cycle ergometer and running on a treadmill.

The study protocol was determined based on Montenegro et al. [52], and was slightly changed
based on our study aim. The time-to-exhaustion (TTE) exercise protocol was chosen because it has
been applied to a similar population, and it has shown a significant decrease in response to exercise
intensity [23]. Watson et al. [23] reported that the intensity of TTE exercise under 80% VO2max
appeared to have a lower coefficient of variation. According to that, the exercise intensity of the study
was arranged at 75% VO2max to exhaustion. The protocol ended with verbal approval by athletes,
stating that they could not maintain the exercise intensity. The total running time was recorded.

2.6. Exercise Performance Measurement

Exercise time-to-exhaustion and post-exercise recovery of blood lactate and heart rate parameters
were determined as exercise performance measurements.

2.7. Plasma Total Oxidant Status (TOS) and Plasma Total Antioxidant Status (TAS) Analysis

Two 18 mL venous blood parameters were collected into EDTA coated tubes immediately before
and after the study exercise protocol. Plasma pellets were obtained by centrifugation at 3000× g
for 10 min at 4 ◦C. Plasma total oxidant status was analyzed using an automated method (Total
Oxidant Status Kit, Rel Assay® Diagnostics, Ankara, Turkey). The method is based on the oxidation
of Fe+3 to Fe+2 in the presence of reactive oxidants in the acidic medium. The TOS results were
expressed inμmoL H2O2 equivalent/L (μmoL H2O2 eq/L). Plasma total antioxidant status was measured
using the colorimetric test system (Total Antioxidant Status Kit, Rel Assay® Diagnostics, Ankara,
Turkey). The calibration of reaction was performed using Trolox (a water-soluble analogue of vitamin
E, 6-hydroxy-2.5.7.8-tetramethylchroman-2-carboxylic acid), and the total antioxidant status was
expressed as μmoL Trolox equivalent/L (μmoL Trolox eq/L).

Oxidative Stress Index (OSI) Calculation

Plasma TOS to TAS ratio was defined as the oxidative stress ındex (OSI) [53]. Before calculation,
the TAS unit expressed in μmoL has to be converted to mmol, and calculated by the following formula;

OSI (arbitrary unit) = TOS (μmoL H2O2 equivalent/l)/TAS (mmol Trolox equivalent/l).

2.8. Plasma 8-isoprostaglandin F2alpha (8-iso PGF2a) Analysis

To assess the exercise-induced oxidative stress, 8-iso PGF2a level in plasma was measured using a
competitive enzyme-linked immunosorbent assay kit (Elabscience® Biotechnology Co., Ltd., Houston
TX, USA) (sensitivity: 9.38 pg/mL, detection range from 15.63 to 1000 pg/mL).
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2.9. Lactate Analysis

To our knowledge, there is no certain suggestion to determine lactate clearance after exhaustive
exercise, and its measurement 2 or 3 min after exercise is generally preferred in literature. In addition,
Gass et al. [54] conducted a study to determine blood lactate concentration following a maximal
exercise in trained athletes and stated that peak lactate values after maximal exertion was reached
6 min after exercise. Therefore, we preferred to measure the blood lactate concentration at the end
of each 3 min and after exercise at 3 and 6 min to measure how diet in rich antioxidants effects on
post-exercise lactate removal, especially at the peak lactate concentration time as it was practiced
by Oh et al. [55] similarly in determining the removal of lactate after high-intensity exercise, and by
Di Masi et al. [56] in comparing blood lactate clearance performed during cycling in water immersion
and during cycling on land after a similar exercise bout. Blood lactate levels were measured using
a validated portable blood lactate analyzer (Lactate plus, Nova Biomedical, Waltham, MA, USA).
The quality control solutions provided by the manufacturer were used prior to testing, and a blood
sample of 0.7 μL was required to assess the lactate concentration in capillary blood.

2.10. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics Software for Windows version 23.0
(IBM Corporation, Armonk, New York, NY, USA). Sample size was calculated by assuming that 8-iso
PGF2a levels would increase 70% after exhaustive exercise (Mrakic-Sposta et al.) [37,57], a total of
24 subjects (12 males, 12 females) were required. Prior to analysis, data were tested for normality using
the Kolmogorov- Smirnov test, and were found to be non-normally distributed. Therefore, all data
were reported as median and interquartile range. The Wilcoxon rank test was used to compare pre-
and post-exercise plasma parameters. Effect size (d) for non-parametric tests was calculated using the
following formula: r = z/

√
N [58]. r is referred to as d, z is referred to as z value of Wilcoxon rank tests,

N is referred to as the total number of subjects. To determine effect sizes; d < 0.2 was classified as a
small effect, d between 0.2 and 0.5 was considered as a medium effect, and d > 0.8 was considered as a
large effect. The Spearman’s rho correlation coefficient was performed to measure the strength of an
interaction between dietary antioxidant capacity (calculated FRAP score), and pre- and post-exercise
changes of plasma oxidative stress, total oxidant and antioxidant parameters, post-exercise changes of
heart rate (3rd HR–6th HR), lactate (3rd La-–6th La-), and TTE exercise, adjusted for years of training
and average training to prevent their mixing effects on the outcome variables. All data were set at the
5% level (p < 0.05).

3. Results

3.1. Subjects

Basic characteristics and dietary intake based on sex of subjects are displayed in Table 1.
No difference was observed according to their body weight (per kg) from carbohydrate (p = 0.085) and
protein (p = 0.124) between sexes. The intakes met or exceeded the RDA values with the exception of
vitamin E (94.4% of the requirement was met in females), vitamin A (81.0% of the requirement was met
in males, and 72.1% of the requirement was met in females), and selenium (95.0% of the requirement
was met in females).

Table 1. Basic characteristics and dietary intake of subjects, median (Interquartile range).

Parameter Males (n = 12) Females (n = 12)

Age (y) 38.5 (31.3–40.0) 38.0 ((31.6–44.5)
Height (cm) 179.0 (173.5–184.5) 162.0 (160.0–166.5) *

Body mass (kg) 72.6 (69.6–81.0) 56.5 (53.5–59.0) *
Fat mass percentage (%) 12.9 (10.0–16.3) 19.4 (9.2–12.9) *

Fat-free mass (kg) 63.8 (60.0–68.3) 45.5 (42.8–47.9) *
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Table 1. Cont.

Parameter Males (n = 12) Females (n = 12)

Maximum oxygen consumption
(VO2 max), mL·min−1·kg−1 60.7 (52.7–65.1) 51.0 (48.7–52.2) *

Baseline training (h·week−1) 16.3 (15.0–17.6) 16.4 (15.5–17.0)
Years in ultra-endurance sports (y) 6.0 (2.75–20.0) 10.5 (4.0–20.0)

Dietary intake per day %RDA ** %RDA **
Energy (kcal) 2571.8 (2057.4–3355.5) 1871.7 (1589.7–2020.0) *

Carbohydrate (%) 36.1 (33.2–41.5) 34.0 (29.6–35.9)
Carbohydrate (g−1·kg−1·d) 3.4 (2.3–3.8) 2.7 (2.1–3.2)

Protein (%) 19.9 (16.7–21.8) 16.3 (14.8–18.2) *
Protein (g−1·kg−1·d) 1.6 (1.3–2.2) 1.3 (1.2–1.3)

Fat (%) 43.8 (40.9–49.9) 49.8 (48.9–52.9) *
Omega 3 (g) 2.9 (2.4–4.1) 2.6 (1.9–3.6)
Omega 6 (g) 25.4 (19.1–32.0) 20.0 (14.6– 24.5)

Vitamin C (mg) 145.6 (84.9–186.1) 161.7 98.9 (68.0–121.3) 136.7
Vitamin E (mg) 28.7 (20.8–31.7) 143.6 18.9 (12.5–25.2) * 94.4

Vitamin A (RAE) 729.2 (592.1–815.9) 81.0 505.0 (403.5–915.0) 72.1
Selenium (μg) 52.2 (43.4–65.0) 95.0 57.5 (45.2–62.1) 104.5

Zinc (mg) 14.8 (13.5–20.8) 134.5 10.6 (10.1–11.7) * 132.0

* p < 0.05; ** % RDA represents the percentage of median micronutrient intakes of subjects compared to the
recommended dietary allowance (RDA).

3.2. Dietary Antioxidant Intake

The amount of dietary antioxidant intake for total and each food group is presented in Figure 1.
Including with the contribution of coffee, the coffee comprised 38.5% and 44.6% of total FRAP scores in
males and females, respectively. Due to coffee’s possible effects on any obscure interactions between
other antioxidant sources of FRAP and exercise performance, the total antioxidant intake was assessed
excluding the coffee. Foods were grouped as vegetables, fresh fruits, dry fruits, cereals, legumes, nuts
and seeds, dairy, meats, eggs, and beverages. No statistical difference was found with regard to the
antioxidant capacity for each food group between sexes (sum of FRAP; 16.6 (14.8–22.8) mmol/day and
17.2 (14.1–23.6) mmol/day, males and females respectively) (p = 0.908).

3.3. Changes in Plasma Oxidative Stress Biomarkers after Exercise Testing

Table 2 summarizes the role of acute exhaustive exercise on changes of plasma oxidative
stress biomarkers. All oxidant and antioxidant biomarkers indicated a significant effect of the
exhaustive exercise. Plasma 8-iso PGF2a levels increased up to 444.6 (410.6–482.3) pg/mL from 230.7
(217.9–305.0) pg/mL in males (d = 0.60, p = 0.003), and up to 458.01 (447.2–556.0) pg/mL from 223.8
(214.2–268.3) pg/mL in females (d = 0.60, p = 0.003) and the calculated oxidative stress index increased
up to 0.4 (0.3–0.4) from 0.3 (0.3–0.4) in males (d = 0.63, p = 0.002), and up to 0.3 (0.3–0.4) from 0.3
(0.2–0.3) in females (d = 0.63, p = 0.003) after exercise. The significant increase was also found for total
antioxidant parameters (median changes in plasma TAS levels; 13.6 % for males (d = 0.62; p = 0.002)
and 12.0 % for females (d = 0.63; p = 0.002)). The calculated oxidative stress index suggested an increase
after exercise (median changes in OSI; 27.5 % for males (d = 0.5, p = 0.002) and 20.7 % for females
(d = 0.6, p = 0.003)).
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Figure 1. The contribution of foods and beverages to dietary total antioxidant intake according to
FRAP assay [27].

Table 2. Plasma oxidative stress parameters before and after the exercise protocol.

Plasma Parameters Pre-Exercise Post-Exercise Δ (Post- vs. Pre-)
Effect Size

(d)
Change (%;

Range)
p

TOS a (μmol
H2O2eq/L)

Men 3.9 (3.6–4.5) 5.0 (4.8–7.3) 1.1 (0.5–2.9) 0.50 30.3 (11.0–84.0) 0.015 *
Women 3.4 (3.2–4.1) 5,0 (4.6–5.6) 1.7 (0.6–2.3) 0.59 48.2 (18.0–65.4) 0.004 *

TAS b (μmol Trolox
equivalent/L)

Men 1.6 (1.5–1.6) 1.8 (1.7–1.8) 0.2 (0.2–0.3) 0.62 13.6 (11.1–16.1) 0.002 *
Women 1.4 (1.3–1.5) 1.6 (1.5–1.7) 0.2 (0.1–0.2) 0.63 12.0 (9.5–15.9) 0.002 *

OSI c Men 0.3 (0.3–0.4) 0.4 (0.3 0.4) 0.1 (0.1–0.1) 0.63 27.5 (19.7–40.1) 0.002 *
Women 0.3 (0.2–0.3) 0.3 (0.3– 0.4) 0.1 (0.0–0.1) 0.60 20.7 (14.1–36.2) 0.003 *

8-iso PGF2α
(pg/mL)

Men 230.7 (217.9–305.0) 444.6 (410.6–482.3) 193.5 (171.0–228.0) 0.60 80.5 (58.7–112.6) 0.003 *
Women 223.8 (214.2–268.3) 458.0 (447.2–556.0) 219.6 (179.0–290.7) 0.60 99.1 (58.6–143.4) 0.003 *

Concentrations are expressed as median (interquartile range). a TOS: total oxidant capacity (plasma); b TAS: total
antioxidant capacity; c OSI: oxidative stress index.

3.4. Dietary Antioxidants and Exercise Performance

Table 3 represents the interaction between total dietary antioxidant capacity and both plasma
exercise-induced redox status and oxidative stress biomarkers. The years of training and average
training time were adjusted to eliminate their confounding effects on the results. Dietary antioxidant
intake was negatively correlated to pre-exercise TOS concentrations (rs = −0.641 for males; p = 0.025,
and rs = −0.741 for females; p = 0.006) and Δ(post- vs. pre-) 8-isoPGF2a concentrations (rs = −0.702
for males; p = 0.016, and rs = −0.682 for females; p = 0.024). A positive correlation between
ΔTAS concentrations was observed (rs = 0.893 for males, and rs = 0.769 for females; p = 0.001 and
p = 0.002 respectively).
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Table 3. Correlations of pre- and post- exercise plasma biomarkers related to oxidative stress with
dietary antioxidant intake, adjusted for years of training, and average training.

Dietary Antioxidant Intake
(FRAP-mmol/day)

Males (n = 12) Females (n = 12)

r p r p

TOSa (μmol H2O2eq/L) Pre −0.641 0.025 * −0.741 0.006 **
Post 0.147 0.648 −0.077 0.812

Δ(Post- vs. Pre-) 0.343 0.216 −0.497 0.101

TAS b (μmol Trolox
equivalent/L)

Pre 0.225 0.483 0.077 0.812
Post 0.514 0.087 0.417 0.178

Δ(Post- vs. Pre-) 0.893 0.001 ** 0.769 0.002 **
OSI c (arbitrary unit) Pre 0.320 0.311 −0.451 0.141

Post 0.056 0.863 −0.077 0.811
Δ(Post- vs. Pre-) −0.409 0.187 0.266 0.404

8-isoPGF2a (pg/mL) Pre −0.417 0.201 −0.373 0.259
Post −0.573 0.066 0.055 0.873

Δ(Post- vs. Pre-) −0.702 0.016 * −0.682 0.024 *
Time-to-exhaustion (min) 0.692 0.013 * −0.028 0.931

Lactate (mmol/L) Δ(Post- 3rd La-–6th La-) 0.795 0.006 ** 0.642 0.024 *
Heart rate (HR) (bpm) Δ(Post- 3rd La-–6th La-) 0.246 0.440 0.074 0.819

RPE d Post −0.525 0.079 −0.022 0.945

Spearman’s rho correlation. * p < 0.05. ** p < 0.001; a TOS: total oxidant capacity (plasma); b TAS: total antioxidant
capacity; c OSI: oxidative stress index d RPE: rating of perceived exertion.

The difference between ΔTOS concentrations was not significantly related to FRAP scores (p= 0.216
for males, and p = 0.101 for females). The median running time was 26.7 (26.0–28.1) min in males and
26.5 (25.6–27.2) min in female subjects. A positive meaningful (p = 0.013) interaction was observed
between TTE exercise (rs = 0.692) for males. The median lactate concentration 3 and 6 min after
exercise was 12.2 (10.9–13.5) mmol/L and 10.40 (9.5–11.9) mmol/L in males and 10.2 (9.3–11.2) mmol/L
and 10.1 (8.6–10.4) mmol/L in females, respectively, and pointed out that the high intensity of the
exercise protocol applied in the study. The post-exercise Δlactate concentrations (rs = 0.795 for
male athletes, and rs = 0.642 for females; p = 0.006 and p = 0.024, respectively) were positively
correlated to dietary FRAP score. The median heart rate 3 and 6 min after exercise was 146.0
(135.5–153.8) and 132.5 (127.3–147.8) bpm in males and 141.0 (133.3–154.8) and 132.0 (123.3–147.5) bpm
in females. No significant relationship was observed between post-exercise Δheart rate values and
dietary antioxidant intake (p = 0.440 for males and p = 0.819). The median of RPE was 19.0 (18.3–20.0)
in males and 19.00 (18.3–19.0) in females and indicated that the applied exercise test was perceived
as quite exhausting by the subjects. RPE scores were not significantly related to dietary antioxidant
intake (p = 0.079 for males and p = 0.945 for females).

4. Discussion

The main purpose of the present study was to investigate the effects of dietary antioxidant capacity
on exhaustive exercise-induced oxidative stress and total oxidant/antioxidant status in ultra-endurance
athletes. The main findings were that total dietary antioxidant capacity had a significant influence
on body antioxidant defense against acute exhaustive exercise-induced oxidative stress. A diet
high in antioxidants was positively related to blood lactate removal after exercise for both sexes,
and running time to exhaustion just in males. However, no significant interaction was observed
between dietary antioxidants and post-exercise HR recovery. Therefore, the hypothesis that consuming
an antioxidant-rich diet would increase the body exogenous antioxidant defenses developed against
extreme endurance exercise has been confirmed, but its effects on exercise performance and recovery
remained uncertain.
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In the present study, the dietary micronutrient analysis indicated that subjects mainly met or
exceeded the daily recommended intake except for vitamin E for females and vitamin A for both
sexes. Although the consumption of vitamin E and A seemed not problematic and the subjects mostly
met the RDA [47], it should be taken into account that the RDA values are designed for non-athletic
populations, and athletic populations may require more than a sedentary population, as demonstrated
in literature [59]. Considering total dietary antioxidant intake calculated with FRAP, the median dietary
antioxidant content was observed 16.6 (14.8–22.8) mmol/day in males and 17.2 (14.1–23.6) mmol/day
for females. Carlsen et al. [29] provided no cut-off point for the FRAP score to determine total dietary
antioxidant content high in antioxidants. However, Koivisto et al. [60] performed a randomized control
placebo trial in elite endurance athletes to investigate the effects of dietary antioxidant intervention
during a 3-week altitude training camp on improvement of oxygen-carrying capacity and exercise
performance. The total antioxidant concentration of dietary intervention was calculated using the FRAP
assay. The FRAP score of 22.2 mmol/day was defined as a diet high in antioxidant, and 2.8 mmol/day
was defined as a low antioxidant diet. Comparing with their research [60], the subjects in the present
study consumed a moderate-to-high dietary antioxidant diet. Thus, taking together with total dietary
antioxidant and micronutrient intake, the subjects’ diet may meet the requirements to defense against
exhaustive exercise-induced ROS.

In this study, we investigated the role of dietary antioxidants and polyphenolic content on
oxidative stress, since research on oxidative stress often ignored its potential impact on oxidative
metabolism and performance. Several dietary strategies were applied to diminish or protect against
the exercise-induced oxidative damage that caused accumulation of excessive oxygen species, and had
an adverse effect on muscle damage, contractile function, lipid peroxidation [34,61]. However,
the studies were predominantly carried out by applying antioxidant supplementation, and the effects
on oxidative stress remained controversial. Antioxidant micronutrients such as vitamins A, C, E,
D, the B vitamins, zinc, beta carotene, and selenium have been commonly studied based on their
antioxidant properties [11,13–15,28]. Mastaloudis et al. [14] performed a randomized control placebo
trial in runners to investigate the effects of supplementation with 300 IU vitamin E and 1000 mg
vitamin C for 6 weeks prior to a 50 km ultra-marathon. Plasma F2-prostanes were elevated just in
the placebo group after the ultra-marathon, but inflammation biomarkers (Interleukin-6, C-reactive
protein, tumor necrosis alpha) were increased regardless of treatment or placebo. The results pointed
out that an antioxidant supplementation protects against exercise-induced oxidative stress, but not
against inflammation after an ultra-marathon. McAnulty et al. [62] assessed the effects of vitamin
E supplementation with 800 IU for two months prior to a triathlon race (a 2.4-mile ocean swim,
a 112-mile bike race and a 26.2-mile run) on plasma homocysteine and oxidative stress biomarkers
in triathletes. Cortisol was increased regardless of the treatment, and plasma F2-isoprostanes was
significantly increased in the treatment group (181%) compared to the placebo group (97%) suggesting
that a prolonged vitamin E supplementation exhibited pro-oxidant characteristics in triathletes during
exhaustive exercise. Since the antioxidant supplementation may cause a detrimental effect on body
redox metabolism, and research on the effects of dietary antioxidants on exercise performance revealed
that antioxidant supplementation has only influenced exercise performance on athletes with clinically
nutrient deficiencies [23], the need for understanding the crucial role of dietary antioxidant consumption
comes into prominence.

The acute exhaustive exercise increased ROS production and plasma oxidative stress (change
in 8-iso PGF2a levels; 80.5% for males, and 99.1% for females) and total oxidant biomarkers (change
in TOS levels; 30.3% for males and 48.2% for females) were significantly increased after the exercise.
Research on oxidative stress and performance suggested that an increase in 8-iso PGF2a served as a
more reliable indicator to determine lipid peroxidation [23,34]. The increase of both plasma 8-iso PGF2a
and TOS (as a biomarker of oxidative stress) and the oxidative stress index (as an indicator of increased
oxidative status) found in this study are consistent with existing literature [34,37,38,53]. As commonly
demonstrated, both exhaustive exercise and a long period of exercise are highly associated with a
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remarkable accumulation of oxidative radicals beyond the body’s limits to defense ROS [35]. Therefore,
a detailed insight into the body’s antioxidant defense under exhaustive exercise becomes of the
utmost importance.

The findings of a meaningful increase of plasma TAS (as a biomarker of antioxidant capacity)
after exhaustive exercise test was in contrast to earlier studies [23,63]. A potential explanation for
the observed results could be attributed to the body antioxidant defense capacity which was thought
to improve with both training and adaptation to exercise [64]. The average years of training of the
subjects were 6.0 (2.8–20.0) years for males, and 10.5 (4.0–20.0) years for females suggesting that the
longer periods in performance could be an effective factor for the adaptation of the body towards
oxidative stress.

It has been reported that a dietary intervention has a significant influence on the exercise-induced
F2-isoprostanes concentrations [23]. In line with existing literature, a meaningful negative interaction
was found between dietary antioxidant consumption and Δ8-iso PGF2a concentrations indicating
that changes in oxidative stress after exercise arises depending of the dietary antioxidant capacity.
Furthermore, a meaningful negative interaction between TOS at rest and dietary antioxidant
intake (calculated using FRAP assay) was found. These results indicated that antioxidant-rich
diet consumption may have a paramount effect on body antioxidant defense.

In the present study, no significant relationship was observed between plasma TAS at rest and diet
FRAP scores. Plasma total antioxidant concentration at rest may not be a good predictor to determine
the body antioxidant capacity because of its disregarding potential to consider individual antioxidant
tissue stores and differences in mobilization ability of the stores in the plasma [34]. Therefore,
the determination of the interaction between exercise-induced plasma TAS changes and FRAP scores
could be a better choice to interpret the effects of dietary antioxidant intake on exercise-altered
antioxidant mechanism of subjects. A positive relationship between exercise-induced changes of
total plasma antioxidant capacity and FRAP scores also suggested that these ultra-endurance athletes
consumed antioxidant-rich diets which could improve a better antioxidant defense against oxidative
damage after exhaustive exercise.

In this study, a time-to-exhaustion exercise protocol was preferred because its effects on oxidative
stress have already been confirmed in other studies, and treadmill-based TTE could be classified as a
reliable research tool to determine both the endurance performance and the relative exercise intensity
in trained athletes [23]. It is well-known that oxidative damage is increasing in line with both exercise
duration and exercise intensity [8]. In addition to that, blood lactate concentration and heart rate scores
monitored after exercise are also other indicators of exercise performance and post-exercise recovery,
and commonly used in clinical practice [65–67]. It is well reported that lactate production gradually
increases in line with exercise intensity during exhaustive exercise, and blood lactate clearance rate is a
good predictor for the rate of post-exercise recovery [68,69]. Considering all the information related to
both exercise performance and post-exercise recovery, a meaningful interaction was observed between
dietary antioxidant capacity and TTE and Δlactate concentrations in males. Dietary antioxidant
capacity was positively related to Δlactate concentrations in female subjects, but not related to lactate
concentrations 3 and 6 min after exercise. All the results addressed that dietary antioxidant intake may
affect exercise performance and post-exercise recovery in males. However, the same interaction cannot
be confirmed for females when only considering lactate concentrations.

Our findings showed no significant interaction between the FRAP and RPE scores. RPE has
been identified as a common indicator to describe how hard an exercise task is during exercise,
and has been defined in terms of its strong interaction between exercise intensity [70,71]. Doherty and
Smith [71] conducted a meta-analysis related to the role of caffeine on exercise capacity. In their study,
the caffeine-mediated improvement of exercise capacity was assessed based on the reduced RPE levels
after exercise. A similar interaction between RPE and performance was demonstrated in the study,
in which the influence of nitrate and caffeine consumption on exercise performance was examined [72].
The possible explanation why no interaction was detected in our results was that the self-perceived
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fatigue during exercise was almost similar in all subjects (median 19 for both sexes) and therefore not
related to dietary antioxidant consumption.

A limitation of the study was that ultra-endurance athletes compete under more extreme conditions
compared to the study exercise protocol. However, we preferred a TTE protocol immediately after a
45 min cycle ergometer exercise with a submaximal speed to push the body’s limits, and thus to increase
the exercise-induced oxidative stress in subjects. In addition, lactate accumulation concentrations, RPE
and HR scores after exercise indicated the strenuousness of the exercise protocol. Future studies may
be performed in a competitive ultra-marathon or a triathlon race to ensure more reliable conditions
to assess the relationship between the dietary antioxidant intake and its effects on both the body
redox balance and exercise performance. On the other hand, the main strength of our study was
that this is the first study conducted to calculate total dietary antioxidant content by FRAP assay in
ultra-endurance athletes. Furthermore, the determination of the all dietary records and analyses was
applied by a qualified sports dietitian. This study provides the framework for future studies to consider
the substantial role of dietary antioxidant capacity on both performance and exercise-induced oxidative
damage. In future research on exercise-induced oxidative stress, the dietary records should also be
investigated to provide more insight into its influence on oxidative balance in ultra-endurance athletes.

5. Conclusions

In conclusion, exhaustive exercise attenuated oxidative stress and altered redox balance in
ultra-endurance athletes. We confirmed that total dietary antioxidant capacity had a significant role to
assess the exogenous antioxidant defense of the body, therefore a diet rich in antioxidants may provide
a better oxidative balance after an exhaustive exercise. Dietary antioxidant intake including antioxidant
and polyphenolic content may positively improve both exercise performance and post-exercise recovery,
however further work is needed. Our results are encouraging and should be validated in a larger
cohort of ultra-endurance athletes.
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Abstract: The consumption of plant-based food is important for health promotion, especially
concerning the prevention and management of chronic diseases. Flavonoids are the main
bioactive compounds in citrus fruits, with multiple beneficial effects, especially antidiabetic effects.
We systematically review the potential antidiabetic action and molecular mechanisms of citrus
flavonoids based on in vitro and in vivo studies. A search of the PubMed, EMBASE, Scopus, and Web
of Science Core Collection databases for articles published since 2010 was carried out using the
keywords citrus, flavonoid, and diabetes. All articles identified were analyzed, and data were extracted
using a standardized form. The search identified 38 articles, which reported that 19 citrus flavonoids,
including 8-prenylnaringenin, cosmosiin, didymin, diosmin, hesperetin, hesperidin, isosiennsetin,
naringenin, naringin, neohesperidin, nobiletin, poncirin, quercetin, rhoifolin, rutin, sineesytin,
sudachitin, tangeretin, and xanthohumol, have antidiabetic potential. These flavonoids regulated
biomarkers of glycemic control, lipid profiles, renal function, hepatic enzymes, and antioxidant
enzymes, and modulated signaling pathways related to glucose uptake and insulin sensitivity
that are involved in the pathogenesis of diabetes and its related complications. Citrus flavonoids,
therefore, are promising antidiabetic candidates, while their antidiabetic effects remain to be verified
in forthcoming human studies.

Keywords: citrus; diabetes; flavonoids; inflammation; polyphenols
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1. Introduction

The genus Citrus covers a large diversity of trees and shrubs, containing 16 species (according to
Swingle’s classification) or 156 species (according to Tanaka’s classification), and is native to subtropical
and tropical regions of Asia (from India to North China) and Oceania (Queensland and Australia) [1].
The high phenotypic and genetic variability of the Citrus genus is explained by the sexual compatibility
between the Citrus species, allowing natural hybridization, and the long history of human intervention
by interspecific hybridization to obtain more useful varieties of the plants [2]. The resulting hybrids
are often considered as novel species, in spite of their ability to cross with each other [3]. Additionally,
spontaneous natural mutations also increase the diversity of citrus varieties [4].

Citrus fruits are produced and consumed all over the world and represent an annual production of
100 million tons, with 60 million tons being consumed locally, 10 million tons exported, and 30 million
tons used in industrial production [5]. The market is dominated by the production of oranges, lemons,
limes, pomelos, grapefruit, mandarins, and their hybrids. However, there has recently been increasing
consumption of uncommon citrus hybrids, such as yuzu, kaffir lime, blood oranges, and kumquats.
The first identification of flavonoids in the Citrus genus dates back to the late nineteenth century
when hesperidin was discovered by pioneering biochemistry work [6]. Since then, 44 flavonoids
naturally presenting in citrus have been described [7]. Flavonoids are present in diverse citrus fruits,
such as bergamots, grapefruits, lemons, limes, mandarins, oranges, and pomelos [8]. Citrus flavonoids
include flavones, flavanones, flavonols, isoflavones, anthocyanidins, and flavanols [7]. Some of them
are characteristic compounds of the genus, especially polymethoxyflavones (PMFs), while others may
selectively present in certain varieties.

Diabetes mellitus is a chronic disease causing 4.2 million deaths and an additional economic
burden of 760 million US dollars in health expenditure around the globe in 2019 [9]. According to the
latest diabetic data provided by the International Diabetic Federation (IDF), about 463 million adults
aged between 20 and 79 years have diabetes, most of them living in low- and middle-income countries,
and this is estimated to rise to 700 million by 2045 [9]. The disease is characterized by multiple serious
health complications such as nephropathy, neuropathy, and retinopathy that can damage internal
organs, particularly the pancreas, heart, liver, adipose tissue, and the kidneys, requiring comprehensive
health care and management. It has also become the leading cause of various chronic metabolic
diseases [10]. It occurs as a consequence of the irregular catabolism and anabolism of carbohydrates,
lipids, and proteins, due to insulin resistance or hypoinsulinism [11]. Abnormal glycemic regulation
may increase micro- and macro-vascular diseases, and impair vascular homeostasis. Furthermore,
it is suggested that diabetic subjects have an increased risk of physical and cognitive disability, cancer,
tuberculosis, and depression [12–15]). Although it is a multifactorial disease, some studies suggest
that oxidative stress due to extreme hyperglycemia plays a pivotal role in the initiation of various
pathological conditions, such as inflammation and atherosclerosis [15,16].

Many flavonoids derived from citrus fruits have been reported to reduce oxidative stress,
improve glucose tolerance and insulin sensitivity, modulate lipid metabolism and adipocyte
differentiation, suppress inflammation and apoptosis, and improve endothelial dysfunction [8,17–22],
which indicates their potential antidiabetic effect. In order to highlight the antidiabetic potential of citrus
flavonoids, we carried out a systematic review to provide related evidence in vitro and in vivo based
on the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines [23].
The article search was conducted in March 2020, and the survey covered articles published since 2010.
The search was performed in four databases, including PubMed, EMBASE, Scopus and the Web of
Science Core Collection, using the keywords “flavonoid”, “citrus”, and “diabetes”.

The initial search found 1213 articles in the databases (PubMed: 465, EMBASE: 369, Scopus: 247,
and Web of Science: 132). The inclusion criteria were in vitro and in vivo studies of citrus flavonoids,
articles in English, and published between 2010 and March 2020. The exclusion criteria were articles not
in English, human studies, reviews, letters, commentaries, editorials, and case reports. Following the
application of the inclusion and exclusion criteria, and after discarding any duplication, we collected
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38 articles that contained studies discussing the pharmacological activity of 19 flavonoids of the genus
Citrus in relation to diabetes. The flowchart of study selection for this systematic review is provided in
Figure 1. This review paper mainly summarizes the antidiabetic potential of the main citrus flavonoids
based on in vitro and in vivo studies, and discusses related mechanisms of action of citrus flavonoids.

 

Figure 1. The flowchart of study selection for this systematic review.

2. Main Citrus Flavonoids with Antidiabetic Effects

The 19 citrus flavonoids discussed are presented in Figure 2. The following section summarizes
the main antidiabetic flavonoids, discussing their antidiabetic effects and related mechanisms based on
in vitro (Table 1) and in vivo (Table 2) studies.
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Figure 2. The 19 main citrus flavonoids with antidiabetic effects summarized from 38 articles.

2.1. 8-Prenylnaringenin

8-prenylnaringenin is a prenylflavonoid, more specifically, a xanthohumol metabolite, found in
the Citrus genus of plants belonging to the Rutaceae family [24] and exclusively available in nominal
concentrations in citrus fruits such as oranges, lemons, grapefruits, and tangerines. Prenylflavonoids
are a sub-class of the flavonoid group that represents a group of secondary metabolites derived
from 2-phenylchromen-4-one and present a prenyl group attached to the flavone nucleus. Findings
from previous studies reported that 8-prenylnaringenin had a protective effect on menopausal and
post-menopausal symptoms, as well as exhibiting anticancer activities by the induction of autophagy or
by modulating the cell cycle and suppressing the growth of tumor cells when tested in different types of
in vitro experimental model systems [25]. It reduced oxidative stress, inflammatory processes, and the
secretions of angiogenic factors. It also acted on vascularization processes, such as angiogenesis [26].

In an animal model (C57Bl/6 mice) of type 2 diabetes mellitus induced by a high-fat diet (HFD),
Luís et al. showed that 8-prenylnaringenin normalized the expression of Galectin-3 (Gal3), a protein
overexpressed during the diabetic state, and was strongly associated with oxidative stress in the
liver and kidneys of diabetic mice. In addition, it reduced 3-nitrotyrosine (a marker of cell damage),
inflammation, and nitric oxide (NO) production, and promoted the production of glycation end products
(AGEs) [27]. Increased levels of AGEs in response to diabetic inflammation have been reported to
play a role in tissue stiffness, increased blood pressure, heart failure, and endothelial dysfunction [28].
This polyphenol may, therefore, be a potential therapeutic agent against diabetes mellitus.
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2.2. Cosmosiin

Cosmosiin, also known as apigetrin or apigenin-7-O-glucoside, is a glycosyloxyflavone with the
molecular formula of C21H20O10, that is, apigenin substituted by a beta-D-glucopyranosyl moiety at
position 7 via a glycosidic linkage. It is found in a variety of citrus plant species, such as Citrus grandis
(L.) Osbeck (red wendun) and Citrus aurantium Linn. of the family Rutaceae. Recently, cosmosiin and
its derivatives have been suggested as diabetic therapies [29]. The antidiabetic effect of cosmosiin
was reported by Rao et al. in their in vitro study using 3T3-L1 adipocyte cells. Cosmosiin exerted its
protective effects through promoting adiponectin secretion, resulting in increased phosphorylation of
the insulin receptor-β (IR-β). In addition, it had a positive effect on glucose transporter 4 (GLUT4)
translocation [30]. Therefore, these results suggest that cosmosiin has insulin-like activity, which plays
a vital role in stimulating glucose uptake into muscles and adipocytes, suggesting that this flavonoid
could be beneficial for the management of type 2 diabetes mellitus and related complications.

2.3. Diosmin

Diosmin (3′,5,7-trihydroxy-4′-methoxyflavone-7-ramnoglucoside) is a flavone found in citrus
fruits and the leaves of oranges and lemons. This flavone has some important biological activities,
such as antioxidant, anti-inflammatory, and anti-apoptotic effects [31]. Diosmin was isolated for the
first time in 1925 from Scrophularia nodosa Linn. (a perennial herbaceous plant from the family
Scrophulariaceae) and used for the first time in 1969 as a therapeutic agent for inflammatory
disorders. Currently, it is a medication mainly used for the treatment of diseases, such as chronic
venous insufficiency and hemorrhoids [32]. The effect of diosmin on lipid metabolism was evaluated
using an animal model of streptozotocin (STZ)-induced diabetes [33]. Interestingly, it was shown to
attenuate biochemical markers, such as fasting plasma glucose concentrations, glycosylated hemoglobin
(HbA1c), and C-reactive protein (CRP). In addition, it decreased the levels of plasma lipids, including
triglycerides (TG), free fatty acids, phospholipids, low-density lipoprotein cholesterol (LDL-C), and very
low-density lipoprotein cholesterol (VLDL-C), and decreased high-density lipoprotein cholesterol
(HDL-C). Besides, the activity of 3-hydroxy-3-methyl-glutaril-CoA reductase (HMG-CoA reductase),
an important enzyme of the metabolic pathway that produces cholesterol, was enhanced in the liver
and kidneys of diabetic rats but was inhibited by diosmin treatment. Finally, the activities of the
lipoprotein lipase (LPL) and lecithin cholesterol acyl transferase (LCAT) enzymes were also altered by
diabetes and normalized by diosmin.

Jain, Bansal, Dalvi, Upganlawar, and Somani [34] showed protective effects of diosmin against
biochemical, behavioral, and oxidative stress parameters related to diabetic neuropathy in type 2 diabetic
rats fed with an HFD. Diosmin also increased the threshold of nociception in thermal hyperalgesia and
tail-flick tests, and improved motor capacity in diabetic rats. In addition, this flavonoid demonstrated
a protective effect against oxidative stress, reducing markers of lipid peroxidation (malondialdehyde
(MDA) and NO) levels. It also increased the activity of antioxidant enzymes, such as superoxide
dismutase (SOD) and reduced glutathione (GSH), suggesting that it may help prevent the early
development of diabetic neuropathy in rats.

Hsu, Lin, Cheng, and Wu [35] concluded that diosmin has a beneficial effect through the activation
of the imidazoline I-2 receptor (I-2R) and opioid secretion. Diosmin induced β-endorphin-like
immunoreactivity secretion in isolated adrenal glands in vitro via calcium-dependent reactions,
which evidenced its utility as an antidiabetic drug via inducing opioid secretion. In addition,
diosmin attenuated increased plasma glucose concentrations and increased hepatic glycogen levels in
diabetic rats. It also activated the I-2R to promote metabolic homeostasis, resulting in reduced blood
glucose and lipids in diabetic rats. It is worth mentioning that the administration of diosmin did not
produce changes in body weight, food intake, or plasma insulin levels.

Furthermore, diosmin has been reported to have therapeutic potential for behavioral parameters,
such as the antinociceptive response and locomotor activity, as well as for the regulation of nociceptive
biomarkers linked to the neuropathy caused by diabetes [34]. Taken together, it is suggested that diosmin

23



Nutrients 2020, 12, 2907

can attenuate primary effects of diabetes, such as disturbances in plasma glucose and lipoproteins,
by modulating key enzymes that regulate glucose metabolism and antioxidant activity.

2.4. Nobiletin

Nobiletin, chemically known as 5,6,7,8,3′,4′-hexamethoxyflavone, is a dietary flavone with the
empirical formula C21H22O8 and the molecular weight 402.39. It is found in the peel of various citrus
fruits, such as oranges and tangerines [36]. Like other bioflavonoids, nobiletin has shown potential
medicinal properties in several pathologies and their associated causes, such as preventing type 2
diabetes [37], protecting against bone mineral density loss [38], treating cancer [39], and lowering blood
cholesterol [40]. Studies have suggested that this flavone may be an effective therapeutic molecule for
the treatment of metabolic syndromes, such as cardiovascular disease, abdominal obesity, and increased
blood pressure.

Mulvihill et al. [41] evaluated its effect on lipoprotein secretion in cultured human hepatoma cells
(HepG2) and a mouse model of dyslipidemia and atherosclerosis accompanying insulin resistance.
The in vitro results showed that the administration of nobiletin dose-dependently reduced the
secretion of apolipoprotein B100-containing lipoproteins, which represents an important risk factor for
cardiovascular diseases. This effect happened through the activation of a mitogen-activated protein
kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway. MAPK/ERK activation by nobiletin
decreased the mRNA expression of microsomal triglyceride transfer protein (MTP), diacylglycerol
O-acyltransferase (DGAT)-1, and DGAT2, while it increased hepatic low-density lipoprotein (LDL)
receptor (LDLR) mRNA expression. However, the authors found no evidence of nobiletin modulating
the tyrosine phosphorylation of the insulin receptor (IR) or the insulin receptor substrate 1 (IRS-1).
In addition, TG synthesis and TG mass were significantly lowered in nobiletin-treated cells, with the
increase in the mRNA expression of carnitine palmitoyltransferase I α (CPT1-α) and peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC1-α). Most of the favorable results
observed in the abovementioned in vitro experiment were comparable with the in vivo results,
in which nobiletin prevented diet-induced weight gain and reduced dyslipidemia in HFD-fed diabetic
mice. The in vivo studies on nobiletin significantly decreased plasma lipids levels (TG and total
cholesterol (TC)), reduced the very low-density lipoprotein-total triglyceride (VLDL-TG) secretion
rate, and normalized elevated plasma non-esterified fatty acid (NEFA) and glycerol, in addition to
reducing TG in both the liver and intestines in HFD-fed obese diabetic mice. In contrast with the
in vitro results, nobiletin did not affect the hepatic expression of MTP or DGAT1/2. Nobiletin-treated
HFD-fed obese diabetic mice also increased the expression of CPT1-α and PGC1-α, and the rates of
fatty acid oxidation. Glucose tolerance tests conducted in the HFD-fed obese diabetic mice revealed
that nobiletin normalized the impaired high-fat-diet-induced glucose tolerance, while significantly
diminishing hyperinsulinemia and improving insulin sensitivity. Moreover, diet-induced obesity and
adipocyte hypertrophy were inhibited in nobiletin-treated HFD-fed obese diabetic mice. It prevented
dyslipidemia and hepatic steatosis, and improved metabolic parameters, leading to the prevention
of atherosclerosis and a dramatic reduction in the lesions within the aortic sinus compared with the
high-fat-diet-fed mice that were not treated with nobiletin.

Onda, Horike, Suzuki, and Hirano [42] added some important evidence from an in vitro study,
which showed that nobiletin affected glucose uptake in insulin target cells such as adipocytes,
using adipocyte cell lines (murine 3T3-F442 preadipocytes). Nobiletin treatment increased the
uptake of [3H]-deoxyglucose in differentiated adipocytes in the presence of insulin. The influence on
increased glucose uptake in the adipocytes was associated with several signaling cascade inhibitors
that are recognized to promote pathways for glucose incorporation. The results showed that the
phosphoinositide 3-kinases (PI3K), protein kinase B (Akt), and the protein kinase A (PKA) pathways
were involved in the increase in glucose uptake. These in vitro results encourage further in vivo studies
to analyze the antidiabetic action of this polymethoxyflavonoid and its molecular mechanism involved
in enhancing glucose uptake via the PI3K/Akt signaling pathway in the insulin target tissues.
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To elucidate the antidiabetic mechanism of nobiletin in adipocytes, Kanda et al. [43] conducted a
study using 3T3-L1 preadipocyte cells in which nobiletin suppressed lipid accumulation in 3T3-L1
adipocytes, suggesting that nobiletin inhibited adipogenesis in 3T3-L1 cells when the adipocyte
differentiation was induced by insulin, 3-isobutyl-1-methylxanthine (IBMX), and dexamethasone
(DEX). Regarding the mechanism of action involved in this response, nobiletin did not affect the
protein expression of peroxisome proliferator-activated receptor gamma (PPARγ)1 in 3T3-L1 cells;
however, it significantly suppressed PPARγ2 protein expression, an important marker in adipogenesis.
The transcripts of PPARγ2 and adipocyte protein 2 (aP2), two target genes of PPARγ, were significantly
down-regulated by nobiletin treatment. In addition, it suppressed CCAAT-enhancer-binding protein
beta (C/EBPβ) expression, suggesting that nobiletin may inhibit adipocyte differentiation by
down-regulating PPARγ2 gene expression via decreasing C/EBPβ expression. Finally, nobiletin
reduced the phosphorylation of the cAMP-response element-binding protein (CREB) and strongly
improved the phosphorylation of the signal transducer and activator of transcription 5 (STAT5),
suggesting that a suppressive effect of nobiletin on adipocyte differentiation was involved due to the
enhanced activation of STAT5 by the regulation of PPARγ activity.

Furthermore, Parkar, Bhatt, and Addepalli [44] hypothesized that nobiletin, due to its
metalloproteinase (MMP)-2- and MMP-9-inhibitory and antioxidant potential, could ameliorate the
cardiovascular dysfunction in diabetes. In an animal model of STZ-induced diabetes, nobiletin treatment
reduced the mean arterial pressure in the diabetic rats in comparison to vehicle-treated rats. Heart rate
fell rapidly and dramatically after the administration of STZ; however, nobiletin increased the
heart rate and kept the condition normal. Additionally, in connection to other cardiac parameters,
nobiletin reduced MMP-2 and MMP-9 enzymatic activities in the heart, improved the cardiac
hypertrophy index, attenuated the deterioration in the morphology of cardiomyocytes, and reduced
diabetes-induced myocardial fibrosis in the rats. Nobiletin also showed antioxidant effects by improving
myocardial SOD and catalase activity and decreasing MDA levels. Moreover, nobiletin ameliorated
vascular reactivity and collagen levels in the aortae of rats.

Zhang et al. [45] also investigated the therapeutic effect of nobiletin on STZ-induced
diabetic cardiomyopathy in mice. Echocardiography and hemodynamic measurements showed
a protective effect on cardiac function in nobiletin-treated mice. Nobiletin treatment significantly
attenuated the mRNA expression of nicotinamide-adenine dinucleotide phosphate-reduced (NADPH)
oxidase isoforms (p67phox, p22phox, and p91phox), suggesting its potential antioxidant effect.
Nobiletin improved SOD1 activity and decreased MDA levels in cardiac tissue, reinforcing the
positive influence on oxidative-stress-related disorders. These effects were also accompanied by
anti-inflammatory responses, such as the modulation of the mRNA expression of pro-inflammatory
cytokines (tumor necrosis factor-alpha (TNF-α) and interleukin (IL)-6) in diabetic myocardium
treated with nobiletin. In addition, the authors highlighted the fact that nobiletin treatment did
not produce any significant effect on blood glucose levels. However, the treatment decreased the
expression of transforming growth factor (TGF)-β1, connective tissue growth factor (CTGF), fibronectin,
and collagen Iα, and also reduced cardiac fibrosis in the nobiletin-treated mice. Nobiletin also reduced
phosphor-kappaB-α (IκB-α) expression, with the subsequent inhibition of phosphor-p65 activity.
These results indicate that the treatment with nobiletin mitigated cardiac dysfunction and interstitial
fibrosis, which may be due to its constructive action on the suppression of the c-Jun N-terminal kinase
(JNK), P38, and nuclear factor kappa B (NF-κB) signaling pathways.

A recent study tested the hypothesis that nobiletin provides metabolic protection against the
phosphorylation of AMP-activated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC) in three
different mouse models; mice deficient in hepatic AMPK (Ampkβ1-/-), mice incapable of the inhibitory
phosphorylation of ACC (AccDKI), and mice with adipocyte-specific AMPK deficiency (iβ1β2AKO) [46].
Nobiletin was able to activate (increase the phosphorylation of) AMPK in human hepatocarcinoma
HepG2 cells in the presence of high glucose. Additionally, ACC phosphorylation, which was suppressed
by hyperglycemia, was reversed through nobiletin treatment. In vitro nobiletin-treated cells had reduced
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lipogenesis and increased fatty acid oxidation independent of AMPK. In summary, the results of this
study showed that nobiletin treatment attenuated obesity, hepatic steatosis, dyslipidemia, and insulin
resistance, and protected metabolism in three mouse models independently of AMPK activation.
The authors also emphasized the potential therapeutic convenience of this citrus flavonoid nobiletin,
specifically in the management of metabolic syndromes such as diabetes and obesity, and further
in-depth studies are warranted to investigate the primary mechanism of action that influences
insulin sensitivity.

Nobiletin has, therefore, been shown to have potent antidiabetic, anti-obesity, and hypolipidemic
effects by modulating several physiological pathways. In addition, it acted as an immunomodulatory
molecule, attenuating inflammatory and oxidative stress markers, which are linked to the various
diabetic complications. This evidence reinforces the therapeutic potential of nobiletin for diabetes in
in vitro experimental systems and animal models, which should be further verified in humans.

2.5. Rhoifolin

Rhoifolin, with the molecular formula C27H30O14, is one of the most common flavonoids and is
used extensively in preclinical investigations to explore its pharmacological effects in a wide range of
chronic diseases including diabetes and obesity. It is found in several citrus fruits such as bitter oranges,
grapefruits, lemons, and unripe grapes [47,48]. Previous studies found that rhoifolin influenced several
biological activities, with antioxidant [49], anti-inflammatory [50], hepatoprotective [51], and anticancer
potential [52].

Rhoifolin was also isolated from Citrus grandis (L.) Osbeck leaves, and its insulin-mimetic action
was reported by Rao et al. in an in vitro study using differentiated 3T3-L1 adipocytes cells. It was found
to act via promoting adiponectin secretion, the phosphorylation of IR-β, and GLUT4 translocation,
which are considered to be critically involved in diabetic complications [30]. The action of rhoifolin
against these genes may provide novel targets for combating insulin-resistance-associated diseases.
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2.6. Sudachitin

Sudachitin (5,7,4′-trihydroxy-6,8,3′-trimethoxyflavone), also known as menthocubanone, is a
polymethoxylated flavone originally found in the skin of Citrus sudachi Hort. fruit. Sudachitin belongs
to the class of organic compounds known as 8-O-methylated flavonoids and has been detected
commonly in citrus fruits, such as mandarin oranges and bitter oranges [65]. It exhibits diverse
biological activities, such as the suppression of inflammatory bone destruction [66], induction of
apoptosis in human keratinocyte HaCaT cells [67], enhancement of antigen-specific cellular and
humoral immune responses [68], and inhibition of matrix metalloproteinase (MMP)-1 and MMP-3
production in TNF-α-stimulated human periodontal ligament cells [69].

The effects of sudachitin on glucose, lipid, and energy metabolism in an HFD experimental
obesity model using C57BL/6J mice and diabetic db/db mice fed a normal diet were investigated by
Tsutsumi et al. [54], and it was found that sudachitin reduced the weight gain in the HFD mice
without changing the food intake. It also ameliorated the elevated adipose tissue mass, increased
subcutaneous fat deposits, and elevated visceral fat composition, and normalized adipocyte size and
function. In addition, it reduced hyperinsulinemia and hyperglycemia, improved glucose tolerance,
ameliorated plasma leptin levels, decreased visceral fat content, increased plasma adiponectin levels,
and improved insulin sensitivity. A possible explanation for these effects could be the ability of
sudachitin to modulate metabolism-related genes, such as by modulating the mRNA expression of
GLUT4 and transcripts of uncoupling protein 1 and 3 (UCP1 and UCP3) in white adipose tissue
and the liver, which were significantly increased in the white adipose tissue of the diabetic animals.
Besides, it was able to decrease the levels of the mRNA transcripts encoding FAS ligand, ACC1,
and ACC2 in the liver. Tsutsumi et al. also reported that sudachitin promoted energy expenditure by
activating the sirtuin (Sirt)1–PGC1α pathway, increased basal muscle skeletal adenosine triphosphate
(ATP) contents, and increased mitochondrial citrate synthase activity. Sudachitin also improved
insulin sensitivity and reduced fasting blood glucose and TG levels in diabetic db/db mice. Finally,
an important in vitro study carried out by Tsutsumi et al. showed that sudachitin influenced the
mitochondrial biogenesis by activating vital signaling pathways in myocytes, increasing the expression
of genes such as nuclear respiratory factor 1 and 2 (NRF1 and NRF2) and mitochondrial transcription
factor A (mtTFA). Sudachitin treatment increased the mitochondrial number and activity. Therefore,
these observations indicate that sudachitin has good potential for managing obesity and diabetes and
its associated complications.

2.7. Tangeretin

Tangeretin is an O-polymethoxylated flavone with methoxy groups at positions 5, 6, 7, 8, and 4’,
and is found in tangerines and orange peel. It performs a number of biologically beneficial activities and
has antioxidant, anti-inflammatory, antitumor, hepatoprotective, and neuroprotective potential [70].
The properties of this flavonoid with respect to diabetes and its associated comorbidities have also
been widely studied. Regarding the antidiabetic effects of tangeretin, in vitro evidence confirmed that
it increased glucose uptake in differentiated 3T3-F442 adipocytes, even in the presence of insulin.
In addition, results showed that 3T3-F442 adipocyte glucose uptake by the PI3K, Akt, and PKA
pathways was increased following treatment with this polymethoxyflavonoid [42].

Sundaram, Shanthi, and Sachdanandam [71] evaluated the antihyperglycemic potential of
tangeretin regarding the activities of key enzymes linked with carbohydrate and glycogen metabolism in
diabetic rats. Tangeretin treatment reduced blood glucose to near-normal levels, increased hemoglobin
(Hb), and decreased hemoglobin (Hb)A1c levels, besides reversing the obese body weight and
liver weight changes induced by diabetes. In addition, tangeretin normalized the activities of key
hepatic enzymes and reinstated the levels of glycogen and the activities of glycogen synthase and
glycogen phosphorylase. Histopathological analysis showed a significant increase in the regeneration
of pancreatic β-cells in the islets of Langerhans in tangeretin-treated diabetic rats compared with those
in the non-treated diabetic animals.

29



Nutrients 2020, 12, 2907

Furthermore, Sundaram, Shanthi, and Sachdanandam [72] used a diabetic animal model to
gain more therapeutic information on the mechanism of the action regarding the antioxidant,
anti-inflammatory, and cardio-protective effectiveness of tangeretin. The oral administration of
tangeretin reversed the body weight and heart weight changes by its insulinotropic action. Tangeretin
administrated to the diabetic rats attenuated and normalized the lipid profiles in the plasma and
cardiac tissues. These effects were mediated through the modification of the activities of key enzymes
(LCAT, LPL, and HMG-CoA reductase) of lipid metabolism in the liver and increased GLUT4 expression
in the heart tissues of diabetic rats. Moreover, tangeretin administration in diabetic rats decreased the
levels of lipid peroxidation by increasing the activities of antioxidant enzymes (SOD, catalase (CAT),
glutathione peroxidase (GPx), and glutathione reductase (GR)). It also caused a significant reduction in
both inflammatory cytokines (TNF-α and IL-6) and cardiac marker enzymes (aspartate aminotransferase
(AST), lactate dehydrogenase (LDH), and creatine phosphokinase (CPK)) in the plasma and heart
tissues. Additionally, tangeretin treatment markedly decreased the nuclear translocation of NF-κB and
TNF-α according to immunostaining in cardiac tissues. In summary, the results suggest that tangeretin
treatment plays a beneficial role in regulating diabetes and its associated cardiovascular risk.

Chen, Ma, Sun, and Zhu [60] elucidated the effects of tangeretin on high glucose-induced oxidative
stress and extracellular matrix (ECM) accumulation in human glomerular mesangial cells (HGMCs)
and discovered the underlying mechanisms. The important inflammatory factor TGF-β1’s expression
induced by high glucose was efficiently suppressed in tangeretin-treated cells. The citrus molecule
suppressed reactive oxygen species (ROS) and MDA production, while it increased SOD activity.
In addition, high glucose treatment greatly increased the expression of fibronectin and collagen IV in
HGMCs, which was then reversed by tangeretin treatment. The extracellular signal-regulated kinase
(ERK) pathway plays an important role in the development of diabetic nephropathy, and this study
concluded that tangeretin can modulate ERK signaling through preventing the activation of the ERK
signaling pathway in high glucose-stimulated mast cells (MCs). These results highlighted tangeretin
as a curative agent in the management of diabetic nephropathy, the leading cause of morbidity and
mortality resulting in end-stage renal disease.

Therefore, tangeretin has a promising role in research into diabetic therapy, since its effects appear to
be consistent and reliable in diabetic preclinical studies. Its major effects include attenuating biochemical
parameters related to diabetic conditions, modulating key enzymes of lipid and glycolytic metabolism,
attenuating inflammation and oxidative-stress-signaling markers, and exhibiting protective effects on
the heart and liver tissues, which are considered to be vital in diabetic metabolic disorders.

2.8. Didymin

Didymin ((S)-5,7-dihydroxy-4′-methoxyflavanone-7-β-rutinoside) is an oral bioactive citrus
flavonoid-O-glycoside belonging to a flavanone class found in several citrus fruits, such as oranges,
lemons, grapefruits, and mandarins [73]. Although it has great antioxidant potential, didymin is mainly
mentioned in the literature in relation to its potent anticancer capacity, having an antiproliferative
effect and preventing the growth of cancer cells [74–76]. The effects of didymin against endothelial
dysfunction, a pathological process involved in atherogenesis, were described by Shukla, Sonowal,
Saxena, and Ramana [61], who demonstrated the role of this flavanone in inhibiting the apoptosis
of human umbilical vein endothelial cells induced by high glucose, via modulating oxidative stress
signals, leading to the generation of ROS as well as the activation of caspase-3 and Erk1/2 and regulation
of the Bcl2 protein. Moreover, didymin also alleviated high glucose-induced endothelial dysfunction
by preventing monocyte adhesion to endothelial cells, restoring endothelial nitric oxide synthase
(eNOS) and NO levels, reducing the levels of several inflammatory cytokines, such as TNF-α, interferon
gamma (INF-γ), IL-1β, IL-2, and IL-6. Thus, these results demonstrated that it could be developed as a
natural therapeutic agent against hyperglycemia-induced endothelial dysfunction and mortality.

Ali et al. [62] evaluated the antidiabetic potential of didymin and the molecular mechanisms
underlying its effects in the insulin-resistant HepG2 cell line. In vitro experiments showed that
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didymin inhibited human recombinant aldose reductase (HRAR), rat lens aldose reductase (RLAR),
α-glucosidase, and AGE formation. It also activated the insulin-signaling pathway and resulted in
improved insulin sensitivity. Together, these physiological effects led to a potent antidiabetic effect.
Regarding the molecular mechanisms related to these effects, didymin reduced the expression of
protein tyrosine phosphatase (PTP1B) and increased the phosphorylation of IRS-1, PI3K, glycogen
synthase kinase 3β (GSK3β), and Akt, besides reducing two key enzymes, leading to diminished
hepatic glucose production in insulin-resistant HepG2 cells. Molecular docking studies indicated
that didymin possessed high affinity and tight binding capacity for the active sites of HRAR, RLAR,
PTP1B, and α-glucosidase. Additionally, didymin showed important vascular effects through the
activation of molecular pathways that result in glycemic control, highlighting the great therapeutic
potential for diabetes and diabetes-associated complications. Thus, further clinical trials are warranted
to investigate the use of didymin as a potential lead candidate to protect against metabolic disorders
targeting various organs.

2.9. Hesperidin

Hesperidin is a flavanone glycoside commonly found in citrus fruits such as oranges, tangerines,
lemons, and grapefruits, and is one of the most important non-essential nutrients for human beings [77].
Its name originated from the word “hesperidium”, which denotes fruits derived from citrus trees.
The consumption of hesperidin appears to influence blood pressure and improve antioxidant status
in humans [78]. This citrus flavanone is a widely used dietary supplement, alone or in combination
with other bioflavonoids, for the treatment or prevention of disturbances in the vascular system
(reducing capillary permeability) and as an anti-inflammatory, antioxidant, or anticarcinogenic herbal
medicine [79,80]. The majority of the medicinal properties of this bioflavonoid have been attributed
to its ability to modulate pro-inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, and reduce
inflammation and oxidative stress in biological systems, as demonstrated in different animal models of
inflammatory reactions [81].

One of the most common chronic diseases that can be treated with this flavonoid is diabetes,
as Akiyama et al. [82] reported. The authors used an animal model of STZ-induced diabetes to assess the
effect of hesperidin on biochemical markers, glucose-regulating enzymes, and parameters of bone loss in
marginal type 1 diabetic rats. Hesperidin reduced blood glucose and serum insulin and normalized the
enzymatic activities of glucose-6-phosphatase (G6Pase), glucokinase (GK), and other hepatic enzymes
important in glycemic control. In addition, Mahmoud et al. [83] showed that hesperidin treatment could
attenuate hyperglycemia-mediated oxidative stress and suppress the production of pro-inflammatory
cytokines, such as TNF-α and IL-6, in HFD/STZ-induced type 2 diabetic rats. These results corroborate
those of El-Marasy et al. [84], who reported that the oral administration of hesperidin reduced blood
glucose, decreased levels of MDA and IL-6, and increased GSH and brain-derived neurotropic factor
(BDNF) levels in the brains of rats with diabetes. Hesperidin also normalized the levels of monoamines in
the brain, specifically, norepinephrine and dopamine, and elevated brain levels of serotonin. The results
obtained were also reflected in physical and behavioral parameters, since hesperidin reduced the
immobility time of rats with diabetes in the forced swimming test.

Visnagri, Kandhare, Chakravarty, Ghosh, and Bodhankar [85] evaluated the effect of hesperidin
against diabetic neuropathic pain in rats. Hesperidin treatment inhibited the reduction in motor
nerve and sensory nerve conduction velocity induced by diabetes. Impaired neural conduction
velocity can affect sensory, nociceptive, and motor responses. However, hesperidin normalized the
sensorial responses by attenuating the increased mechanical and thermal hyperalgesia in diabetic
rats. This bioflavonoid also attenuated several diabetic biochemical parameters, such as high blood
glucose, TC, and serum TG, increased the plasma concentration of insulin, and had positive effects
on hemodynamic variables, important in the treatment of diabetes and the associated cardiovascular
complications. Finally, hesperidin showed neural-protective effects, accompanied by a reduced
infiltration of neutrophils and macrophages in the sciatic nerve and reduced mRNA expression of
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neural TNF-α and IL-1β, two important pro-inflammatory cytokines involved in the progression
of diabetes. In addition, it restored the distortion of the architecture of the sciatic nerve caused by
STZ-induced necrosis, edema, and congestion on nerve fibers.

Mahmoud, Ahmed, Ashour, and Abdel-Moneim [56] generated more information regarding
the mechanism of action of hesperidin as a natural antidiabetic product using HFD/STZ-induced
type 2 diabetic rats and in vitro studies. The oral administration of hesperidin was shown to reduce
fasting glucose and attenuate insulin resistance in diabetic rats, and increase the release of insulin
in isolated pancreatic islets. In addition, it normalized the activities of metabolic enzymes, such as
glucose-6-phosphatase, glycogen phosphorylase, and fructose-1,6-bisphosphatase. This bioflavonoid
was also found to increase glucose uptake in isolated pancreatic cells. It has been shown that the
antidiabetic effects of hesperidin are mainly due to its capacity to increase the mRNA and protein
expression of GLUT4 in adipose tissue, in addition to decreasing intestinal glucose absorption.

Liu, Liou, Hong, and Liu [58] conducted experiments to evaluate the effects and mechanisms of
hesperidin on different pathophysiological parameters of diabetic retinopathy using retinal RGC-5
ganglial cells. It is well established that oxidative stress plays an important role in diabetes, and it
is characterized by high concentrations of ROS and the lipid peroxidation marker MDA, as well
as a reduction in the activity of antioxidant enzymes. The higher levels of intracellular ROS, MDA,
and protein carbonyl in RGC-5 cells under high concentrations of glucose were down-regulated by
hesperidin, and the reduced activities of SOD, GPx, and catalase (CAT) were recovered. The authors
also showed that hesperidin blocked the high glucose-induced elevation of the cell apoptosis regulator
Bax and decreased Bcl-2 concentrations in high glucose-exposed RGC-5 cells. It also down-regulated
caspase-9 and caspase-3, lowered the Bax/Bcl-2 ratio, and restored mitochondrial function, confirming
that cells can be protected by hesperidin from high glucose-induced apoptosis through a mitochondrially
mediated pathway. Moreover, this citrus flavone significantly inhibited the phosphorylation of JNK
and activated p38 mitogen-activated protein kinases (p38 MAPK), proving its vital effect of protecting
cells from ROS injury and cellular death.

According to Zareei, Boojar, and Amanlou [59], alanine aminotransferase (ALT) and AST are
two liver pyridoxal phosphate-dependent enzymes involved in gluconeogenesis and amino acid
metabolism that catalyze the intermediary reactions of glucose and protein metabolism. The increased
activity of these enzymes has been observed in liver metabolic syndrome, atherogenesis, and type I
and type II diabetes. In rat liver cells, different concentrations of hesperidin exhibited inhibitory effects
against ALT and AST activities; therefore, it can be considered a potential compound for designing a
safe and effective agent for the management of diabetes mellitus-associated hepatic injury.

Li, Kandhare, Mukherjee, and Bodhankar [86] conducted several experiments in diabetic animals
aiming to evaluate the effectiveness of hesperidin against diabetic foot ulcers induced by injecting
STZ followed by excision wounds created on the dorsal surface of the foot. In addition, hesperidin
treatment in diabetes-induced rats inhibited weight loss, reduced insulin concentrations, normalized
blood glucose, reduced food and water intake, increased SOD and GSH levels, and reduced MDA and
NO levels. The results presented by Li, Kandhare, Mukherjee, and Bodhankar also showed that this
flavanone exhibited beneficial effects in the treatment of wounds, since it attenuated the morphological
changes caused, and reduced the edema and inflammatory infiltration of polymorphonuclear cells,
in addition to accelerating angiogenesis and vasculogenesis. These effects can be attributed to the
regulatory action of hesperidin on important biomarkers, such as vascular endothelial growth factor
c (VEGF-c); angiopoietin-1, the ligand for the tyrosine kinase receptor Tie2 (Ang-1/Tie-2); TGF-β;
and Smad-2/3.

In STZ-induced diabetic animals, Dokumacioglu et al. [87] supported some of the previously
reported data about this citrus flavonoid hesperidin and added more important molecular findings,
which showed that hesperidin significantly decreased serum total cholesterol, TG, LDL C, VLDL C,
and MDA levels and increased GSH concentrations but did not change HDL-C levels. Additionally,
histological analysis showed that treatment with hesperidin led to an improvement in the degenerated
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islet cells in diabetic rats. The study also reported a reduction in pro-inflammatory cytokines in diabetic
rats. The authors speculated that the control of weight loss in the diabetic rats treated with hesperidin
might result from the organized regulation of TNF-α and IL-6 levels in adipose tissue. Studies reported
that the increased secretion of TNF-α and IL-6 by subcutaneous fat tissue correlates with obesity and
adiposity, and such was also suggested to be associated with the origination of diabetic microvascular
complications [88,89].

2.10. Hesperetin

Hesperetin ((S) -2,3-dihydro-5,7-dihydroxy-2- (3-hydroxy-4-methoxyphenyl) -4-benzopyran),
an important citrus flavonoid and aglycone form of hesperidin, is a bitter compound mainly
found in bitter oranges and lemons [90]. It is interesting to note that hesperetin has a higher
bioavailability compared to hesperidin due to the rutinoside moiety attached to the flavonoid,
and this seems to contribute to its superior anti-inflammatory and antioxidant properties [91].
Hesperetin is widely studied in several pathological conditions and exhibits neuroprotective
effects [92], anticancer properties [93], anti-neuroinflammatory potential [94], antioxidant effects [95],
and anti-inflammatory [96] activities, among others.

Zareei, Boojar, and Amanlou [59] investigated and evaluated the effect of hesperetin on the AST
and ALT enzymes in the liver of rats and concluded that hesperetin exclusively inhibited ALT and
AST activities in diabetes-induced rats. Therefore, their study hypothesized that hesperetin may be
a potential compound for designing safe and effective drugs for the management of increased ALT-
and AST-related disorders, which are especially found in diabetes. Furthermore, Revathy, Subramani,
Sheik Abdullah, and Udaiyar [97] showed that hesperetin exhibited an antihyperglycemic effect by
reducing blood glucose and enhancing plasma insulin and glycogen levels in an animal model of
STZ-induced diabetes. Hesperetin treatment ameliorated vascular congestion and mononuclear cellular
infiltration, and improved hepatic architecture, which was damaged by profound hyperglycemia.
Hesperetin also alleviated the abnormality caused by hyperglycemia in pancreatic β-cells, inducing a
notable extension of islets, improved staining in pancreatic β-cells, and boosting the number of insulin
immune-positive cells of the islets. It also recovered the diabetes-induced damaged kidney tissue by
reducing marked tubular necrosis, improving the architecture of the glomerulus and renal cortex,
and attenuating interstitial inflammation in rat renal tissues.

Samie, Sedaghat, Baluchnejadmojarad, and Roghani [98] assessed the beneficial effect of hesperetin
on diabetes-associated testicular injury in diabetic rats. Like other bioflavonoids, hesperetin was also
able to prevent body weight loss, DNA fragmentation, and testicular oxidative stress and/or apoptosis;
increase serum testosterone levels; reduce serum glucose, MDA, ROS, and protein carbonyl levels;
and prevent caspase 3 activity in diabetic animals. Hesperetin treatment also showed important
antioxidant effects by increasing glutathione, mitochondrial membrane potential (mMP), and ferric
reducing antioxidant power (FRAP) levels, besides improving the activities of enzymes such as SOD,
CAT, and GPx. Finally, hesperetin showed positive effects on testicular function and improved sperm
counts, motility, and viability, as well as reducing inflammatory cytokines (TNF-α and IL-17) and
preventing damage to the seminiferous tubules in diabetic rats.

Overall, hesperetin exhibits anti-inflammatory and antioxidant effects in diabetes-mediated
metabolic disorders. These results suggest that hesperetin specifically modulates biochemical
parameters linked to liver enzymes, in addition to protecting the vital organs affected by the deleterious
effects of profound hyperglycemia. Thus, further clinical trials should be carried out to verify hesperetin
as an important potential treatment against diabetes and related metabolic complications.
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2.11. Naringenin

Naringenin (5,7-dihydroxy-2- (4-hydroxyphenyl) chroman-4-one) is a citrus flavanone mainly
found in grapefruits, bergamots, and oranges. Numerous pharmacological activities of naringenin
have already been reported in the scientific literature. It is widely used as a dietary supplement in
different treatments, often in combination with other herbal preparations. Naringenin (aglycone) and
naringin are flavanones that display strong anti-inflammatory and antioxidant activities [104].

Since cardiovascular diseases (CVDs) remain the leading cause of morbidity and mortality in
diabetic patients, Fallahi, Roghani, and Moghadami [100] focused their study on investigating the
cardiovascular potential of this natural flavonoid in diabetes. More specifically, the authors investigated
its aortic reactivity, since increased serum glucose and ROS cause vascular endothelial dysfunction.
Naringenin prevented weight loss and lowered the increased plasma glucose concentration in diabetic
animals, suggesting its cardioprotective effects. This bioflavonoid exhibited beneficial effects on the
cardiovascular system by reducing the maximum contractile response of endothelium-intact rings
and improving endothelium-dependent relaxation in response to acetylcholine (ACh). These effects
seem to be dependent on modulating the NO pathway, since the pretreatment of endothelium-intact
rings with the NOS inhibitor N (G)-nitro-l-arginine methyl ester (L-NAME) significantly attenuated
the observed responses in diabetic rats.

Hasanein and Fazeli [101] also investigated the antidiabetic effects of naringenin but with a special
focus on its effectiveness in diabetes-induced hyperalgesia and allodynia. Naringenin attenuated
chemical and thermal hyperalgesia, as well as allodynia. Since oxidative stress and inflammation are also
found in diabetic neuropathy, the study showed that naringenin administration increased the activity of
SOD, an endogenous enzyme closely intertwined with oxidative stress during the diabetic condition.

Furthermore, using an HFD-induced obesity animal model (C57BL/6J Mice), Yoshida et al. [55]
evaluated the anti-inflammatory effects of naringenin and its mechanism of action. Naringenin did not
affect HFD-induced changes in serum biochemical parameters, such as glucose, TC, and TG levels.
However, it was able to reduce the mRNA expression of the Mac-2 gene, an important macrophage
marker. Reinforcing its anti-inflammatory effect, the administration of naringenin reduced monocyte
chemoattractant protein 1 (MCP-1) expression in adipose tissue from HFD-fed mice, and in adipocyte
and macrophage co-cultures, which is one of the key chemokines, one of its main roles being to
suppress the migration and infiltration of monocytes/macrophages into adipose tissue. In addition,
naringenin inhibited HFD-induced JNK phosphorylation but did not interfere in the expression of
IκB-α, a member of a family of cellular proteins that function to inhibit the NF-κB transcription
factor. In summary, these results suggest that naringenin suppresses macrophage infiltration and
can modulate the chemoattraction of inflammatory cells via the regulation of MCP-1 expression in
adipocytes via a JNK-dependent pathway in obesity-related metabolic disorders.

Tsuhako, Yoshida, Sugita, and Kurokawa [64] conducted an in vivo experiment with a
HFD-induced obese and insulin-resistant animal model, as well as with in vitro assays, using 3T3-L1
(adipocytes) and RAW264 (macrophages) cells to confirm their hypothesis that naringenin has effects on
inflammatory cell infiltration into adipose tissue, in addition to being able to modulate vital chemokines
and cytokines. The recruitment of immune cells was observed in obese adipose tissue, which contributes
to the initiation and progression of obesity-linked diseases, such as insulin resistance and type 2
diabetes mellitus. They showed that naringenin suppressed the neutrophil infiltration into adipose
tissue in obese mice. Naringenin also produced an anti-inflammatory response in the adipose tissues
in mice by reducing the levels of the chemokines and/or cytokines MCP-1, macrophage inflammatory
protein (MIP)-1α, MIP-2, and MCP-3 and causing a noticeable reduction in the pro-inflammatory
cytokine IL-6, although TNF-α was not affected. In the in vitro analyses, naringenin significantly
reduced MCP-3 expression at the transcriptional and secretion levels in 3T3-L1 adipocytes, as well as in
a co-culture of 3T3-L1 adipocytes and RAW264 macrophages. Thus, the authors suggest that naringenin
suppresses neutrophil infiltration into adipose tissue via the regulation of vital inflammatory mediators
connected to immune-cell functions.
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Similar to other citrus flavonoids, naringenin has also been observed to be a potent NF-κB
pathway regulator that directly leads to the obstruction of ROS accumulation due to its ability to act as
a scavenger of free radicals and up-regulate the activity of both prooxidant and antioxidant enzymes,
which is the most remarkable dual property of this flavonoid [55]. In addition, recent findings also
point out that naringenin can down-regulate vital chemokines, which have a significant role in the
recruitment and infiltration of inflammatory cells into adipose tissue, and stop the advancement of
metabolic disorders, such as insulin resistance and type 2 diabetes mellitus.

2.12. Naringin

Naringin is a flavanone-7-O-glycoside located between the flavanone naringenin and the
disaccharide neohesperidose. It occurs naturally in citrus fruits, predominantly in grapefruits.
Similarly to naringenin, naringin is widely sold as a food supplement because of its cardioprotective,
neuroprotective, and immunomodulatory properties [105]. When ingested by humans, naringin is
metabolized by naringinase in the liver, so the main product of this metabolism is naringenin,
which seems to be responsible, at least in part, for the biological effects attributed to this
biomolecule. Naringin showed beneficial effects in acute and chronic models, such as those of
diabetic neuropathy [106], pleurisy [107], asthma [108,109], cancer [110], behavioral deficits [111],
Alzheimer’s disease [112], and chronic fatigue [113], and in experimental models for inflammation and
oxidative stress induced by cisplatin [114].

Mahmoud et al. [83] conducted two studies, in 2012 and 2015, to evaluate the antidiabetic potential
of naringin. According to the authors, naringin attenuated hyperglycemia-mediated oxidative stress
parameters (MDA and NO) and pro-inflammatory cytokine (TNF-α and IL-6) secretion and production
in HFD/STZ-induced type 2 diabetic rats. The authors confirmed that the oral administration of
naringin normalized the activities of important enzymes in hepatic glycolytic metabolism, such as
G6Pase, glycogen phosphorylase, and fructose-1,6-bisphosphatase. In addition, naringin increased
the release of insulin from isolated islets in the presence of IL-1β and decreased intestinal glucose
absorption. Its antioxidant effects were also verified due to the reduction of NO in isolated pancreatic
islets. The mechanism of the action responsible for the effects of naringin may be related to the
increased expression of GLUT4 in adipose tissue, which aids in the uptake of free circulating glucose
from the blood to peripheral tissues.

Malakul, Pengnet, Kumchoom, and Tunsophon [103] investigated the effect of naringin on
fructose-induced endothelial dysfunction in rats and its fundamental mechanisms. Rats that had
consumed fructose in drinking water showed significantly increased levels of blood glucose, TC,
TG, and LDL C. Consequently, naringin treatment significantly brought these parameters back to
near normal. Fructose impaired endothelial function, but vascular smooth muscle function was
unaffected by fructose treatment. Interestingly, naringin restored endothelial function in the aortic
rings, confirming a vasoprotective effect. In addition, naringin improved serum nitrate/nitrite (NOx),
eNOS, and phosphorylated eNOS (p-eNOS) protein expression. Therefore, the authors concluded
that the vascular potential of naringin was moderately attributed to improving NO bioavailability,
increasing eNOS activity, and obstructing the accumulation of peroxynitrite in the aortae.

In summary, the results of these studies demonstrate the related curative potential of naringin in
attenuating oxidative damage and inflammatory cascades. Moreover, it exhibits a unique preserving
effect on endothelial dysfunction, an important factor in the development of diabetic complications,
especially atherosclerosis and cardiovascular diseases.

2.13. Neohesperidin

Neohesperidin (hesperetin-7-neohesperidoside) is a flavanone glycoside, a weak-polar molecule
with a bitter taste, found in various citrus fruits [115]. Neohesperidin, a dihydrochalcone, is a substance
mainly obtained from bitter oranges and has unique properties such as masking undesirable flavors
and enhancing fruity and citrus flavors, which gives this molecule great value for the food industry
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and nutraceuticals firms [116]. This flavanone has a wide range of biological activities, including
neuroprotective activity [117] and anti-proliferative effects [118]. Recently, neohesperidin was found to
inhibit common allergic responses in vivo and in vitro [119], exhibit protective effects in progressive
pulmonary fibrosis [120], and show anti-osteoclastic properties, presenting it as a potential anti-catabolic
biomolecule for the treatment of osteoporosis [121].

The antidiabetic potential of neohesperidin was investigated by Jia et al. [102], who evaluated the
effect of this active compound derived from Citrus aurantium Linn. in diabetic KK-Ay mice induced via
a formulated diet (6.0% fat, 18% proteins, and 8.0% water). Neohesperidin had no significant effect on
the body weight and food intake in the experimental diabetic mice; nevertheless, it increased glucose
tolerance and insulin sensitivity and reduced the blood glucose levels affected by diabetic illness.
Neohesperidin treatment also significantly reduced total cholesterol and TG, in addition to decreasing
ALT, but it did not modulate AST levels, showing its key hypoglycemic and hypolipidemic properties.

Histological studies showed that neohesperidin-treated diabetic mice had a marked reduction
in lipid accumulation in the liver and decreased adipocyte size compared with water-treated KK-Ay
diabetic mice. Neohesperidin was shown to have hypolipidemic effects via exerting a profound influence
on markers, such as the mRNA levels of PPAR-α, PPAR-γ, and their target genes, including stearoyl-CoA
desaturase (SCD)-1, carnitine palmitoyltransferase (CPT)-1, adaptor complex (AP)-2, UCP-2, fatty acid
synthase (FAS), and acyl-CoA oxidase (ACOX), in liver tissue. The expression of SCD-1 and FAS in
diabetic mice was significantly down-regulated by neohesperidin treatment, whereas the expression
of ACOX was significantly up-regulated. Finally, neohesperidin treatment resulted in the increased
phosphorylation of AMPK. These data demonstrate that neohesperidin may have pronounced potential
for the prevention of obesity-linked diabetes mellitus [102].

2.14. Xanthohumol

Xanthohumol or 3′-[3,3-dimethylallyl]-2′,4′,4-trihydroxy-6′-methoxychalcone, found in citrus
plants in the family Rutaceae, is a bioactive antioxidant molecule linked to a wide range of bioactivities,
including anticarcinogenic, anti-inflammatory, and antioxidant properties [122,123]. A study included
in our survey demonstrated that xanthohumol reduced the expression of Gal3, a protein responsible for
multiple complications and diabetic progression in HFD-fed type 2 diabetic C57Bl/6 mice. In addition
to reducing Gal3 expression, xanthohumol has also been shown to reduce oxidative stress biomarkers
associated with diabetes such as 3-nitrotyrosine and AGEs in the liver and kidneys, validating its
remedial effect against this chronic metabolic disease [27].

2.15. Quercetin

This citrus flavonoid is probably one of the most studied flavonol compounds, which may be
due to its ubiquitous presence in different citrus plants. It also has many therapeutic properties
that include anti-inflammatory, antinociceptive, and anticancer effects. Oranges, mandarins, limes,
lemons, sour oranges, and grapefruits are common sources of quercetin [124]. Quercetin is, therefore,
considered the most important citrus flavonoids because of its ability to modulate the essential
inflammatory mediators that accompany metabolic diseases. This flavonol is one of the most popular
citrus flavonoids in the global fruit market, and it is commonly used as a constituent in nutraceuticals
and food supplements. A number of products containing this flavonoid have been patented because of
its outstanding therapeutic applicability as a disease-fighting antioxidant molecule that can improve
the health and well-being of individuals [125].

Dhanya, Arya, Nisha, and Jayamurthy [57] investigated the molecular mechanism of quercetin by
screening it in skeletal muscle (L6 myotubes) cells and showed that it improved glucose uptake via
regulation of the AMPK pathway. The authors demonstrated that the AMPK pathway has a significant
role in 2-NBDG (2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose) uptake and that this
was induced by quercetin. The adenosine monophosphate/adenosine triphosphate ratio (AMP/ATP)
is an essential factor for cellular AMPK activation, and quercetin pretreatment caused an increase in
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both the AMP-to-ATP ratio and the adenosine diphosphate (ADP)-to-ATP ratio, an effect correlated
with its activity on mitochondrial membrane depolarization. In addition, quercetin pretreatment in L6
myotubes induced a significant up-regulation of the mRNA levels of both AMPK and its downstream
target p38 MAPK. Interestingly, calcium-calmodulin mediated protein kinase (CaMKK), AMPK,
and MAPK, the key signaling molecules involved in the AMPK signaling pathway, were up-regulated
by quercetin treatment in vitro, reinforcing the evidence of its participation in this vital signaling
pathway related to the management of insulin signaling. In addition, quercetin was found to increase
GLUT4 expression and translocation in a skeletal muscle cell line. Therefore, quercetin possesses
antidiabetic potential via activating multiple therapeutic targets to rectify insulin resistance through
bypassing different metabolic pathways.

However, Dokumacioglu et al. [87] have reported some controversial results regarding the effect
of quercetin on diabetes. Although quercetin treatment decreased various diabetes-related biochemical
parameters, such as TC, TG, LDL C, VLDL C, and MDA, it did not alter the HDL-C level and the
GSH concentration. Histological analysis showed that treatment with quercetin led to an increase
in the regeneration of β-cells in the pancreatic islets. However, it was also reported that quercetin
administration in diabetic animals regulated the levels of pro-inflammatory cytokines, such as TNF-α
and IL-6. In addition, quercetin also blocked the weight loss in diabetic rats, which could be the result of
quercetin regularizing TNF-α and IL-6 secretion in adipose cells and the consequent decrease in fat tissue.

2.16. Rutin

Rutin (quercetin 3-rutinoside, C27H30O16) is a glycosidic flavonoid commonly present in dietary
sources. The main citrus fruit sources of rutin are oranges, grapefruits, lemons, and limes. Treatment
with rutin was found to exert a great modulatory impact on the secretion of IL-1β, IL-2, IL-4, and IL-6.
These are vital immunomodulatory cytokines secreted by the immune cells, and abnormal levels
of secretion and their action during inflammation can cause cytokine-mediated organ dysfunction
and tissue damage during long-term diseases such as diabetes mellitus, cancer, and rheumatoid
arthritis [126]. Its immunomodulatory and anti-inflammatory effects on chronic metabolic disorders
characterized by hyperglycemia suggest that rutin may be an excellent biomolecule to use in the
treatment of these disorders and their associated complaints.

Fernandes et al. [99] investigated the benefit of rutin treatment for various biochemical alterations in
experimental diabetic animals. Rutin reduced blood glucose and improved the lipid profile. In addition,
it prevented changes in the activities of ALT, AST, and LDH in the serum, liver, and heart, indicating
the protective effect of the molecule against hepatic and cardiac toxicity in diabetic rats. Rutin was also
able to decrease hepatic and cardiac levels of TG and elevate the glycogen concentration. It showed
hypoglycemic and hypolipidemic effects in diabetic rats and, more importantly, prevented liver and
heart damage caused by the uncontrolled accumulation of diabetes-mediated ROS.

Besides the single flavonoid compound mentioned above, the citrus extract, rich in different
flavonoids, also shows an antidiabetic effect. A study by Kim et al. [53] investigated the effects of
Citrus aurantium Linn., which contains major flavonoids including naringin, hesperidin, poncirin,
isosiennsetin, sineesytin, nobiletin, and tangeretin, on the inhibition of adipogenesis and adipocyte
differentiation in 3T3-L1 cells. The mixed actions of the flavonoids from C. aurantium showed
anti-adipogenic properties and inhibited the differentiation of 3T3-L1 preadipocytes into adipocytes,
in addition to also reducing the amount of lipid droplets, and preventing lipid and triglyceride
accumulation. Flavonoid-rich C. aurantium was able to modulate the insulin signaling cascade, via the
inhibition of Akt activation and GSK3β phosphorylation. Finally, it down-regulated the expression of
C/EBPβ and subsequently inhibited the activation of PPARγ and C/EBPα, which are related to lipid
accumulation and lipid metabolism. Thus, these results highlight the actions of these vital flavonoids
present in C. aurantium in improving hyperglycemia and dyslipidemia, while inhibiting the progression
of diabetes.
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3. Composition of Antidiabetic Citrus Flavonoids in Common Citrus Fruit Sources

Few review reports and original articles concern the composition of some major flavonoids
in the genus Citrus. In our survey, the majority of the antidiabetic studies reported used citrus
flavanones (hesperidin, didymin, naringin, neohesperidin, and poncirin), flavones (rhoifolin,
diosmin, and rutin), and polymethoxyflavones (nobiletin, sinesetin, and tangeretin). The flavonoid
composition of long-life orange juice comprises hesperidin (76.9 mg/L) and didymin (9.9 mg/L) [127].
The composition of tangerine or mandarin hand-squeezed juice comprised didymin (4.44–9.50 mg/L),
hesperidin (123.3–206.7 mg/L), tangeritin (5.99–31.8 mg/L), nobiletin (5.49–28.2 mg/L), and sinensetin
(0.30–2.00 mg/L), whereas the peeled fruit of tangerines or mandarins contained higher contents of
hesperidin (841–1898 mg/kg) and didymin (45–112 mg/kg) [128]. The flavonoid contents in fresh weight
(FW) peels and peel extracts of citrus fruits, such as oranges, clementines, and mandarins, were poncirin
(2.49–18.85 mg/g FW), didymin (3.22–13.94 mg/g FW), neohesperidin (3.20–11.67 mg/g FW), hesperidin
(83.4–234.1 mg/g FW), naringin (only in mandarin) (19.49 mg/g FW), rhoifolin (4.54–10.39 mg/g FW),
diosmin (4.01–18.06 mg/g FW), and rutin (8.16–42.13 mg/g FW) [129].

In addition, Gattuso et al. [130] have reviewed the flavonoid contents in various citrus juices
extensively. For example, sweet orange juice contains hesperidin (28.6 mg/100 mL), didymin
(1.89 mg/100 mL), poncirin (1.04 mg/100 mL), rhoifolin (0.05 mg/100 mL), diosmin (0.09 mg/100 mL),
nobiletin (0.33 mg/100 mL), sinesetin (0.37 mg/100 mL), and tangeretin (0.04 mg/100 mL); clementine
juice possess hesperidin (39.9 mg/100 mL), naringin (0.08 mg/100 mL), and diosmin (1.25 mg/100 mL);
lemon juice has hesperidin (20.5 mg/100 mL) and diosmin (3.12 mg/100 mL); grapefruit juice contains
didymin (0.30 mg/100 mL), hesperidin (0.93 mg/100 mL), naringin (23.0 mg/100 mL), neohesperidin
(1.21 mg/100 mL), poncirin (1.26 mg/100 mL), rutin (3.26 mg/100 mL), rhoifolin (0.28 mg/100 mL),
nobiletin (0.15 mg/100 mL), tangeretin (0.12 mg/100 mL), hesperetin (0.74 mg/100 mL), naringenin
(2.70 mg/100 mL), and quercetin (0.19 mg/100 mL); the juice of a hybrid between lemon and
sweet oranges contains naringin (2.23 mg/100 mL), neohesperidin (1.60 mg/100 mL), poncirin
(6.41 mg/100 mL), rhoifolin (0.37 mg/100 mL), and diosmin (0.39 mg/100 mL); mandarin orange
juice has didymin (1.44 mg/100 mL), hesperidin (24.3 mg/100 mL), nobiletin (0.23 mg/100 mL),
sinensetin (1.05 mg/100 mL), and tangeretin (0.26 mg/100 mL); hybrid mandarin orange juice contains
hesperidin (0.15 mg/100 mL); and bitter orange juice has naringin (1.97 mg/100 mL), neohesperidin
(0.87 mg/100 mL), poncirin (0.73 mg/100 mL), diosmin (0.15 mg/100 mL), nobiletin (0.2 mg/100 mL),
and tangeretin (0.08 mg/100 mL).

However, few studies have reported the relationships between the antidiabetic effects and
the structure of citrus flavonoids, which should be investigated in the future to elucidate their
structure–function relationships.

4. Conclusions

In conclusion, using bioactive molecules from plant dietary sources is a fascinating therapeutic
process but requires detailed knowledge of their effects drawn from different types of experimental
models when used in the treatment of various syndromes. In this review study, the 19 flavonoids of
the Citrus genus surveyed present diverse effects and related molecular mechanisms for the treatment
and management of diabetic mellitus and related complications. The related antidiabetic mechanisms
of citrus flavonoids are illustrated in Figures 3 and 4. These citrus flavonoids attenuated tissue
damage arising from prolonged exposure to elevated glucose levels, mainly by increasing endogenous
antioxidants, such as SOD, CAT, and GPx, and reducing the concentration of ROS. Regarding the key
molecular mechanisms, citrus flavonoids modulate vital metabolic signaling markers via increasing
the expression of IRS-1, PI3K, GSK3β, Akt, and PPARγ, and decreasing the expression of PTP1B.
The citrus flavonoids are also involved in activating and increasing the expression of the imidazoline
I-2R, opioid secretion, GLUT4, and IR, and they also modulate the expression of eNOS, MCP-1 and
3, NF-κB, the cytokines TNFα and INFγ, IL1β, IL-2, and IL-6. All of these processes result in the
attenuation of inflammatory mediators linked to the pathogenesis and progression of diabetic vascular
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complications by increasing glucose uptake in peripheral tissues. This also has a preventive effect
against high glucose-induced cell proliferation.

 

Figure 3. Proposed antidiabetic mechanisms of action of citrus flavonoids. The pictorial representation
summarizes the current knowledge that citrus flavonoids could improve the pathogenesis of diabetes
and its complications via attenuating cellular oxidative stress, inflammatory markers (interleukin (IL)
-1beta, IL-6, tumor necrosis factor (TNF)-alpha), and insulin resistance.

Figure 4. Citrus flavonoids target several molecular markers that are involved in the regulation of
blood glucose levels. Citrus flavonoids can increase adipose tissue glucose transporter 4 (GLUT4),
insulin receptors (IR), protein kinase B (PKB) or Akt, and protein kinase A (PKA); decrease skeletal
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muscle protein tyrosine phosphatase 1B (PTP1B); and up-regulate GLUT4, phosphoinositide 3-kinases
(PI3K), insulin receptor substrate (IRS)-1, Akt, PKA, and glycogen synthase kinase 3β (GSK3β)
expression in the skeletal muscle tissue. They also improve β-cell function. On the other hand,
citrus flavonoid molecules can decrease c-Jun N-terminal kinase (JNK) and monocyte chemoattractant
protein (MCP)-1 in the adipose tissue, and down-regulate nuclear factor kappa B (NF-κB), nitrate/nitrite
(NOx), endothelial nitric oxide synthase (eNOS), matrix metalloproteinases (MMPs), and inflammatory
mediators in the heart tissue. They also reduce the glycation end products (AGEs), Galectin-3 (Gal3),
and caspase 3 expression in the kidney and decrease the uncoupling protein (UCP), proliferator-activated
receptor (PPAR), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) levels in the
liver tissue.

In the future, more detailed research is still required into these compounds, along with the
development of various drug delivery vehicles that facilitate their controlled release and increase their
absorption, bioavailability, and potency. Conducting human clinical trials is the only fool-proof method
for determining the efficacy of citrus flavonoids in humans. Therefore, it is important to undertake
human clinical trials based on the current knowledge about these compounds using modern molecular
technological tools to identify the mechanisms of action in different pathways and molecular gene
expression studies using type 2 diabetes-related genes.

Moreover, easier and cheaper methods to isolate pure compounds should be further explored
so that comprehensive studies can be conducted on every potential antidiabetic citrus flavonoid.
Emphasis must be given to the citrus flavonoids as safer, novel antidiabetic agents, rather than being
overly dependent on synthetic antidiabetic drugs. Accurate scientific information on citrus flavonoids
should be collected and distributed as widely as possible through publications and seminars.

Overall, the Citrus species are valuable natural sources of flavonoids and a promising source for
future treatments aimed at the prevention and management of diabetes and related complications.
To the best of our knowledge, this is the first review that summarizes the effects of major citrus flavonoids
on the vital physiological pathways and biochemical parameters related to diabetes. This can contribute
to the understanding of their biological profiles in current therapies and assist in the development of
future therapies for the treatment of diabetes.
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Abstract: The flower of Inula britannica contains various phenolic compounds with prophylactic
properties. This study aimed to determine the anti-adipogenic effect of an I. britannica flower
aqueous extract (IAE) and its underlying mechanisms in the 3T3-L1 preadipocytes and to identify
the phenolic compounds in the extract. Treatment with IAE inhibited the adipogenesis of 3T3-L1
preadipocytes by showing a dose-dependently suppressed intracellular lipid accumulation and
significantly mitigated expression levels of lipogenesis- and adipogenesis-associated biomarkers
including transcription factors. IAE exerted an anti-adipogenic effect through the modulation
of the early phases of adipogenesis including mitotic clonal expansion (MCE). Treatment with
IAE inhibited MCE by arresting the cell cycle at the G0/G1 phase and suppressing the activation
of MCE-related transcription factors. Furthermore, IAE inhibited adipogenesis by regulating the
extracellular signal-regulated kinase 1/2 and Akt signaling pathways. Protocatechuic acid, chlorogenic
acid, kaempferol-3-O-glucoside, and 6-methoxyluteolin, which are reported to exhibit anti-adipogenic
properties, were detected in IAE. Therefore, modulation of early phases of adipogenesis, especially
MCE, is a key mechanism underlying the anti-adipogenic activity of IAE. In summary, the anti-obesity
effects of IAE can be attributed to its phenolic compounds, and hence, IAE can be used for the
development of anti-obesity products.

Keywords: Inula britannica; anti-obesity; adipogenesis; lipogenesis; mitotic clonal expansion; ERK 1/2
signaling pathways; Akt signaling pathways

1. Introduction

Adipose tissue is crucially involved in various biological functions such as energy homeostasis,
hormonal regulation, and metabolism by secreting the hormones, growth factors, and adipokines as
well as function as an energy reservoir [1,2]. However, a chronic imbalance between the intake and
consumption of energy promotes the aberrant growth of adipose tissue accompanying hyperplasia
and/or hypertrophy of the adipocytes, consequently resulting in the development of obesity [3].
Obesity is a growing socioeconomic health concern as it is pathologically associated with development
of the various degenerative disease such as type-2 diabetes mellitus, hypertension, dyslipidemia,
and cardiovascular disease [4]. According to recent reports of the Centers for Disease Control and
Prevention, prevalence of obesity in the United States of America has been increased over the past
decade and it was estimated that approximately 20% of children and 40% of adults were obese in
2017–2018 [5]. Additionally, the increasing prevalence of obesity has led to an annual increase in
extra medical expenditure for obesity and obesity-associated disorders as a socioeconomic burden [6].
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Hence, considerable funds have been invested in the development of therapeutic strategies for obesity.
Major strategies to mitigate the disease include decreasing appetite, enhancing energy expenditure,
and inhibiting lipogenesis [7].

Adipogenesis, which is a multi-step process of adipocyte formation, involves commitment of
pluripotent mesenchymal stem cells into preadipocytes and the differentiation of preadipocytes
into mature adipocytes. The 3T3-L1 cell line, which is derived from the murine preadipocyte,
is a well-established model for studying adipogenesis and can be differentiated into mature
adipocytes under experimental conditions [8,9]. Adipogenesis in the 3T3-L1 preadipocytes comprises
an early phase, an intermediate phase, and a terminal phase of differentiation. During adipogenesis,
the preadipocytes are first growth-arrested, thereafter treated with hormonal inducers to initiate
the early phases of differentiation, which includes synchronous re-entry into the cell cycle and
mitotic clonal expansion (MCE). Subsequently, the cell cycle is terminated to undergo terminal
phases of differentiation, which is associated with sequential changes in gene expression [10–12].
The MCE is a prerequisite for the differentiation of 3T3-L1 preadipocytes, underscoring the correlation
between the cell cycle regulation and the differentiation in this adipogenesis model system [13,14].
Additionally, the activation of extracellular signal-regulated kinase (ERK) 1/2 and Akt signaling
cascades is responsible for the MCE, as these signaling pathways mediate cell survival and cell cycle
progression, consequently promoting adipogenesis [15,16].

Adipogenesis is modulated by multiple transcription factors such as signal transducer and
activator of transcription-3 (STAT3), CCAAT/enhancer-binding proteins (C/EBPs), and peroxisome
proliferator-activator receptor (PPAR)-γ [17]. During the early phase of differentiation, STAT3 and
C/EBP-β are expressed in response to hormonal stimulation, continuously acquiring the DNA-binding
activity to undergo MCE, and finally triggering the activation of C/EBP-α and PPAR-γ, the major
transcription factors in terminal differentiation. The activation of C/EBP-α and PPAR-γ leads to
the termination of MCE and modulation of the expression of genes involved in the differentiated
phenotype [18]. In the adipocytes, de novo lipogenesis is markedly increased during terminal
differentiation due to the upregulated expression of triacylglycerol-associated enzymes such as fatty
acid-binding protein (FABP) 4, fatty acid synthase (FAS), perilipin, and stearoyl-CoA desaturase
(SCD)-1. Particularly, perilipin is involved in the storage of lipids by coating lipid droplets and
preventing lipolysis. This results in the accumulation of intracellular lipids, which promotes the
expansion of the adipose tissue [7,12,14].

In response to increasing awareness of personal health, dietary polyphenols are garnering interest
in the prevention and improvement of various disorders as an alternative medicine based on their
biological functionalities [19]. Nutritional, clinical, and epidemiological studies have supported
the evidence that appropriate dosage of dietary phenolic compounds improves human health by
decreasing the risk and preventing the development of degenerative disorders with reduced adverse
effects [20,21]. Medicinal herbs are an abundant source of diverse dietary polyphenols exhibiting
prophylactic properties and therapeutic efficacy in various diseases including inflammatory- and
obesity-associated disorders [19,22]. Inula britannica is a flowering wild plant distributed in eastern
Asia and is used for medicinal purposes based on traditional applications. The flower of I. britannica
exhibits neuroprotective, antimicrobial, anti-tumor, and anti-inflammatory properties [19,23,24],
which are potentially attributable to its bio-active compounds such as flavonoids, sesquiterpene
lactones, and polysaccharides [25–28]. For example, polysaccharides derived from the flower of
I. britannica demonstrated hypoglycemic and anti-hyperlipidemic properties in an alloxan-induced
diabetic mouse model [29]. However, the effects of I. britannica on adipogenesis and the underlying
molecular mechanism have not been examined. Therefore, this study aimed to determine the
anti-adipogenic effect of aqueous extract of I. britannica flower and its underlying mechanisms in the
3T3-L1 preadipocytes and to identify the phenolic compounds in the extract.
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2. Materials and Methods

2.1. Chemicals and Reagents

Dulbecco’s modified Eagle’s medium (DMEM), water, trypsin-EDTA solution, phosphate-buffered
saline (PBS), and antibiotics solution (penicillin, 10,000 U/mL; streptomycin, 10,000 μg/mL) were
purchased from Hyclone Laboratories, Inc. (South Logan, UT, USA). Newborn calf serum
(NCS), fetal bovine serum (FBS), and 0.4% trypan blue solution were purchased from Life
Technologies (Carlsbad, CA, USA). HaltTM protease and phosphatase inhibitor cocktails and reagents
for quantitative real-time polymerase chain reaction (qRT-PCR) were purchased from Thermo
Scientific Pierce (Waltham, MA, USA). Equipment and reagents for western blotting analysis
were purchased from Bio-Rad (Hercules, CA, USA). The anti-FAS, anti-perilipin, anti-SCD-1,
anti-FABP4, anti-adiponectin, anti-PPAR-γ, anti-C/EBP-α, anti-cyclin-dependent kinase (CDK)-4,
anti-p27KIP1, anti-p-mitogen-activated protein kinase kinase (MEK) (Ser217/221), anti-ERK, anti-p-ERK
(Thr202/Tyr204), anti-Akt, anti-p-Akt (Ser473), anti-mammalian target of rapamycin (mTOR),
anti-p-mTOR (Ser2448), anti-p70S6K, anti-p-p70S6K (Ser371), anti-p-glycogen synthase kinase (GSK)-3β
(Ser21/9), anti-p-cdc2 (Tyr15), and anti-p-STAT3 (Tyr705) primary antibodies and horseradish peroxidase
(HRP)-conjugated secondary antibodies were purchased from Cell Signaling Technology, Inc. (Beverly,
MA, USA). The other primary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Other chemicals including 3-isobutyl-1-methylxanthine (IBMX), dexamethasone (DEX),
and insulin solution were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Sample Preparation

The I. britannica flower aqueous extract (IAE) was prepared as previously described with minor
modifications [24]. Briefly, commercially purchased dried flowers of I. britannica (Herb Kingdom
Agriculture, Namwon, Korea) were pulverized and subjected to aqueous extraction (1:10; I. britannica
powder:distilled water; w/v) for 72 h at 60 ◦C. The extract was filtered through a 0.45-μm filter,
lyophilized, and stored at −20 ◦C until further use. The IAE was filtered through a 0.2-μm filter before
use in subsequent experiments.

2.3. Cell Culture and Adipocyte Differentiation

The 3T3-L1 preadipocytes (American Type Culture Collection, Rockville, MD, USA) were cultured
and maintained in growth medium (DMEM supplemented with 10% NCS and 1% antibiotic solution)
at 5% CO2 and 37 ◦C in a humidified atmosphere. The differentiation of preadipocytes was performed
as described previously [7]. Briefly, two-day-post-confluent 3T3-L1 preadipocytes (designated as day
0) were induced to differentiate by replacing the growth medium with the differentiation medium
(MDI) comprising DMEM supplemented with 10% FBS, 1% antibiotics solution, adipogenic hormonal
cocktail (0.5 mM IBMX, 1 μM DEX, and 5 μg/mL insulin). The cells were incubated for 48 h (day 0–2)
and the culture medium was replenished with DMEM containing 10% FBS, 1% antibiotics solution,
and 5 μg/mL insulin once every two days until day 8. During differentiation, the cells were treated with
different concentrations (0–200 μg/mL) of IAE for periods indicated in the figure captions. To examine
the mechanism underlying the anti-adipogenic effect of IAE, the cells were treated with 10 μM of
specific inhibitors (U0126, ERK 1/2 inhibitor; LY294002, Akt inhibitor) for 1 h prior to MDI treatment.
The undifferentiated and differentiated cells were defined as negative control groups and positive
control groups, respectively.

2.4. Oil Red O Staining and Intracellular Triglyceride Quantification

The 3T3-L1 preadipocytes were plated in 60 mm cell culture dishes (1.0 × 105 cells/dish) and
differentiated into mature adipocytes as described in Section 2.3. The cells were rinsed twice with
PBS and fixed with 4% neutral paraformaldehyde for 1 h at 4 ◦C. After washing with PBS, cells were
maintained in 60% isopropyl alcohol for 5 min. The intracellular lipid droplets were stained with
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filtered (0.45 μm) 0.3% Oil Red O solution (w/v, in 60% isopropyl alcohol) for 1 h. Following the
aspiration of residual Oil Red O solution, cells were rinsed five times with PBS. The images were
acquired using a Nikon Eclipse E400-microscope/camera (Nikon, Tokyo, Japan). The Oil Red O dye was
eluted with 100% isopropyl alcohol, and the absorbance was measured at 500 nm. The concentrations
of intracellular triglycerides were assessed using a commercial kit (BioVision, Milpitas, CA, USA).

2.5. Cell Viability

Cell viability was assessed with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay [30]. The cells plated in 24-well culture plates (2.0 × 104 cells/well) were cultured in the
growth medium for 48 h. The culture medium was replenished with the growth medium containing
different concentrations of IAE and incubated for 48 h. The cells were then treated with MTT solution
(dissolved in growth medium) at a final concentration of 0.5 mg/mL. Following the removal of the
supernatant, the formazan deposits were dissolved in 1 mL of dimethyl sulfoxide. The absorbance
was measured at 570 nm. Cell viability was represented as a percentage relative to that in the control
groups. The effect of IAE on the cell viability of mature adipocytes was examined on day 8.

2.6. Immunoblotting

Western blotting analysis was performed as described previously with a minor modification [31].
The 3T3-L1 preadipocytes plated in 60 mm culture dishes (1.0 × 105 cells/dish) were incubated
and differentiated for various intervals in the presence of different concentrations of IAE. The cells
were rinsed thrice with ice-cold PBS and lysed using a Pro-prep protein extraction buffer (iNtRON
Biotechnology, Gyeonggi-do, Korea) supplemented with protease and phosphatase inhibitor cocktails.
The lysates were sonicated (1 Amp; pulse-on, 5 s; pulse-off, 5 s) for 25 s in an ice-bath and centrifuged
(15,000× g, 30 min, 4 ◦C). The protein concentration in the supernatant was determined using the
DCTM Protein Assay Kit (Bio-Rad). Equal amounts (25–40 μg) of cellular proteins were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The resolved proteins were transferred
onto a polyvinyl difluoride membrane. The membrane was blocked with 5% skim milk and probed
with the primary antibodies. Furthermore, the membrane was incubated with the HRP-conjugated
secondary antibodies. The protein bands were detected using x-ray blue films and the enhanced
chemiluminescence detection kit (Bio-Rad). The density of each protein band was measured using the
ImageJ software (National Institutes of Health, Bethesda, MD, USA).

2.7. qRT-PCR

The qRT-PCR analysis was performed as described previously [31]. The 3T3-L1 preadipocytes
seeded in 6-well culture plates (5 × 104 cells/well) were differentiated until day 8, as described in
Section 2.3. The cells were rinsed thrice with ice-cold PBS and subjected to RNA extraction using
the commercial RNeasy Kit (Qiagen, Hilden, Germany). An equal amount (1 μg) of total RNA was
reverse-transcribed to complementary DNA using a RevertAidTM first-strand cDNA synthesis kit
(Thermo Scientific Pierce). The qRT-PCR analysis was performed using SYBR Green PCR Master Mix
(Thermo Scientific Pierce) in PikoReal 96 (Thermo Scientific Pierce), following the manufacturer’s
instructions. The expression levels of target genes were normalized with those of the TATA box
binding protein (TBP) [32]. The relative RNA expression levels were analyzed using the 2−(ave.ΔΔCT)

method. The melting curve of each gene was examined to verify the amplification of a single product.
The primers used for qRT-PCR analysis are presented in Table S1.

2.8. Trypan Blue Assay

Cell proliferation was evaluated with the trypan blue assay [11]. The 3T3-L1 preadipocytes
plated in 6-well plates (5 × 104 cells/well) were differentiated as described in Section 2.3. The cells
were harvested after 0, 24, and 48 h of stimulation with MDI by using trypsin-EDTA. Following the
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centrifugation (500× g, 5 min, 4 ◦C), collected pellets were suspended in growth medium and stained
with 0.4% trypan blue solution. The viable cell numbers were counted using a hemocytometer.

2.9. Fluorescence-Activated Cell Sorting (FACS) Analysis

Cell cycle progression during MCE was investigated using FACS [7]. The 3T3-L1 preadipocytes
plated in 60 mm culture dishes (1.0 × 105 cells/dish) were induced to differentiate, as described in
Section 2.4. After stimulation with MDI for 16 h, cells were trypsinized and centrifuged (500× g, 5 min,
4 ◦C). The pellets were rinsed twice with PBS and fixed overnight in 70% ethyl alcohol at −20 ◦C.
Following the removal of residual ethyl alcohol, cells were washed thrice with PBS and incubated in
PBS containing 10 μg/mL RNase A and 50 μg/mL propidium iodide (PI) for 30 min. FACS analysis was
performed using a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA). In total, 10,000 cells
in each sample were used to measure the fluorescence of PI. The data were collected and analyzed by
using CytExpert software (Beckman Coulter).

2.10. Ultra Performance Liquid Chromatography-Electrospray Ionization-Q/Orbitrap (UPLC-ESI-Q/Orbitrap)
Tandem Mass Spectrometry (TEM), and High-Performance Liquid Chromatography (HPLC) Analysis

The UPLC-ESI-Q/Orbitrap tandem mass spectrometry analysis was conducted as previously
described to identify the phenolic compounds of IAE [25]. Briefly, the UPLC analysis was performed
using the Ultimate 3000 UPLC system (Thermo Fisher Scientific) equipped with a Hypersil GOLDTM

C18 column (2.1 mm × 100 mm, 1.9 μm; Thermo Fisher Scientific). The binary mobile phase system
(A, 0.1% formic acid in water; B, 0.1% formic acid in acetonitrile) was employed with the linear gradient
program at a flow rate of 0.2 mL/min. The injection volume was 1 μL. Following ionization in negative
mode, five ions were analyzed by using a Q-Exactive Orbitrap mass spectrometer (Thermo Fisher
Scientific). The data were analyzed using XcaliburTM software (Thermo Fisher Scientific).

Based on the results of UPLC-ESI-Q/Orbitrap tandem mass spectrometry analysis, the phenolic
compounds of IAE were quantified using HPLC analysis [24]. Briefly, HPLC analysis was performed
with Waters 600 HPLC system (Waters Corporation, Milford, MA, USA) equipped with an Eclipse
XDB-C18 column (4.6 mm × 150 mm, 5 μm; Agilent Technologies, Santa Clara, MA, USA) and
a Waters 2487 Dual-wavelength detector (Waters Corporation). The concentration of each compound
was determined from the external regression curve, which was constructed with five concentrations
of standards.

2.11. Statistical Analysis

The data were presented as mean ± standard deviation of three values obtained from the
independent experiment conducted in triplicate at least. The values of respective experiments were
determined by the mean of three measurements. The data were analyzed by using IBM SPSS version
24.0 (SPSS Inc., Chicago, IL, USA). Differences among multiple groups were evaluated with a one-tailed
one-way analysis of variance (one-way ANOVA), followed by Tukey’s multiple comparison test
(p < 0.05). The differences were considered significant at p < 0.05.

3. Results

3.1. IAE Inhibits the Lipid Accumulation without Inducing Cytotoxic Effects

The dose-escalating cytotoxicity assessment was performed using the MTT assay. Compared
with that in the control groups, IAE did not show significant adverse effect on the cell viability
of undifferentiated preadipocytes or differentiated adipocytes up to concentrations of 500 μg/mL
(Figure 1A). The effect of IAE on lipid accumulation in the differentiated adipocytes was examined.
The Oil Red O staining showed that treatment with IAE dose-dependently inhibited the MDI-induced
intracellular lipid accumulation (Figure 1B,C). Correspondingly, the intracellular triglyceride levels
were significantly decreased upon treatment with IAE (Figure 1D). These results indicated that IAE
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inhibits lipogenesis in the MDI-induced 3T3-L1 preadipocytes without exerting cytotoxic effects.
Therefore, the cytotoxicity of IAE was not considered in the subsequent experiments.

 
(A) 

 

 

Figure 1. Inula britannica flower aqueous extract (IAE) inhibits lipid accumulation without exerting
cytotoxic effects during the differentiation of 3T3-L1 preadipocytes. The cells were induced to
differentiate by the MDI (differentiation medium) upon treatment with IAE in indicated concentrations.
(A) The effect of IAE on cell viability was evaluated with the MTT assay (�, cell viability of preadipocytes;
�, cell viability of differentiated preadipocytes). (B) Oil Red O staining of intracellular lipids on day
8. (C) Relative absorbance of Oil Red O eluted from intracellular lipids at 500 nm. (D) Measurement
of intracellular triglyceride levels on day 8. The data are presented as mean ± standard deviation.
Values labeled with different letters (a–e) are significantly different (p < 0.05). Differences among
the multiple groups were determined based on one-tailed one-way analysis of variance, followed by
Tukey’s post hoc test.
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3.2. IAE Exhibits Anti-Adipogenic Effect during Adipocyte Differentiation

To evaluate the effect of IAE on adipogenesis, the expression levels of lipogenesis- and
adipogenesis-associated mediators were investigated in differentiated 3T3-L1 cells upon treatment
with IAE. First, the effect of IAE on lipogenesis-related biomarkers was assessed. Consistent with the
results of intracellular lipid contents, treatment with MDI markedly increased the protein expression
levels of FAS, FABP4, perilipin, and SCD-1. However, the expression levels of those proteins were
mitigated upon treatment with IAE (Figure 2A,B). Consistently, treatment with IAE downregulated
the mRNA expression levels of FAS, FABP4, perilipin, and SCD-1 upon MDI stimulation (Figure S1A).
Following this, the effect of IAE on the expression of adipogenesis-specific biomarkers was examined.
As expected, IAE treatment significantly suppressed the expression levels of PPAR-γ, C/EBP-α, sterol
regulatory element-binding protein (SREBP)-1c, and adiponectin following MDI treatment at both the
protein (Figure 2C,D) and transcriptional levels (Figure S1B). These findings demonstrated that IAE
inhibits the de novo lipogenesis by regulating the adipogenesis, which results in the inhibition of the
accumulation of intracellular lipids.

To further examine the anti-adipogenic properties of IAE, the effect of IAE on the activation of
the Akt/GSK-3β axis was investigated in the 3T3-L1 cells on day 8. Upon stimulation with insulin,
the Akt/GSK-3β signaling pathways promote the terminal differentiation of adipocytes through the
phosphorylation of C/EBP-α and modulation of glucose uptake [33]. Consistent with the preceding
results, the MDI-induced phosphorylation of Akt and GSK-3β was significantly attenuated upon
treatment with IAE (Figure 2E,F). These results indicated that IAE inhibits adipogenesis and subsequent
intracellular lipid accumulation in differentiated 3T3-L1 cells through regulating the Akt/GSK-3β
signaling pathways.
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Figure 2. Inula britannica flower aqueous extract (IAE) exerts anti-adipogenic effects in MDI-induced
differentiation of 3T3-L1 preadipocytes involving regulation of Akt/GSK-3β signaling pathways.
The cells were differentiated for eight days with the indicated concentrations of IAE. The phosphorylation
of Akt (Ser 473) and GSK-3β (Ser21/9) was examined to evaluate the activation of the Akt/GSK-3β
signaling pathways. The protein expression levels of adipogenesis-associated biomarkers were
determined by using western blotting. (A) Protein expression levels of lipogenesis-associated
biomarkers. (B) Relative protein expression levels of lipogenesis-associated biomarkers. (C) Protein
expression levels of adipogenesis-specific biomarkers. (D) Relative protein expression levels of
adipogenesis-specific biomarkers. (E) Effect of IAE on the activation of Akt/GSK-3β signaling pathways.
(F) Relative protein expression levels of phosphorylated Akt and GSK-3β. The data are presented
as mean ± standard deviation. Values labeled with different letters (a–e) are significantly different
(p < 0.05). Differences among the multiple groups were determined based on one-tailed one-way
analysis of variance, followed by Tukey’s post hoc test.

3.3. IAE Modulates the Early Phase of Adipogenesis

To elucidate the mechanism underlying the anti-adipogenic effect of IAE, the 3T3-L1 cells were
treated with IAE at different time points during differentiation (Figure 3A). Compared with the control
groups (treatment no. 1), treatment with IAE reduced the intracellular lipid accumulation irrespective
of the treatment periods (Figure 3B,C). Additionally, the strongest inhibition of lipid accumulation was
observed upon treatment with IAE during the first two days. The lipid accumulation in the cells treated
with IAE for the first two days (treatment no. 3) was comparable to that in the cells treated with IAE for
eight days (treatment no. 2). Consistent with the result of Oil Red O staining, the protein expression
levels of FAS, PPAR-γ, C/EBP-α, and p-Akt were significantly downregulated upon treatment with IAE
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in MDI-stimulated 3T3-L1 preadipocytes (Figure 3D), which indicated that IAE modulates the early
phase of adipogenesis. Based on these findings, we hypothesized that the anti-adipogenic effect of IAE
was closely associated with the regulation of MCE, which is critical for the initiation of adipogenesis.

(A) (B) 

 
 

(C) (D) 

  
Figure 3. Inula britannica flower aqueous extract (IAE) affects the early phases of adipogenesis. During
the eight days of 3T3-L1 differentiation, IAE (200 μg/mL) was treated at different time points as
indicated. (A) Schematic depiction of different treatment intervals of IAE during 3T3-L1 differentiation.
(B) Intracellular lipids were stained with Oil Red O on day 8. (C) Relative absorbance of Oil Red O dye
eluted from intracellular lipids at 500 nm. (D) Expression levels of adipogenesis-associated proteins on
day 0, 2, 4, and 6 of differentiation. The data are presented as mean ± standard deviation. Values labeled
with different letters (a–d) are significantly different (p < 0.05). Differences among the multiple groups
were determined based on one-tailed one-way analysis of variance, followed by Tukey’s post hoc test.

3.4. IAE Inhibits the MCE by Arresting the Cell Cycle Progression

During the early phase of adipogenesis, MDI induction led the growth-arrested 3T3-L1
preadipocytes to undergo MCE, which involves synchronous re-entry into the cell cycle and cell
proliferation [7]. Therefore, the effect of IAE on MDI-induced cell proliferation and cell cycle progression
was investigated during early phases of 3T3-L1 preadipocyte differentiation. The result of the trypan
blue assay revealed that treatment of IAE significantly inhibited the MDI-induced cell proliferation
showing a 24.35% and 32.60% inhibition rate at 24 h and 48 h, respectively (Figure S2). Compared with
the negative control group, the MDI-induced group exhibited 1.8- and 2.2-times higher cell numbers
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after 24 and 48 h, respectively, while the IAE (200 μg/mL)-treated group exhibited 1.4- and 1.5-times
higher cell numbers at 24 and 48 h, respectively.

The role of cell cycle arrest in the inhibitory effect of IAE on cell proliferation was examined
using FACS analysis and western blotting. The cell cycle of fully confluent 3T3-L1 preadipocytes was
primarily remained at the G0/G1 phase. However, MDI stimulation promoted the entry of 3T3-L1
preadipocytes into the S phase. The analysis of cellular DNA content revealed that the proportions of
cells at the G0/G1 and S phases in the negative control group were 78.05% and 6.98%, respectively,
while those in the positive group were 51.56%, and 22.87%, respectively. This indicated that MDI
induced a cell cycle transition from the G0/G1 phase to the S phase. However, IAE dose-dependently
inhibited shift of cell cycle from the G0/G1 phase to the S phase (Figure 4A,B), as evidenced by
a significant increase in the cell population remaining at the G0/G1 phase (ranging from 58.25 to
77.94%). In particular, the proportion of cells at S phase in the IAE (200 μg/mL)-treated group was
5.38%, which was comparable with that in the negative control groups. Next, the expression levels
of cell cycle progression-associated proteins were evaluated. Consistent with the results of the FACS
analysis, treatment with IAE suppressed the expression levels of cell cycle progression-related proteins
in MDI-stimulated 3T3-L1 cells (Figure 4C,D). In particular, IAE dose-dependently suppressed the
expression levels of S phase-mediating proteins (cyclin D1, cyclin A1, and CDK2) and significantly
mitigated the degradation of p27 (CDK inhibitor 1B). Additionally, downregulated expression levels of
G2/M-mediating proteins (cyclin B1 and p-cdc2) upon treatment of IAE corroborate the evidence that
IAE inhibits cell cycle progression by arresting the cell cycle at the G0/G1 phase.
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Figure 4. Cont.
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Figure 4. Inula britannica flower aqueous extract (IAE) inhibits the MCE involving Akt signaling
pathways during early phase of adipogenesis. Growth-arrested 3T3-L1 preadipocytes were induced
to differentiate by stimulating with MDI in the presence of indicated concentrations of IAE.
The phosphorylation of cdc2 (Tyr15) and mTOR (Ser2448), Akt (Ser473), and p70S6K (Ser371) was
examined to evaluate the activation of the G2/M phase and mTOR/Akt/p70S6K axis, respectively.
(A) After 16 h of MDI treatment, cell cycle progression was investigated using FACS. (B) The cell
distribution in the G0/G1, S, and G2/M phases was calculated as a percentage of total cell numbers
based on the results of FACS analysis. (C) Western blotting was used to examine the expression of
cell cycle progression-associated proteins after 18 h of MDI treatment. (D) Relative expression levels
of representative proteins contributing to the transition of the cell cycle. (E) Effect of IAE on the
activation of the mTOR/Akt/p70S6K axis after 18 h of MDI stimulation. (F) Relative expression levels
of phosphorylated mTOR, Akt, and p70S6K. The data are presented as mean ± standard deviation.
Values labeled with different letters (a–d) are significantly different (p < 0.05). Differences among
the multiple groups were determined based on one-tailed one-way analysis of variance, followed by
Tukey’s post hoc test.

To further examine the cellular mechanisms involved in cell cycle progression, the effect of IAE
on MDI-induced activation of mTOR/Akt/p70S6K axis was investigated. The mTOR/Akt/p70S6K
axis plays a pivotal role in cell proliferation and metabolism by regulating the cell cycle progression
and lipogenesis [34]. Consistent with previous findings, MDI stimulation markedly up-regulated
the phosphorylation of mTOR/Akt/p70S6K (Figure 4E,F). However, IAE dose-dependently alleviated
the MDI-induced phosphorylation of mTOR/Akt/p70S6K, which indicated that IAE inhibits MCE by
causing the cell cycle arrest at the G0/G1 phase involving the mTOR/Akt/p70S6K signaling pathways.
Based on these results, we hypothesized that the anti-mitotic effect of IAE is mediated through
regulation of transcription factors involved in MCE during the early phases of adipogenesis.
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3.5. IAE Regulates the Transcription Factors of the Early Phase of Adipogenesis

To determine whether the anti-mitotic effect was associated with alteration in the levels of
adipogenic transcription factors, the effect of IAE on the activation of STAT3 and the expression of
C/EBP-β was investigated in the MDI-stimulated 3T3-L1 preadipocytes during the early phase of
differentiation. The activation of STAT3 and C/EBP-β mediates cell proliferation and activation of
adipogenic transcription factors, thereby promoting MCE and adipogenesis [17,18,35]. Consistent with
these findings, stimulation with MDI induced the phosphorylation of STAT3 and IAE attenuated the
MDI-induced phosphorylation of STAT3 (Figure 5A). Additionally, IAE dose-dependently mitigated
the MDI-induced phosphorylation of STAT3 (Figure 5B,C), which concurred with arrested cell
cycle progression (Figure 4A–C) and downregulated expression of adipogenic transcription factors
(Figure 2C and Figure S1B) following MDI stimulation in the presence of IAE. Similarly, IAE attenuated
the MDI-induced expression of C/EBP-β isoforms, C/EBP-β/LAP, and C/EBP-β/LIP (Figure 5D–F).
Both C/EBP-β isoforms were rapidly expressed following MDI stimulation and treatment with IAE
mitigated the MDI-induced expression of C/EBP-β isoforms (Figure 5D). In addition, IAE showed
dose-dependent inhibitory effects on the MDI-induced C/EBP-β expression (Figure 5E,F). These findings
indicated that the inhibitory effect of IAE on adipogenesis of 3T3-L1 preadipocytes is associated with
regulation of STAT3 and C/EBP-β.
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Figure 5. Inula britannica flower aqueous extract (IAE) inhibits the activation of STAT3 and C/EBP-β
during the early phase of adipogenesis. Fully confluent 3T3-L1 preadipocytes were differentiated
by MDI stimulation upon treatment with indicated concentrations of IAE. The phosphorylation of
STAT3 (Tyr705) was examined to evaluate STAT3 activation. The expression levels of proteins were
assessed with western blotting. (A) The time-course of MDI-induced STAT3 phosphorylation in the
presence or absence of IAE. (B) The dose-dependent inhibitory effect of IAE on STAT3 activation
was determined after 18 h of MDI stimulation. (C) Relative protein expressions of phosphorylated
STAT3. (D) The time-course of MDI-induced C/EBP-β expression in the presence or absence of IAE.
(E) The dose-dependent inhibitory effect of IAE on C/EBP-β was assessed after 4 h of MDI stimulation.
(F) Relative protein expression levels of C/EBP-β. The data are presented as mean ± standard deviation.
Values labeled with different letters (a–e) are significantly different (p < 0.05). Differences among
the multiple groups were determined based on one-tailed one-way analysis of variance, followed by
Tukey’s post hoc test.

3.6. IAE Inhibits the Adipogenesis by Regulating the ERK 1/2 and Akt Signaling Pathways

The proliferation and differentiation of cells are modulated by cascades of transcription factors
involving various cellular signaling pathways [9]. Insulin-like growth factor (IGF)-1, which is
upregulated upon stimulation with MDI, activates the MEK-1/ERK 1/2 and Akt signaling pathways and
consequently promotes activation of the adipogenic transcription factors [13,15,16]. Thus, the effect
of IAE on MDI-induced activation of ERK 1/2 and Akt was investigated during the early phase of
adipogenesis. Compared to MDI-treated groups, MDI-induced activation of MEK-1, ERK 1/2, and
Akt was attenuated upon treatment with IAE during early phases of differentiation (Figure 6A).
Additionally, IAE exhibited a dose-dependent inhibitory effects on the phosphorylation of MEK-1,
ERK 1/2, and Akt (Figure 6B,C). Next, the ERK 1/2 and Akt signaling pathways in adipogenesis of 3T3-L1
preadipocytes confirmed by using U0126 and LY294002 inhibitors, respectively. The U0126 inhibits
the MDI-induced ERK 1/2 activation by inactivating MEK-1 and MEK-2, which are the kinase of ERK
1/2, and consequently suppresses the activation of PPAR-γ and C/EBP-α [15]. Similarly, inactivation
of Akt upon treatment LY294002 results in the inhibition of adipogenesis as well as lipogenesis [16].
Consistent with previous findings, the inhibition of ERK 1/2 and Akt upon pre-treatment with U0126
and LY294002 (Figure S3A) resulted in suppression of MCE by arresting the cell cycle progression
(Figure S3B and Figure 6D) and mitigating the STAT3 activation (Figure 6E). Following this, U0126 and
LY294002 inhibited the accumulation of intracellular lipids (Figure S3C) and expression of adipogenic
biomarkers, FAS, PPAR-γ, and C/EBP-α (Figure 6F). These results suggest that the anti-adipogenic
effect of IAE is associated with regulation of the MEK-1/ERK 1/2 and Akt signaling pathways.
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Figure 6. Inula britannica flower aqueous extract (IAE) inhibits the adipogenesis of 3T3-L1 preadipocytes
through regulation of the ERK 1/2 and Akt signaling pathways. The 3T3-L1 preadipocytes were induced
to differentiate by MDI in the presence of indicated concentrations of IAE or specific inhibitors
(U0126 and LY294002). Cells were treated with specific inhibitors for 1 h prior to MDI stimulation.
The phosphorylation of MEK-1 (Ser217/221), ERK 1/2 (Thr202/Tyr204), and Akt (Ser473) was examined
to evaluate activation of these proteins. Western blotting was performed to examine the expression
levels of proteins. (A) Inhibitory effect of IAE on activation of MEK-1/ERK and Akt during early phase
of adipogenesis. (B) The dose-dependent inhibitory effect of IAE on MDI-induced MEK/Akt activation
was investigated following 30 min of MDI induction. (C) Relative protein expression levels of MEK-1,
ERK 1/2, and Akt. (D,E) After 18 h of MDI treatment, the effect of ERK 1/2 and Akt signaling pathways
on the expression of proteins mediating the cell cycle progression was assessed. (F) Effect of ERK 1/2
and Akt signaling pathways on adipogenesis-associated biomarkers was assessed on day 8. The data
are presented as mean ± standard deviation. Values labeled with different letters (a–e) are significantly
different (p < 0.05). Differences among the multiple groups were determined based on one-tailed
one-way analysis of variance, followed by Tukey’s post hoc test.

3.7. Determination of Phenolic Compounds of IAE

The phenolic compounds of IAE were examined using UPLC-ESI-Q/Orbitrap tandem
mass spectrometry analysis and quantified using HPLC analysis (Table 1). IAE comprised
gallic acid (m/z [M-H] = 169.08749), protocatechuic acid (m/z [M-H] = 153.00632), chlorogenic acid
(m/z [M-H] = 353.34218), kaempferol-3-O-glucoside (m/z [M-H] = 447.35581), and 6-methoxyluteolin
(m/z [M-H] = 315.25656), which was consistent with the results of previous studies on the major
phenolic compounds of I. britannica flower [24–28]. Additionally, these phenolic compounds
were reported to exhibit anti-obesogenic properties through the regulation of adipogenesis and
lipogenesis [22]. The phenolic compounds were quantified using a HPLC system. The most
abundant phenolic compound was kaempferol-3-O-glucoside (54.842 ± 0.191 μg/mg), followed by
chlorogenic acid (16.540 ± 0.094 μg/mg), 6-methoxyluteolin (6.669 ± 0.286 μg/mg), and protocatechuic
acid (3.998 ± 0.027 μg/mg). However, the levels of gallic acid were lower than the limit of quantification.
These results suggest that IAE suppresses lipid accumulation by inhibiting the development of
adipogenesis, which may be mediated by identified anti-obesogenic phenolic compounds in the extract.
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Table 1. Ultra-performance liquid chromatography-electrospray ionization-Q/Orbitrap tandem mass
spectrometry analysis of Inula britannica flower aqueous extract.

Compounds
Retention

Time (min)
m/z

[M-H]
MS2

Fragment
Molecular
Formula

Contents
(μg/mg)

References

Gallic acid 0.08 169.08749 125.09668 C7H6O5 <LOQ 1

Protocatechuic acid 0.34 153.00632 109.06452 C7H6O4 3.998 ± 0.027 [25,26]
Chlorogenic acid 3.65 353.34218 168.98956 C16H18O9 16.540 ± 0.094 [25,27]

Kaempferol-3-O-glucoside 4.13 447.35581 168.98952 C21H20O11 54.842 ± 0.191 [25]
6-Methoxyluteolin 14.50 315.25656 96.96816 C16H12O7 6.669 ± 0.286 [25]

The experiment was independently performed in triplicate. The concentration of phenolic compounds is presented
as mean ± standard deviation. 1 LOQ, limit of quantification.

4. Discussion

Obesity is reported to be associated with increased risk of onset of various degenerative
diseases including metabolic syndrome morbidities. The aberrant growth of adipose tissue, which is
a characteristic feature of obesity, is dependent on the hypertrophy and/or hyperplasia of adipocytes [7].
Adipocyte hypertrophy is an enlargement in size of pre-existed mature adipocytes, resulting from
an accumulation of intracellular lipids in individual adipocytes. In contrast, adipocyte hyperplasia is
an increased number of adipocytes due to the development of new adipocytes, which results from
adipogenesis [36]. Adipocyte hyperplasia is a crucial process in determining the adipocyte numbers,
which is primarily established in childhood and adolescence. The adipocyte number is sustained in
adults even after weight loss, which indicates weight loss mainly results from the decreased volume of
established adipocytes [22]. Following this, upregulated adipogenesis leads to the growth of adipose
tissue by promoting the hyperplasia and hypertrophy of adipocytes and consequently results in the
development of obesity. Therefore, the regulation of adipogenesis is a potential therapeutic strategy
for obesity. Plant materials, which are a source of phenolic compounds with anti-obesogenic efficacy,
are of increasing interest for prophylactic and therapeutic options in obesity and obesity-related
disorders [37–39]. This study revealed the anti-obesity potential of I. britannica by demonstrating the
anti-adipogenic effect of IAE and its underlying cellular mechanisms in the 3T3-L1 preadipocytes.
Additionally, phenolic constituents of IAE were identified.

The differentiation of adipocytes accompanies upregulated de novo lipogenesis, which is
modulated by various transcription factors such as C/EBPs and PPARs and results in the accumulation
of intracellular lipids [40]. In particular, C/EBP-α and PPAR-γ are both anti-mitotic and essential
for the development of adipogenesis, in addition to the maintenance of a differentiated state.
These transcription factors terminate the MCE and reciprocally promote triacylglycerol synthesis,
which is dependent on the transcriptional modulation of lipogenesis-associated genes such as Srebp1c
(SREBP-1c), Fasn (FAS), Fabp4 (FABP4), Plin1 (perilipin), and Scd1 (SCD-1), thereby establishing
an adipocyte phenotype [12,22]. Numerous studies have demonstrated that these transcription
factors play critical roles in adipogenesis and the development of obesity. For example, a previous
study reported that the white adipose tissues of C/EBP-α knockout mice exhibited deficient
metabolism and lipid storage [41]. Similarly, mice with adipocyte-specific deletion of PPAR-γ
were resistant to high-fat diet (HFD)-induced obesity as the development of adipose tissue was
impaired [42]. Therefore, the inhibition of these transcription factors is a potential therapeutic strategy
for obesity with respect to the regulation of adipogenesis. Consistently, the Edgeworthia gardineri
flower, Aster spathulifolius, and Viburnum opulus fruit extracts have been reported to inhibit
development of adipogenesis by regulating the expression of C/EBP-α and PPAR-γ, which results in
decreased accumulation of intracellular lipids [37,40,43]. Our data demonstrated that IAE inhibited
intracellular lipid accumulation through suppressing the expression levels of lipogenesis- and
adipogenesis-associated biomarkers including C/EBP-α and PPAR-γ. Additionally, the IAE-mediated
inhibition of lipid accumulation was associated with the regulation of early phases of adipogenesis.
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This indicated that IAE inhibits intracellular lipid accumulation by suppressing adipogenesis rather
than direct regulation of lipogenesis.

During the early phases of adipogenesis, quiescent preadipocytes are induced to undergo MCE
upon hormonal stimulation. Hence, growth-arrested preadipocytes synchronously re-enter the cell cycle
and consequently undergo one or two rounds of mitosis, which increases the numbers of adipocytes
and results in adipocyte hyperplasia [9,22]. Despite several controversies regarding the role of MCE in
adipogenesis, numerous studies have reported that MCE is a prerequisite for the terminal phases of
adipogenesis by demonstrating the correlation between MCE and adipogenesis, which is dependent
on the activation of adipogenic transcriptional cascades [13,18,44,45]. C/EBP-β and STAT3, which are
early adipogenic transcription factors, are involved in development of MCE and adipogenesis [17,46].
Activated C/EBP-β develops MCE by mediating DNA replication and promotes adipogenesis by
activating the transcription of C/EBP-α and PPAR-γ. Consistently, 3T3-L1 preadipocytes following
knockdown of C/EBP-β genes, neither undergo MCE nor develop into adipocytes [46,47]. In addition
to activating C/EBP-β and PPAR-γ, STAT3 is involved in cell proliferation by promoting cell cycle
progression [7,17]. The growth-arrested preadipocytes remained predominantly at the G0/G1 phase
due to upregulated cell cycle suppressor proteins such as hypo-phosphorylated retinoblastoma (Rb),
a tumor suppressor protein, and p27KIP1, a CDK inhibitor protein. However, hormonal stimulation
induces the degradation of CDK inhibitor proteins and consequently promotes cell cycle progression
by sequential activation and assembly of cyclin D1/CDK4/CDK6, cyclin E/CDK2, cyclin A1/CDK2,
and cyclin B1/CDK1 (cdc2) complexes. In particular, cyclin E/CDK2 and cyclin A1/CDK2 complexes play
crucial roles in cell cycle progression by mediating the G1/S phase transition and S phase progression.
Furthermore, C/EBP-β and STAT3 are activated by acquiring DNA-binding capacity during the S
phase [7,12,22,46]. A previous study has demonstrated that cell cycle arrest leads to the disruption of
transactivation domains of C/EBP-β, which results in the inhibition of adipogenesis [18]. Several studies
have demonstrated that the upregulated expression of p27KIP1 contributes to the inhibition of MCE and
adipocyte differentiation, whereas the degradation of p27KIP1 promotes adipogenesis and increases
fat mass, indicating that p27KIP1 potentially inhibits hyperplasia [48,49]. Therefore, inhibition or
delaying the cell cycle progression by regulating the cell cycle modulators during MCE as well as
inactivating the early transcription factors could be efficacious strategies to inhibit adipogenesis and
mitigate obesity. Our data showed that IAE inhibited cell proliferation by arresting the cell cycle
at the G0/G1 phase, which was corroborated by inactivated cell cycle modulators and upregulated
expression levels of p27KIP1. Additionally, IAE inhibited the expression of C/EBP-β and the activation
of STAT3. Consistent with preceding results, previous studies have reported that plant extracts
and their phytochemicals inhibit adipogenesis and lipid accumulation through suppression of MCE,
which was dependent on the regulation of cell cycle progression and/or suppression of transcription
factors [50–52]. For instance, Gleditsia sinensis fruit extract suppressed MCE and adipogenesis through
the inhibition of p27KIP1 degradation and the activation of STAT3 [7].

The ERK 1/2 and Akt cellular signaling pathways are involved in MCE and adipogenesis,
depending on the modulation of proliferation, differentiation, and lipid metabolism of
adipocytes [11,33,34,53]. The activation of the MEK-1/ERK 1/2 signaling pathways promotes cell
cycle progression by activating the cell cycle modulators such as the cyclin D1 and Rb [15,53].
Similarly, the activation of the mTOR/Akt/p70S6K axis mediates cell proliferation by modulating
cyclin D1 and p27KIP1 [34]. Additionally, the phosphorylation cascades of MEK-1/ERK 1/2 and
Akt/GSK-3β sequentially lead to the phosphorylation and acquisition of DNA-binding activity of
C/EBP-β, which promotes adipogenesis [18,22,33]. Thus, the ERK 1/2 and Akt signaling pathways are
potential molecular therapeutic targets for obesity. Correspondingly, mice with the deletion of ERK
genes are resistant to HFD-induced obesity, which was consistent with the suppressed expression of
C/EBP-α and PPAR-γ in 3T3-L1 preadipocytes upon blockage of MEK/ERK cascades [15,49]. Our data
indicated that IAE inhibits adipogenesis including MCE by regulating the activation of the ERK 1/2
and Akt signaling pathways. Consistent with these results, Clitoria ternatea flower and coffee extracts
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inhibited MDI-induced phosphorylation of ERK 1/2 and Akt, which resulted in the inhibition of
adipogenesis development [41,50].

Phenolic compounds including phenolic acids and flavonoids have been demonstrated to
exhibit anti-obesogenic properties such as the suppression of adipogenesis and the degradation of
intracellular lipids [22,38,39]. The phytochemical analysis of IAE revealed the presence of protocatechuic
acid, chlorogenic acid, kaempferol-3-O-glucoside, and 6-methoxyluteolin. Dietary flavonoids such
as kaempferol, quercetin, and curcumins inhibited the adipogenesis of 3T3-L1 preadipocytes by
suppressing MCE and regulating adipogenic transcriptional cascades [22,49]. For instance, kaempferol
induced cell cycle arrest at the S phase by inactivating the mTOR/p70S6K/Akt axis, thereby inhibiting
the adipogenesis accompanied by the downregulated expression of C/EBP-α and PPAR-γ [34].
Similarly, phenolic acids such as chlorogenic acid, ellagic acid, and p-coumaric acid suppressed
intracellular lipid accumulation by inhibiting the expression of lipogenic enzymes, which results from
the downregulated expression of C/EBP-α and PPAR-γ [18,39]. Moreover, previous studies have
demonstrated that chlorogenic acid and luteolin alleviate obesity in HFD-induced mice by improving
lipid metabolism, in addition to exercise endurance [54,55]. Additionally, flavonoids and phenolic
acids regulate the activity of PPAR-γ by interacting with receptors as an agonist, which is attributable
to their amino acid residue-dependent binding affinity to PPAR-γ, thereby inhibiting adipogenesis [39].
Our results indicate that anti-obesogenic phenolic compounds are potentially involved in mediating
the anti-adipogenic effect of IAE.

5. Conclusions

This study revealed the anti-obesity potential of IAE by demonstrating the anti-adipogenic
effects of IAE and elucidating the underlying mechanisms during the differentiation of 3T3-L1
preadipocytes. The inhibitory effect of IAE on MCE during the early phases of adipogenesis primarily
contributed to the suppressed expression of adipogenesis-associated biomarkers, which resulted in the
inhibition of adipogenesis and lipogenesis. Additionally, IAE exerted an anti-adipogenic effect through
the regulation of the ERK 1/2 and Akt cellular signaling pathways. Furthermore, IAE comprised
anti-obesogenic phenolic compounds. Although further in vivo studies are needed to confirm the
anti-obesity properties of IAE, the findings of this study indicate that IAE can potentially prevent
obesity by regulating the hyperplasia and hypertrophy of adipocytes. Thus, IAE might be considered
as a potential therapeutic agent for obesity. Overall, IAE could be potentially used for the development
of prophylactic and therapeutic products for obesity.
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Abstract: Current food tendencies, suboptimal dietary habits and a sedentary lifestyle are spreading
metabolic disorders worldwide. Consequently, the prevalence of liver pathologies is increasing, as it
is the main metabolic organ in the body. Chronic liver diseases, with non-alcoholic fatty liver disease
(NAFLD) as the main cause, have an alarming prevalence of around 25% worldwide. Otherwise,
the consumption of certain drugs leads to an acute liver failure (ALF), with drug-induced liver injury
(DILI) as its main cause, or alcoholic liver disease (ALD). Although programs carried out by authorities
are focused on improving dietary habits and lifestyle, the long-term compliance of the patient makes
them difficult to follow. Thus, the supplementation with certain substances may represent a more
easy-to-follow approach for patients. In this context, the consumption of polyphenol-rich food
represents an attractive alternative as these compounds have been characterized to be effective in
ameliorating liver pathologies. Despite of their structural diversity, certain similar characteristics allow
to classify polyphenols in 5 groups: stilbenes, flavonoids, phenolic acids, lignans and curcuminoids.
Herein, we have identified the most relevant compounds in each group and characterized their
main sources. By this, authorities should encourage the consumption of polyphenol-rich products,
as most of them are available in quotidian life, which might reduce the socioeconomical burden of
liver diseases.

Keywords: polyphenols; liver; stilbenes; flavonoids; phenolic acids; lignans; curcuminoids; NAFLD;
HCC; DILI; ALF; ALD

1. Introduction

Current food tendencies and suboptimal dietary habits, together with an unhealthy lifestyle,
are leading to the development of metabolic pathologies and their spreading worldwide [1,2]. In this
context, the prevalence of liver pathologies is increasing among population, as this organ is responsible
for the metabolism of exogenous substances in the organism [3]. Chronic liver pathologies, one of the
leading mortality causes in USA and Europe, have on nutritional imbalances and sedentary habits
their main causative agent nowadays. Non-alcoholic fatty liver disease (NAFLD) has emerged as the
most frequent form of chronic liver disease worldwide, with an estimated prevalence of around 25% of
general population [4,5]. Indeed, such elevated prevalence is expected to even increase within next
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years due to the rising of comorbidities from metabolic syndrome (MetS), making NAFLD a global
health problem [6,7]. The term NAFLD is used to define a group of hepatic disorders that go from a
simple lipid accumulation in the hepatocyte (steatosis) to its progression into more severe stages as
non-alcoholic steatohepatitis (NASH), characterized by lipid-derived inflammation, hepatocellular
ballooning and fibrosis. In case of a chronic fibrosis development, hepatocyte cell death and extracellular
matrix (ECM) deposition, NASH may turn into cirrhosis. Moreover, the risk of developing NAFLD
highly rises up the risk of developing hepatocellular carcinoma (HCC), the most frequent form of liver
cancer [6,8–10].

Until date, the two-hit or multiple-hit hypothesis is the most extended explanation for the
progression of NAFLD, in which a first hit induced steatosis and the aberrant lipid homeostasis
leads to derived complications that contribute to its aggravation [11]. Related to the first hit,
two imbalances have been reported to promote hepatic lipid accumulation, between: (i) fatty acid
uptake and very-low-density lipoprotein (VLDL) export and (ii) de novo lipogenesis and fatty acid
oxidation (FAO). Indeed, the metabolic triggering of the pathology has led to propose a new term
MAFLD, metabolic-associated fatty liver disease, to define this group of pathologies [12]. Then,
the appearance of second hits such as peroxidation, oxidative and reticulum stress development and
mitochondrial dysfunction triggers an inflammatory response that may result in fibrosis development.
In this process, the hepatocyte suffers from an antioxidant machinery depletion that finally leads
to its death and, in the meantime, macrophage activation by pro-inflammatory cytokines such
as tumor-necrosis factor (TNF) or several interleukine (IL) isoforms. Thus, hepatic stellate cells
(HSC) are activate and proliferate by several signaling pathways such as transforming growth
factor-beta (TGF-β)/SMAD, promoting collagen synthesis and ECM deposition, in which the
matrix metalloproteinases (MMP)/tissue inhibitor of metalloproteinases (TIMP) is essential [13].
Regarding HCC development, the heterogeneity of the disease implies different molecular signaling
pathways activated at the same time to deregulate hepatocyte growth, proliferation, differentiation and
apoptosis. Several pro-proliferative pathways and signaling occur such as protein kinase B (AKT),
nuclear factor-kappa B (NF-κB), mammalian target of rapamycin (mTOR) or c-MYC [14].

Furthermore, unhealthy lifestyle does not necessarily mean an inadequate food intake, but also
into the excessive consumption of certain prescription and non-prescription medications or toxic
compounds. As a consequence, liver can suffer from an acute liver failure (ALF) with drug-induced
liver injury (DILI) as its main cause [15–17]. DILI is estimated to affect 14 of 100,000 inhabitants
worldwide and it presents a real challenge to gastroenterologists when diagnosing the pathology [18].
The liver is the organ responsible of the metabolism of exogenous compounds. Under overdose
conditions, compounds such as acetaminophen or carbon tetrachloride are converted by cytochrome
P450 2E1 (CYP2E1) into toxic compounds by the hepatocyte [19]. These toxic compounds deplete the
anti-oxidant machinery of the cell, mainly composed by reduced glutathione (GSH), catalase (CAT) and
superoxide dismutase (SOD). The direct impact they have over mitochondrial integrity causes a damage
that finally results on the necrosis of the hepatocyte [20,21]. During DILI, the release of mitochondrial
pro-apoptotic proteins such as BAX or BCL-2 and the TNF- or NF-κB-mediated pro-inflammatory
signaling are key hallmarks [22].

Additionally, the chronic and heavy consumption of alcohol leads to the development of
steatosis in 90% of patients who drink over 60 g of alcohol per day and cirrhosis in 30% cases [23],
making alcoholic liver disease (ALD) to follow a similar pattern of progression as NAFLD. Similarly to
DILI, CYP2E1-mediated metabolism of ethanol leads to the production of acetaldehyde that leads
to mitochondrial dysfunction [24] that impairs lipid homeostasis in the hepatocyte causing steatosis.
The increased oxidative stress and depletion of anti-oxidant activity of the hepatocyte, together with
aberrant lipid metabolism by peroxidation, induce a hepatocellular damage that promotes the
progression of the disease from alcoholic steatosis to hepatitis and finally cirrhosis [24]. The molecular
basis of ALD progression from steatosis to cirrhosis follow similar molecular mechanisms to NAFLD,
including an inflammatory environment and HSC proliferation and activation [24].
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Considering the elevated prevalence of aforementioned liver pathologies and their expected
increase, together with the lack of awareness of general population, authorities are focusing on reducing
their prevalence and improving their prognosis [25]. Clinical and scientific studies point out lifestyle
modifications as the mainstay and cornerstone in treating these pathologies, comprising adequate
meal plans and physical activity [26,27]. Although behavioral interventions attempt to guarantee the
adherence of the patients, in most of cases it is hard to achieve so they do not follow the designed plans.

Therefore, the supplementation with certain products may offer a more easy-to-adhere approach in
order to prevent or improve liver pathologies. In this context, current evidence highlights the beneficial
properties associated to polyphenols, a group of natural metabolites contained in plants that own a
variety of beneficial effects for the liver and associated comorbidities. They play a role in the regulation
of oxidative stress, the lipid metabolism, the development of insulin resistance, inflammation or
body weight among others [28,29]. Moreover, they are capable of attenuate drug-induced toxicity by
reducing apoptosis and enhancing the expression of antioxidant enzymes [30]. Thus, they offer an
attractive nutraceutical approach not only for reducing the impact and prevalence of chronic liver
diseases, but also for ameliorating the prognosis of acute liver alterations.

The aim of the present review is to highlight the benefits of polyphenols intake and identify the
main polyphenol-rich sources. By this, we propose a change in dietary lifestyle pattern by presenting
such polyphenol-rich foods, which can be easily introduced in the diet. Considering their nutraceutical
value, they may represent a strategic approach in which future dietary guidelines and public health
recommendations should be based on.

2. Polyphenols and Their Nutraceutical Value

Polyphenols are a large group of at least 10,000 different naturally occurring phytochemicals,
with one or more aromatic rings and with one or more hydroxyl functional groups attached. They are
secondary metabolites that represent a large and diverse group of substances abundantly present in
vegetables, fruits, cereals, spices, teas, rizhomes, medical plants and flowers [29,31].

Although the diversity of their chemical structure makes their classification difficult, the number of
phenol rings and the structural elements allows to distinguish between certain groups of polyphenols.
So that, according to their structural similarities polyphenols can be grouped in stilbenes, flavonoids,
phenolic acids, lignans and curcuminoids [31,32]. In the following work, the main polyphenolic
compounds of each group, their beneficial properties for certain liver pathologies and their main food
source will be deeply described.

2.1. Stilbenes

Stilbenes are phytochemicals, some of which are considered phytoalexins, mainly present in berries,
grapes, peanuts and red wine. This group of polyphenols is composed by three main compounds:
resveratrol and its derived compounds pterostilbene and piceatannol [32,33].

Resveratrol may be one of the most popular polyphenols in our society and it is found in coco,
mulberries, peanuts, soy and grapes [34]. Preclinical studies have characterized its protective features
at multiple levels, by modulating oxidative stress and hepatocellular damage in order to ameliorate
NAFLD through the reduction of free radicals and pro-inflammatory cytokines and the increased
response of anti-oxidant enzymes such as glutathione (GSH) and cytochrome P450 (CYP) 2E1 [35,36].
Moreover, resveratrol reduces hepatic lipid content by reducing sirtuin 1 (SIRT1)-mediated lipogenic
activity through the modulation of acyl-coA carboxylase (ACC), peroxisome proliferation activity
receptor γ (PPARγ) and sterol response element binding protein-1 (SREBP-1) [37].

As aforementioned, pterostilbene is a derivate from resveratrol which is mainly present in
blueberries [38]. This compound is also reported to reduce steatosis and modify hepatic fatty acid
profile stimulating carnitine-palmitoyltransferase-1 (CPT1)-mediated FAO, stimulating microsomal
triglyceride transfer protein (MTP)-mediated very-low-density lipoprotein (VLDL) export and reducing
lipid uptake by CD36 [39]. Likewise, it enhances liver glucokinase and glucose-6-phosphatase activity
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to ameliorate insulin resistance and hepatic glycogen homeostasis and, therefore, lowering total
cholesterol and triglyceride levels in serum [40].

Another derivate from the hydroxylation of resveratrol is piceatannol, present in grapes,
passion fruit and peanut calluses [33]. Although this compound has been less studied than resveratrol
due to its lower concentration in food, it has been reported to have a higher activity [41]. Thus,
piceatannol also improves hepatic glycemic control by activating adenosine monophosphate-activated
protein kinase (AMPK) through phosphorylation while ameliorating serum lipid profile in mice
inhibiting the lipogenic flux mediated by ACC and fatty acid synthase (FAS) expression [42]
Piceatannol-mediated AMPK phosphorylation also induces autophagy, a process reported to be
dysregulated in NAFLD [43].

Regarding the effects of stilbenes among human population, clinical trials have been carried
out only by evaluating the properties of resveratrol in NAFLD, liver cancer and hepatitis patients.
Remarkably, the dietary supplementation with resveratrol has been shown to be effective in improving
the inflammatory marker profile in NAFLD patients [44].

2.2. Flavonoids

Flavonoids comprise the larger group of polyphenols and the most abundant compounds in
human diet. They are characterized by a C6-C3-C6 backbone structure and appear in almost all foods of
vegetable origin and, particularly, in apples, berries, citrus fruits, onions, red wine, grapes, tea or olive
oil [31]. Flavonoids are classified into six additional subgroups: anthocyanins, flavanols, flavanones,
flavonols, flavones and isoflanoids. In the following section a detailed description of each subgroup
and their main compounds is provided.

First, the subgroup of anthocyanins is composed by water-soluble flavonoid species as
delphinidin, pelargonidin, cyanidin and malvidin. Delphinidin appears in flowers and berries
as blueberry, Saskatoon berry, raspberry, strawberry or chokecherry, being its richest natural source
the Maqui berry [45]. They have been reported to have anti-inflammatory properties targeting
nuclear factor kappa-B (NF-κB), activator protein-1 (AP-1) and cyclooxygenase-2 (COX-2) [46].
Moreover, delphindin prevents triglyceride accumulation in in vitro NASH models modulating
AMPK and FAS [47] or to downregulate fibrogenic stimuli to prevent fibrosis development in
preclinical models [48]. Therein, fibrogenic response is attenuated by a decreased oxidative
stress development, increasing matrix metalloproteinase (MMP)-9 and metallothionein (MT) I/II
expression [48]. Although pelargonidins have been less studied, their protective properties against
lipopolysaccharide (LPS)-induced liver injury have been characterized by modulating the inflammatory
pathway mediated by toll-like receptor (TLR) [49]. This polyphenolic compound is mainly present
in orange- or red-color fruits as raspberries, blackberries, strawberries or plums [50]. On another
hand, cyanidin have been reported to promote lipid oxidative flux by increasing CPT1 and PPARα
expression to enhance FAO and by decreasing FAS and SREBP-1 expression to downregulate
lipogenesis [51]. Cyanidin prevents fibrosis development inhibiting collagen type I synthesis and
downregulating extracellular-regulated kinase 1/2 (ERK1/2) [52], while promotes cAMP-mediated
protein kinase A (PKA) activation to induce glutathione (GSH) synthesis and protect the hepatocyte [53].
Additionally, hepatocellular damage derived from alcoholic toxicity is also prevented by activating
AMPK, that induces autophagy [54]. Cyanidins are present in red berries, grapes, bilberry, blackberry,
blueberry, cherry, cranberry, elderberry, hawthorn, loganberry, açaai berry and raspberry [55]. Similar to
cyanidin, malvidin is present in red grapes, cranberries, blueberries and black rice. They have been
reported to increase FAO in the same way as cyanidins [51], and, remarkably, to attenuate tumor growth
in HCC by regulating BAX and caspase-3 for apoptosis; several cyclin isoforms and phosphatase and
tensin homolog (PTEN) for proliferation and metastasis derived from MMP-2/9 activity [56].

Secondly, flavanols share a general chemical structure of two rings linked by three carbons forming
an oxygenated heterocyclic ring [57]. Among them epicatechin, epigallocatechin and its gallate derivate
(EGCG) and procyanidins are the most popular compounds. Epicatechin is mainly present in dark
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chocolate and cocoa [58] and it has been reported to regulate lipid profile in serum and liver through
regulating SREBP, FAS, liver X receptor (LXR) and SIRT [59]; as well as to attenuate oxidative stress
and inflammatory injury via abrogation of NF-κB signaling pathway [60]. EGCGs, mainly present
in green tea [61], may be another one of the most popular polyphenols in society normally sold
as green tea extract. Their biological effects on NAFLD have been characterized in terms of lipid
metabolism via pAMPK, SREBP-1, FAS and ACC; the oxidative response mediated by CYP2E1 or
malonaldehyde production; TNF and IL-mediated inflammation and the fibrosis development induced
by TGF-β/SMAD pathway [62]. EGCG also decreases body weight and reduces liver injury mediated
by oxidative stress and inflammatory response, reducing the formation of collagen and alpha-smooth
muscle actin (αSMA) in the liver and the expression of tissue inhibitor of metalloproteinase-2 (TIMP-2)
in preclinical studies [63]. Moreover, EGCG has a protective effect on hepatotoxicity by decreasing
bile acid and lipid absorption [60] and lowering cytochrome P450 (CYP)-mediated activation and
toxicity of acetaminophen in DILI [64]. Related to HCC, EGCG has been also characterized to promote
apoptosis in cancer cells in a multifactor way targeting genes involved in initiation (like NF-κB or
BCL-2), proliferation (like cMyc, ERK1/2 or DDR mechanisms) and invasion (like MMPs or COX-2). [65].
The antioxidant properties of the last compound, procyanidins, have been also reported in fibrosis
animal models via inhibition of CYP2E1-mediated metabolism of toxic compounds and improving
antioxidant capacity through GSH or superoxide dismutase (SOD) [66]. Additionally, procyanidins exert
a protective effect against ALD ameliorating SREBP-1-mediated steatosis and inflammation via IL-6 or
TNF [67], with a possible involvement in preventing mitochondrial dysfunction and apoptosis [68].
Procyanidins are present in chocolate, apples, red grapes and cranberries [69].

The subgroup of flavanones is smaller than the previous one, as only hesperidin and naringenin
compose it. Both compounds are characterized by a double bond between C2 and C3 and the lack of
the oxygenation in C3 [70]. On one hand, hesperidin is mainly found in citrus fruits (grapefruit, lemon,
lime or orange) and peppermint [71,72]. Similarly to other flavonoids, this compound has been found
to protect against fibrosis enhancing GSH and decreasing catalase (CAT) and SOD levels [73]. Likewise,
hesperidin reduced development of hepatic oxidative stress, dyslipidemia and histological changes via
decreasing lipid peroxidation and recovering hepatocyte antioxidant properties [74]. On the other
hand, naringenin is mainly found in Mexican oregano [75]. This flavanone’s beneficial effects have
been studied over DILI by downregulating caspase-3, BAX and BCL [76]. Hepatoxocity-induced
fibrosis is also inhibited by naringenin, that inhibits the development of oxidative stress, the activation
of HSC mediated TGF-β and the synthesis of ECM [77].

Flavonols present a large group of polyphenols in which quercetin is one of the most important
flavonoids and, in addition, kaempferol, myricetin, isorhamnetin and galangin also compose this
group. Quercetin is found in a variety of food that includes apples, berries, brassica vegetables,
capers, grapes, onions, shallots, tea, tomatoes, many seeds and nuts [78,79]. This flavonol has been
characterized to ameliorate fibrosis development by targeting NF-κB-mediated signal transduction,
downregulating TNF, IL-6, IL-1β and IL-8 cytokines production [78], together with an increase
of the antoxidant mechanisms mediated by GSH and IL-10 and decreasing lipid peroxidation in
ALD [79]. Kampferol, present in tea, broccoli, apples, strawberries and beans [80] prevents tumor
development by enhancing PTEN expression and inactivate PI3K/Akt/mTOR signaling in order to
inhibit migration, proliferation and invasion [81]. Otherwise, CYP2E1 inhibition by kaempferol
protects the hepatocyte against ALD development [82], whereas fibrosis development is attenuated
by the inhibition of SMAD2/3 via the direct interaction between kaempferol and ATP-binding pocker
of activing receptor-like kinase 5 (ALK5) [83]. Myricetin is found in berries, honey, vegetables,
teas and wines [84]. This flavonolic compound has a regressive effect on steatosis development in
preclinical NASH models by promoting NRF2-mediated mitochondrial functionality, which increases
antioxidative enzyme activities and PPAR-mediated fat decomposition [85]. Miricetin-mediated YAP
downregulation also leads this polyphenol to exert anti-tumoral properties [86]. Isorhamnetin also
alleviates steatosis decreasing FAS activity and fibrosis development via TGF-β-mediated HSC
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activation and proliferation [87], while decreasing the production of lipoperoxide compounds in serum
and liver [88]. This compound is present in pears, onion, olive oil, grapes, tomato and the spice,
Mexican Tarragon [80,89]. The last flavonol, galangin, is less abundant in nature as it is mainly present
in galangal rizhome and propolis [90]. Similar to myricetin, galangin-mediated NRF2 activation
attenuates oxidative damage, inflammation and apoptosis during hepatoxicity [91], while inhibiting the
proliferation of HCC cells through the combined activation of NRF2 and hemooxygenase-1 (HO-1) [92].

The fifth flavonoid subgroup are flavones, distinguished by their double bond between C2 and C3,
the lack of substitution at the C3 and the oxidation in C4 [93]. In this subgroup apigenin, chrysin and
luteolin are the most relevant compounds. Apigenin is present in vegetables as parsley, broccoli,
celery and onions; in fruits as oranges, olives, cherries and tomatoes; in herbs as chamomile, thyme,
oregano, basil; and plant-based beverages as tea [93]. Between the beneficial properties of apigenin,
it should be noted its anti-inflammatory properties against ALD by regulating CYP2E1-mediated
oxidative stress and PPARα-mediated lipogenic gene expression [94] and the prospective effect for
the damage induced by ischemia-reperfusion by suppressing inflammation, oxidative stress and
apoptosis mediated by BAX and BCL-2 [95]. Additionally, this compound has been also characterized
to ameliorate serum and hepatic lipid profile via metabolic and transcriptional modulations in
the liver in genes involves in FAO, tricarboxylic acid cycle and oxidative phosphorylation among
other [96]. Chrysin is specially present in honey and propolis [97] and this flavone has been
reported to ameliorate NAFLD by modulating TNF- and IL-6-derived inflammatory response and
SREBP-1-mediated lipogenesis in rats [98] and to reduce fibrosis development in a dose-dependent way
via regulating MMP/TIMP imbalance [99]. Otherwise, luteolin is found in vegetables and fruits such as
celery, parsley, broccoli, onion, carrots, peppers, cabbages or apple skins [100]. The protective properties
of luteolin have been studied in DILI, where it restores the synthesis of antioxidant compounds as
GSH while decreasing the inflammation signaling via TNF, NF-κB and IL-6 signaling and decreasing
endoplasmic reticulum stress as well [101]. It also protects from developing liver pathologies derived
from the chronic consumption of toxic substances as mercury, promoting mitochondrial functionality
via NRF-2/NF-κB/P53 signaling [102] or alcoholic liver disease (ALD), where it downregulates the
expression of SREBP-1 and recovers the AMPK activity [103].

The last subclass of flavonoids are isoflavonoids, where genistein and daidzein are the most
common compounds. Genistein is found in soybeans and soy-based food and formulas, nuts and
legumes as peas or lentils [104]. Its protective properties have been characterized on NAFLD by
modulating PPARα-mediated lipid metabolism [105], while it also ameliorates hepatic inflammation
by reducing TLR4 expression [106] and fibrosis development by decreasing lipid peroxidation and
increasing GSH levels [107]. Similarly to genistein, daidzein is also found in the same food sources
and the supplementation of daidzein, although it is less effective [108], has been reported to alleviate
NAFLD by upregulating FAO and downregulating TNF expression [109].

Regarding the clinical trials carried out to determine the effect of flavonoids in human population,
the effect of hesperidin supplementation has been studied in NASH development finding an
improvement in steatosis, hepatic enzymes and several parameters as glycaemia [110]. A clinical study
about naringenin has proposed this compound as an attractive approach for treating hepatitis C [111],
while quercetin has been characterized to attenuate the secretion of the virus [112]. Additional clinical
studies expected within next years will evaluate the effect of camu, a food rich in procyanidins,
in obesity-related disorders as NAFLD and the effect of EGCG in cancer development from cirrhosis.

2.3. Phenolic Acids

This group of polyphenols is constituted by phenolic compounds, having one carboxylic group
and typically in bound form as amides, esters or glycosides. They are found in a variety of plant-based
foods, seeds, skins or fruits and leaves of vegetables [113]. In the meantime, phenolic acids are divided
into hydroxibenzoic acids, hydroxycinnamic acids and oleuropeunosides.
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On one hand, hydroxibenzoic acids possess a common structure of C6-C1 derived from benzoic
acid [113], being ellagic and gallic the most common compounds. Ellagic acid may be the most common
compound in this subclass and it is present in nuts, walnuts, berries and fruits as pomegranates or
berries [114]. This molecule has been reported to normalize the activity of antioxidative enzymes
and to ameliorate histopathology by reducing inflammatory response via modulating oxidative
stress [115], also reducing oxidative stress after ischemia-reperfusion liver injury [116] or impeding
hepatotoxicity-derived fibrosis development in preclinical studies via downregulating caspase-3,
BCL-2 and NF-κB expression while elevating NRF-2-mediated mitochondrial functionality [117].
Similarly to ellagic acid, gallic acid is found in berries as blueberries and strawberries, and fruits as
mango [118]. This compound has been reported to exert protective properties in liver damage
induced by drug abuse by reducing TNF-mediated inflammation and lipid peroxidation [119].
Moreover, gallic acid increases GSH and CAT antioxidative activities to protect the hepatocyte
from ischemia-reperfusion [120] and decreases fibrosis development by restoring GSH and TGF-β
levels while normalizing HSC activation and proliferation [121].

On the other hand, hydroxycinnamic acids derive from cinnamic acid and they are often present
in food as simple esters with quinic acide or glucose [113], being ferulic and chlorogenic acids the most
frequent compounds. Ferulic acid is found in commelinid plants as rice, wheat, oats or grains, and in
vegetables, pineapple, beans, coffee, artichoke, peanut or nuts [122]. Similarly to hydroxybenzoic
compounds, it upregulates NRF-2/HO-1 signaling to restore mitochondrial integrity and reduce
the development of oxidative stress and inflammation in DILI [123], whereas it prevents fibrosis
development by interfering in TGF-β/SMAD-mediated activation of HSCs [124]. Chlorogenic acid
is particularly found in the coffee grain but it is also present in beans, potato tubers, fruits as
apple and prunes [125]. This hydroxycinnamic compound also fibrosis development mediated by
pro-inflammatory citokines such as TNF, IL-6 and IL-1β [126] and scavenges ROS production in alcohol
consumption, reducing the steatosis, apoptosis and fibrosis development pathways mediated by TNF
and TGF-β [127].

Oleuropein is mainly present in olive leaves, olives, virgin olive oil and olive mill waste [128].
Interestingly, this polyphenol has been shown to exert anti-inflammatory properties by scavenging
ROS production under hepatotoxic conditions [129] and reduce lipid-derived inflammatory processes
to prevent NASH progression such as TLR-mediated response [130].

Concerning the properties of phenolic acids in the human organism, clinical trials have been
only developed by evaluating NAFLD development with a gallic acid-rich compound (Ajwa Date)
and coffee supplementation, rich in chlorogenic acid. Although liver diseases were studied in the
clinical trial evaluating Ajwa Date, outcomes have been focused on the prevention of atherosclerosis
development. The results from the other clinical trial with coffee supplementation have not been
published yet.

2.4. Lignans

Lignans are characterized by two phenylpropane units linked by a C6-C3 bond between the
central atoms of the respective side chains. This group of polyphenols is present in a wide variety
of plans in which latter, flaxseed and sesame seed represent the richest sources [131]. Moreover,
lignans can be also found in fish, whole-grain cereals (as wheat or oats), meat, oilseed (as flax or soy)
and beverages (as coffee, tea or wine) [131]. Although it can be distinguished among classical lignans,
neolignans, flavonolignans and carbohydrate-conjugates, the main compounds present in nature are
sesamin and diglucoside.

Sesamin is mainly present in sesame seeds and preclinical studies have reported metabolic
properties in liver pathologies by preventing from ACC- [132] and SREBP-1-mediated fatty acid
synthesis [133], while enhances FAO mediated by CPT1 or 3-hydroxyacyl-coA dehydrogenase [132].
Otherwise, diglucoside is found in flaxseed [134] and this compound has been also reported to
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downregulate hepatic lipid accumulation, while downregulating hepatic lipid peroxidation and
decreasing cholesterol in serum [135].

Until date, no clinical trials for evaluating lignans have been carried out.

2.5. Curcuminoids

Regarding the group of curcuminoids, curcumin is the main compound as it gives the name to
this group. This compound is the principal extract from the turmeric (Curcumula longa) herb [136]
and preclinical approaches have characterized its anti-inflammatory and anti-oxidant properties
derived from the intake of hepatotoxic compounds [137]. Curcumin alleviates hepatic dyslipidemia by
inhibiting lipogenesis and promoting FAO, while enhancing cholesterol efflux and, in the meantime,
reducing the lipid imbalance-derived oxidative stress [137]. By this, the expression of NRF-2 restores
mitochondrial integrity in the hepatocyte, while GSH increase leads to an enhanced antioxidant
capacity thus downregulating HSC activation [137].

There are currently three clinical trials under recruitment in order to evaluate the effects of different
forms of curcumin, as dietary supplement or conjugated to phosphatidylcholine, in the development
of NAFLD and insulin resistance. Another clinical trial has proven its effectivity in reducing steatosis,
reducing body-mass index and improving serum profile in terms of cholesterol, triglycerides and
transaminases [138].

3. Discussion

It is a fact that current unhealthy food tendencies, accompanied by a more sedentary lifestyle,
have a direct impact over the health of global population [1]. Metabolic disorders are spreading
worldwide and, among them, liver pathologies are on the most extended ones. Non-alcoholic fatty liver
disease or NAFLD has an alarming prevalence of 25% worldwide and it is even expected to increase
within next years due to such unhealthy lifestyle [5]. Otherwise, the excessive drug consumption
that sometimes takes place can also lead to other liver pathologies, reaching an acute liver failure
(ALF) in which drug-induced liver injury (DILI) is the main cause affecting [18] and chronic alcohol
consumption leads to the development of alcoholic liver diseases (ALD) [23]. The management of liver
pathologies presents a challenge to authorities and, although dietary and behavioral plans are currently
being carried out, the long-term compliance of population sometimes presents the true challenge.
Therefore, the supplementation or feeding with certain products can offer a more easy-to-adhere
strategy in terms of preventing or ameliorating both chronic and acute liver diseases. Related to this,
in the present work the role of different polyphenols has been described in detail as well as the most
relevant clinical trials about them (Table 1). Overall, all polyphenols [26,31] described in the present
review are reported to have beneficial properties towards either preventing or ameliorating NAFLD,
DILI or ALD. Although some of them as resveratrol, EGCG, or curcumin are more popular in society,
any of these compounds may offer healthy properties for the liver.

Thus, the consumption of polyphenol-rich food is a suitable option when planning a diet. As it
can be observed in Table 2, most of them are present in foods that can be easily found in any
supermarket so general population might not have problems when acquiring them. Therefore, it is an
interesting point that authorities promote the consumption of these kind of foods when designing their
programs for creating awareness, especially in such patients of liver diseases who are under treatment.
Reducing their prize or promoting their inclusion in certain products or meals (e.g., strawberries in
yogurts or coffee in some drinks) might be adequate options. Moreover, as it can be observed in Table 2,
most part of the polyphenol-rich foods are not high-calorie so their inclusion should not have an impact
over total daily calorie intake, another concern in the development of MetS and related metabolic
disorders [139]. Furthermore, it must be always taken into account that not only polyphenols but also
other micronutrients present beneficial properties, and the existence of variety in a diet is which makes
it healthy.
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Table 1. Clinical trials testing polyphenols against liver pathologies.

Polyphenol Group/Subgroup Pathology Outcome

Resveratrol Stilbenes NAFLD, HCC, Hepatitis Improved inflammatory profile in
NAFLD [44].

Hesperidin Flavonoids/Flavanones NASH Ameliorated steatosis, hepatic enzymes
and glycaemia [110].

Naringenin Flavonoids/Flavanones Hepatitis C Ameliorated phenotype [111].
Quercetin Flavonoids/Flavonols Hepatitis C Attenuated secretion of the virus [112]

Procyanidins Procyanidins/Flavanols NAFLD Not finished
EGCG Flavonoids/Flavanols Cirrhosis-derived HCC Not finished

Gallic acid Phenolic acids/Hydroxibenzoic
acids NAFLD Atherosclerosis reduction.

Chlorogenic acid Phenolic acids/Hydroxicinnamic
acids NAFLD Not published

Curcumin Curcuminoids NAFLD Reduction in steatosis and body-mass
index and improved serum profile [138]
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4. Conclusions

The supplementation with polyphenols has an effect in treating liver pathologies: non-alcoholic
fatty liver disease, drug-induced liver injury, hepatocellular carcinoma and alcoholic liver disease.
The inclusion of polyphenol-rich foods is an attractive approach when developing a nutritional
program. Authorities should encourage their consumption. Polyphenols and other micronutrients are
essential for an equilibrated diet, where variety is an essential feature.
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Abstract: Adaptive homeostasis declines with age and this leads to, among other things,
the appearance of chronic age-related pathologies such as cancer, neurodegeneration, osteoporosis,
sarcopenia, cardiovascular disease and diabetes. Grape seed-derived procyanidins (GSPE) have
been shown to be effective against several of these pathologies, mainly in young animal models.
Here we test their effectiveness in aged animals: 21-month-old female rats were treated with 500 mg
GSPE/kg of body weight for ten days. Afterwards they were kept on a chow diet for eleven weeks.
Food intake, body weight, metabolic plasma parameters and tumor incidence were measured.
The GSPE administered to aged rats had an effect on food intake during the treatment and after
eleven weeks continued to have an effect on visceral adiposity. It prevented pancreas dysfunction
induced by ageing and maintained a higher glucagon/insulin ratio together with a lower decrease in
ketonemia. It was very effective in preventing age-related tumor development. All in all, this study
supports the positive effect of GSPE on preventing some age-related pathologies.

Keywords: ageing; procyanidins; food intake; adiposity; glucagon/insulin; tumor

1. Introduction

Adaptive homeostasis is a highly conserved process whereby cells, tissues and whole organisms
transiently activate various signaling pathways in response to short-term mild internal or external
perturbations, thereby resulting in transient changes in gene expression and stress resistance. There is
a great deal of evidence that suggests that adaptative homeostasis declines with age. In fact, ageing is
associated with a twofold detrimental impact on adaptive homeostasis [1]. Firstly, aged organisms lose
their ability to rapidly modulate the adaptive homeostatic response and secondly, the compensatory
basal increase in stress-responsive enzymes further compresses the maximal range of responses thus
diminishing cellular ability to efficiently mitigate damage. All of this loss of adaptation leads to,
among other things, chronic age-related pathologies such as cancer, neurodegeneration, osteoporosis,
sarcopenia, cardiovascular disease and diabetes [2].

Metabolic derangement is one of the “seven pillars” considered among the basic mechanisms
associated with age-related pathologies [3]. As glucose metabolism plays a key role in the energy
management of the whole organism, its dysregulation with ageing affects several metabolic aspects [4].
Age changes in hepatic glucose output and peripheral insulin sensitivity seems to be more closely
related to changes in body composition than to the ageing process itself [5]. Indeed, the intra-abdominal
or visceral fat pad shows the highest association risk for diabetes mellitus, hypertension, atherosclerosis,
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dyslipidemia, cancers and mortality compared with peripheral obesity [6]. There is also controversy
regarding the role of age in the ability of β-cells to function [5] and also its effect on β-cells although a
few authors point to a higher hepatic sensitivity to plasma glucagon in older subjects [7].

Polyphenols are a broad spectrum of structures widely found in fruits and vegetables and derived
products and also in beverages such as chocolate, green tea, coffee and wine [8]. They have been shown
to protect against most age-related pathologies (cancer [9]; hypertension [10–12]; sarcopenia [13,14],
neurodegeneration [15–20], osteoporosis [21,22] and cataract formation [23]). One group of these
polyphenols is grape seed-derived procyanidins (GSPE), which include several flavanols, procyanidins
and some phenolic acids [24]. They have been widely studied as antiobesogenic and antidiabetic
agents [8,25,26], as being protective against atherogenic indexes [27] and renal failure [28] and as
anti-cancer agents [29]. However, their effectiveness on ageing processes in the metabolism has not
been proved.

We have previously shown that some GSPE doses act as satiating agents in young healthy
rats [30], limiting their body weight increase and adiposity [25] among other properties effective
against metabolic syndrome [31,32]. Indeed, we have shown that their effects on body weight and
adiposity [33] continue over the long term once the GSPE administration has finished [34]. Considering
these beneficial effects of GSPE and the evidence that dietary restriction has been proven to extend
lifespan [35], we hypothesize that the doses of GSPE with satiating properties may be beneficial in
counteracting the ageing-induced loss of buffering in the body. We therefore aim to demonstrate this
hypothesis after a 10-day GSPE oral treatment in aged rats and to observe its long term anti-ageing
outcome, focusing our study on body weight and metabolism.

2. Materials and Methods

2.1. Proanthocyanidin Extract

The grape seed extract rich in proanthocyanidins (GSPE) came from Les Dérivés Résiniques et
Terpéniques (Dax, France). According to the manufacturer, the GSPE used in this study (lot 207100)
had a total proanthocyanidin content of 76.9% consisting of a mixture of monomers of flavan-3-ols
(23.1%), dimers (21.7%), trimers (21.6%), tetramers (22.2%) and pentamers (11.4%).

2.2. Animal Model

In this study, 34 female Wistar rats were used, 10 of which were two months old (weighing
210–220 g) and 24 of which were 21 months old (weighing 300–350 g). The rats were obtained from
Envigo (Barcelona, Spain). They were housed individually at a room temperature of 23 ◦C with a
standard 12 h light-dark cycle, ventilation and ad libitum access to a standard chow diet (2014 Teklad
Global 14% protein rodent maintenance diet, Envigo, Barcelona, Spain) and tap water.

2.3. Experimental Design

The experiment was divided into two parts (Figure 1). The first consisted of 10 days of treatment
with GPSE by oral gavage and an evaluation of its immediate effects on food intake and body weight.
The second consisted of an assessment of the long term effects of this 10-day GSPE treatment on the
metabolism. All procedures were approved by the Experimental Animal Ethics Committee of the
Generalitat de Catalunya, Spain (Department of Territory and Sustainability, General Directorate for
Environmental and Natural Policy, project authorization code: 10183).
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Figure 1. Schematic diagram of the experimental design. The experiment was divided into two parts.
In the first part, the group named GSPE PRE animals were gavaged daily with a dose of 500 mg/kg of
grape seed-derived procyanidins (GSPE) for 10 days while YOUNG and 21-MONTHS animals were
gavaged with a vehicle. Food intake was recorded daily and body weight (BW) was measured after the
10 days of treatment. In the second part, all rats were maintained equally for 75 days and body weight
was recorded every two weeks.

For the first part of the study, after a week of adaptation to the environment and another week
of adaptation to oral gavage, the rats were weighed and divided into three experimental groups
as follows:

(1) YOUNG, which consisted of 10 two-month-old rats.
(2) 21-MONTHS, which consisted of 27 twenty-one-month-old rats.
(3) GSPE PRE, which consisted of 24 twenty-one-month-old rats.

For 10 days, all of the animals were fasted from 15:00 h. The GSPE was dissolved in tap water
and orally gavaged to the GSPE PRE animals at a dose of 500 mg GSPE/kg of body weight at 18:00 h,
one hour before the dark onset. Animals in the YOUNG and 21-MONTHS groups received an
equivalent volume of tap water at the same time points. The chow diet was administered at the dark
onset (19:00 h). The chow intake was measured after 20 h, the next day at 15:00 h, when the animals
were fasted again. At the beginning and end of the 10-day treatment, the rats were weighed.

After the treatment, 13 animals from the 21-MONTHS group and 11 animals from the GSPE PRE
group together with all of the YOUNG animals (n = 10) entered the second part of the study, which
consisted of maintaining them for 75 more days with a chow diet and body weight records every
two weeks.

2.4. Blood and Tissue Collection

At the end of the study, the animals were fasted for 12 h and euthanized by decapitation. The blood
was collected using heparin (Deltalab, Barcelona, Spain) as anticoagulant. Plasma was obtained by
centrifugation (1500 g, 15 min, 4 ◦C) and stored at −80 ◦C until analysis. The different white adipose
tissue depots (retroperitoneal (rWAT), mesenteric (mWAT) and periovaric (oWAT)) and the brown
adipose tissue (BAT), liver, kidneys, spleen, stomach, caecum and femur were rapidly removed,
weighed, snap-frozen in liquid nitrogen and stored at −80 ◦C. When identified, tumorous tissues were
excised and weighed.
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2.5. Biochemical Variables

Commercial colorimetric enzymatic kits were used to measure levels of glucose, triacylglycerol,
cholesterol, urea, creatinine (QCA, Tarragona, Spain), non-esterified fatty acids (NEFAs) (Wako, Neuss,
Germany) and β-hydroxybutyrate (Ben Biochemical Enterprise, Milano, Italy) in the plasma samples
in accordance with the manufacturers’ instructions. Commercial ELISA kits were used to quantify
plasma levels of insulin (Millipore, Madrid, Spain) and glucagon (Mercodia, Uppsala, Sweden).

2.6. Statistical Analysis

At the end of the study, statistical analysis was performed with all collected data using one-way
ANOVA with Dunnet’s post-hoc test taking the 21-MONTHS group as control. A chi-squared test was
used to assess the association between tumor incidence and the variables of interest (age, treatment) in
XLSTAT 2020.1 (Addinsoft, Spain) statistical software. The statistical significance for both tests was set
at p < 0.05.

3. Results

3.1. GSPE Reduces Food Intake and Body Weight in the Short-Term in Aged Rats

Our first goal was to find out whether a dose of GSPE with satiating properties in young
animals [25] was also effective in aged rats. The daily food intake was equivalent between the YOUNG
and 21-MONTHS groups (Figure 2a). In agreement, the accumulated food intake for the 10 days was
not different between the two groups (Figure 2b). The GSPE treatment over 10 days reduced the 20 h
food intake almost daily in comparison with the 21-MONTHS rats (Figure 2a). In this case, there was a
statistically significant effect on the accumulated food intake for the 10-day GSPE treatment group
versus the 21-MONTHS group, as shown in Figure 2b. This reduction in the energy entering the
organism over these days brought about a slightly lower body weight after the end of the treatment
in the GSPE PRE rats compared with the 21-MONTHS rats (Figure 2c). As expected, the young rats
showed a lower body weight than the 21-MONTHS rats (Figure 2c).

 

Figure 2. Effect of the 10-day treatment on food intake and body weight. (a) Daily food intake,
where blue, orange and green represent YOUNG, 21-MONTHS and GSPE PRE groups, respectively.
(b) Accumulated food intake over the 10 days of treatment. (c) Body weight at day 10. Values are
means ± SEM. * p-value < 0.05, # p-value < 0.1 compared with 21-MONTHS rats.
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3.2. The GSPE Effect on Body Weight and Adiposity Continued for Several Weeks after Administration

Once the GSPE treatment was finished, the rats were kept for eleven weeks to evaluate the long
term effects of GSPE on the 21-MONTHS rats [33]. Figure 3a shows the percentage of body weight
increase during this period. The highest percentage increase was found in the young rats because they
were undergoing a growth period in their lives. The 21-MONTHS rats showed a significantly lower
weight increase. Initially the GSPE-treated rats showed a body weight increase similar to that of the
21-MONTHS rats (Figure 3a). However, in the tenth and eleventh weeks they significantly increased
their weight to reach a final body weight close to the 21-MONTHS group (Figure 3b).

 
Figure 3. Body weight changes after GSPE pre-treatment. (a) Percentage of body weight increase
from day 10 of the experiment. Body weight was measured once every two weeks throughout the
whole experiment. Blue, orange and green represent YOUNG, 21-MONTHS and GSPE PRE groups,
respectively. (b) Body weight at the end of the experiment. Values are means ± SEM. * p < 0.05
compared with 21-MONTHS rats.

Table 1 shows the weight of the tissues at the end of the experiment. As expected, due to their
relative difference in size, all of the 21-MONTHS animals presented bigger organs than the young
animals. When we compared the GSPE-treated rats with the untreated 21-MONTHS group, despite
the similar body weight, the percentage of visceral adiposity was significantly lower in the GSPE PRE
rats (Table 1). There were no differences in most of the other tissues except for the liver, which was also
smaller in the GSPE-treated rats. The kidney showed a trend towards a lower size too.

Table 1. Morphometric characteristics at the end of the experiment (week 11).

Variable YOUNG 21-MONTHS GSPE PRE

n 10 13 11

Body weight (g) 256.6 ± 4.3 * 367.4 ± 15.0 366.8 ± 14.2
mWAT (g) 3.7 ± 0.2 * 13.1 ± 1.2 10.5 ± 1.3
oWAT (g) 6.8 ± 0.2 * 16.6 ± 1.5 15.5 ± 1.5
rWAT (g) 4.0 ± 0.3 * 11.1 ± 1.1 10.6 ± 1.1

Total visceral WAT (g) 14.6 ± 0.2 * 39.5 ± 3.4 34.8 ± 3.3
BAT (g) 0.4 ± 0.0 * 0.7 ± 0.1 0.7 ± 0.1

% visceral adiposity 5.4 ± 0.2 * 11.3 ± 0.6 9.5 ± 0.7 *
Liver (g) 6.2 ± 0.2 * 8.7 ± 0.4 7.7 ± 0.2 *

Spleen (g) 0.5 ± 0.0 * 0.8 ± 0.0 0.8 ± 0.0
Kidney (g) 0.8 ± 0.0 * 1.0 ± 0.0 0.9 ± 0.0 #

mWAT: mesenteric white adipose tissue; oWAT: periovaric white adipose tissue; rWAT: retroperitoneal white adipose
tissue; BAT: brown adipose tissue; total visceral WAT: sum of all white adipose tissues. Values are means ± SEM.
* p < 0.05 compared with 21-MONTHS rats. Trends: # p < 0.1 compared with 21-MONTHS rats.
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3.3. Aged GSPE Pre-Treated Rats Showed a Higher Fasting Glucagon/Insulin Ratio Eleven Weeks after
the Treatment

Looking at the biochemical parameters in the plasma of fasted YOUNG and 21-MONTHS rats,
glucose, non-esterified fatty acids (NEFA), urea and creatinine levels were unaffected by ageing (Table 2).
A GSPE pre-treatment (GSPE PRE) showed a trend towards increasing urea. Regarding endocrine
pancreas hormones, plasma insulin and glucagon were greatly increased by the ageing process (Table 2)
and the GSPE pre-treatment limited the increase in the insulinemia. To gain a better picture of the
metabolic status of these animals, we worked on some ratios that provided us with more information.
Figure 4a shows that the GSPE pre-treatment did not avoid the increase in insulin resistance brought
about by the ageing processes as indicated by the index of insulin resistance HOMA-IR. Conversely,
the GSPE pre-treated group (GSPE PRE) showed a normalized pancreatic response as indicated by
the lower HOMA-β of this group versus the 21-MONTHS group (Figure 4b). When we compared
the glucagon/insulin ratio in the plasma of fasted animals, we found no statistically different results
due to the ageing process but we did find that the GSPE pre-treated group clearly showed a higher
ratio (Figure 4c). To complete the picture, Figure 4d shows that the 21-MONTHS animals produced a
limited amount of β-hydroxybutyrate derived from NEFA. Finally, there were no changes in renal
functionality due to ageing or GSPE pre-treatment (GSPE PRE) as defined by the urea/creatinine ratio
(Figure 4e).

Table 2. Plasma biochemical characteristics at the end of the experiment (week 11).

Variable YOUNG 21-MONTHS GSPE PRE

Plasma

Glucose (mM) 7.3 ± 0.3 7.0 ± 0.3 8.1 ± 0.6
TAG (mM) 0.4 ± 0.1 # 0.6 ± 0.1 0.5 ± 0.1

NEFA (mM) 1.0 ± 0.1 1.0 ± 0.1 0.9 ± 0.1
Cholesterol (mM) 2.6 ± 0.1 * 4.5 ± 0.4 4.2 ± 0.4

β-Hydroxybutyrate (mM) 0.7 ± 0.1 * 0.3 ± 0.1 0.5 ± 0.1
Urea (mM) 4.2 ± 0.2 3.8 ± 0.2 4.3 ± 0.1 #

Creatinine (μM) 7.1 ± 0.3 7.7 ± 0.6 7.3 ± 0.7
Insulin (pM) 182.7 ± 1.0 * 322.2 ± 36.4 233.7 ± 13.4 *

Glucagon (pM) 7.2 ± 1.3 * 18.2 ± 2.5 18.8 ± 1.9

Values are means ± SEM. * p < 0.05 compared with 21-MONTHS rats. Trends: # p < 0.1 compared with 21-MONTHS
rats. TAG: triglycerides; NEFA: non-esterified fatty acids.

3.4. GSPE Limits the Development of Tumors in 21-MONTHS Rats

One of the characteristics of ageing is an increase in the presence of tumors [36]. When the rats
were dissected, all of the tumors found were counted, weighed and classified (Supplementary Table S1).
Figure 5 shows that we found no tumors in the YOUNG rats but the incidence of spontaneous tumors
in the 21-MONTHS rats was 46.2%. The GSPE pre-treatment limited their presence. The chi-squared
test, comparing both aged groups, showed a significant reduction of the present of tumors with the
GSPE pre-treatment of 9.1% (Fisher’s exact test, p < 0.078).
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Figure 4. Biochemical characteristics of the groups analyzed at 13 weeks. (a) Insulin resistance HOMA-IR
index. (b) Insulin resistance HOMA-β index. (c) Glucagon/insulin ratio. (d) β-hydroxybutyrate/non-
esterified fatty acids (NEFA) ratio. (e) Urea/creatinine ratio. Values are means± SEM. * p< 0.05 compared
with 21-MONTHS rats.

 
Figure 5. Percentage of tumors per group. Values are the percentage of rats without tumors (grey) and
with tumors (black) per group studied.

4. Discussion

Ageing is a physiological process characterized by metabolic changes that lead to obesity, insulin
resistance and dyslipidemia, which are risk factors for ageing-associated pathologies such as diabetes
and cardiovascular disease [5,36]. GSPE has the ability to prevent several of these metabolic disruptions
in young rats [33,34,37]. Here we have shown that GSPE maintains its ability in the 21-MONTHS
animals. In addition, this GSPE treatment showed a trend to prevent the development of tumorigenic
tissue growths, also closely associated with the ageing processes.

In previous studies, we defined a dose of 500 mg/kg GSPE as responsible for reducing food intake
and body weight in young rats [25]. Here we have found a similar effect on food intake in aged
animals over the 10 days that the treatment lasted. In this case, the food intake reduction of around
20% had only a slight effect on body weight immediately after the treatment because these animals
had already reached adulthood and their body weight remained constant. In young rats, studies on
a caloric restriction of 20% have shown reductions in body weight increase of around 40% in fifteen
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days [25,38]. In 21-month-old animals, the same caloric restriction takes several weeks to obtain a 30%
decrease in body weight [35]. We found that in young rats the effects of GSPE were maintained for
several weeks after the treatment had finished [33]. We have now shown that in aged rats, the GSPE
effect limiting body weight increase was also maintained for eight more weeks after the end of the
treatment. This was probably due to the ability of proanthocyanidins to limit adipose accrual several
weeks after the end of the treatment [34]. Indeed, we also found that GSPE was able to maintain a
lower percentage of visceral adiposity 11 weeks after the treatment. The effects of this GSPE dose as a
preventive works in a similar way to caloric restriction interventions that reverse ageing-associated
visceral fat increase and have an important impact on decreasing insulin resistance [39]. Our results
eleven weeks after the end of the treatment with GSPE showed a preventive effect on the increase in the
HOMA-β index as also found in some other models of caloric restriction [40]. However, it did not show
any clear protective effect on the insulin resistance index (HOMA-IR). This lack of effect of GSPE on
insulin resistance could be the explanation for the dyslipidemic profile found in the GSPE pre-treated
group at the end of the study. There is a definite cause/effect associated with insulin resistance on
muscle and adipose tissue [41] and dyslipidemia [42]. Dyslipidemia, together with a decreased ketosis,
has also been observed in recent work with 24-month-old male Wistar rats [43,44] and is in line with
what we saw in our 21-month-old female rats. There have been some controversial results regarding
caloric restriction effects on ketone bodies. A lower ability with ageing to synthetize ketone bodies in
the intestine has been reported [45] as has a lower consumption of ketone bodies in the kidney [46].
In both examples, these reductions were reverted by caloric intake restriction. We previously found
a higher expression of HMGCS2 in the liver of young rats five weeks after the last GSPE dose [34]
suggesting a greater ability in the GSPE-treated rats to produce ketone bodies. In the present study,
we did not have a statistically different effect on plasma β-hydroxybutyrate but this could be due to
the length of the study.

In a fasting situation when blood insulin is low, glucagon levels are high and therefore fat oxidation
and ketosis are increased and hepatic lipogenesis is activated [47]. Glucagonemia was also increased
in our 21-MONTHS rats as found by Fernández et al. [44], although there is no wide consensus on
glucagonemia and ageing [7]. Here, GSPE brought about a situation different than the 20% caloric
restriction of Fernández et al. [44]. This higher glucagonemia in GSPE pre-treated rats clearly produced
a higher glucagon/insulin ratio despite the weeks without treatment. This could explain the trend
found in the limited increase in visceral adiposity in these animals. A higher presence of glucagon
versus insulin during a fasting situation favors higher fat oxidation [48], which together with a higher
liver sensitivity to glucagon on ageing [7] would produce a higher hepatic gluconeogenesis. We did
not find a statistical change on glycemia in these GSPE pre-treated rats sacrificed in a fasting situation,
but we cannot discard that it happened at some point earlier than the several weeks post-treatment
when we were measuring it.

One of the significant organ systems that declines with ageing is the kidney. Changes in renal
structure (reduction in mass) and function (glomerular filtration rate (GFR)) accompany advancing
age [49]. Here, we found no effect of age on kidney size nor did we find any on urea, creatinine or
their ratio. However, we did observe a GSPE trend after several weeks towards a smaller kidney
size and an increase in urea versus the 21-MONTHS group but without any significant change in the
urea/creatinine ratio, suggesting the maintenance of the glomerular filtration rate. A similar dose of
500 mg/kg GSPE had beneficial effects on reducing induced acute renal injury and chronic kidney
fibrosis in young mice [50] and diabetic-associated renal injury in young rats [28]. Our results therefore
suggest no clear preventive effects on kidney functionality.

All in all, this GSPE pre-treatment produced a long term effect close to a caloric restriction
state in the rats. Its preventive effect against tumorigenesis was also observed. Caloric restriction
prevents tumorigenesis by decreasing the metabolic rate and oxidative damage [51]. Here, we found
spontaneous tumors on 46.2% of the 25-month-old rats at the end of the study, a value that was lower
than the reported number of age-associated tumors on female Wistar rats [52]. With the sample size
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used in this study, the GSPE treatment showed a trend towards a lowered incidence of tumors on GSPE
PRE rats to 9.1%. A bigger sample size would be necessary to fully demonstrate this effect. Related to
the possible reasons involving caloric restriction, the GSPE tumor suppressing effect may be explained
by its modulation of antiproliferative and proapoptotic genes [53] such as the tumor suppressing
factor p53 [54] and NF-κβ [55] observed in different cancerous cell lines, their anti-inflammatory
properties [56] and antioxidant properties [57].

5. Conclusions

We can conclude that GSPE showed interesting properties on 21-MONTHS rats. It acted to limit
food intake resulting in a decreased body weight after treatment. Eleven weeks after the treatment,
GSPE maintained its effects on limiting visceral adipose tissue growth, prevented the increase in the
HOMA-β index and maintained a higher glucagon/insulin ratio together with a reduced incidence of
age-associated spontaneous tumors. A few of these effects might be related to their caloric restriction
mimetic effect.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/12/3647/s1,
Table S1: Number, weight and classification of tumor per group.
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Abstract: Overweight and obesity adversely affect health-related quality of life (HRQOL) through
day-to-day impairments of both mental and physical functioning. It is assumed that polyphenols
within the Mediterranean diet may contribute to improving HRQOL. This investigation aimed
at studying the effects of a polyphenol-rich ingredient on HRQOL in overweight and obese but
otherwise healthy individuals. A randomized, double-blind, placebo-controlled study including
72 volunteers was conducted. Subjects were randomly assigned to receive for a 16-week period either
900 mg/day of the supplement or a placebo. Dietary recommendations were individually determined
and intakes were recorded. Daily physical mobility was also monitored. Improvement of HRQOL
was set as the primary outcome and assessed at baseline and at the end of the investigation using
the Short-Form 36 (SF-36) health survey. Body composition was analyzed using dual-energy X-ray
absorptiometry (DXA). Physical activity was calculated using the International Physical Activity
Questionnaire (IPAQ). After 16 weeks, despite there being no adherence to the Mediterranean Diet
Serving Score (MDSS), supplemented individuals experienced significant HRQOL improvement
(+5.3%; p = 0.001), including enhanced perceived physical (+11.2%; p = 0.002) and mental health
(+4.1%; p = 0.021) components, with bodily pain, vitality, and general health being the greatest
contributors. Body fat mass significantly decreased (−1.2 kg; p = 0.033), mainly within the trunk
area (−1.0 kg; p = 0.002). Engagement in physical activity significantly increased (+1308 Met-
min (Metabolic Equivalent Task minutes)/week; p = 0.050). Hence, chronic supplementation with
nutritional diversity and dosing of a Mediterranean diet-inspired, polyphenol-rich ingredient resulted
in significant amelioration in both perceived physical and mental health, concomitant with the
improvement of body composition, in healthy subjects with excessive adiposity.

Keywords: health-related quality of life; vitality; body composition; phenolic compounds; Mediter-
ranean diet

1. Introduction

The World Health Organization (WHO) defines quality of life (QOL) as “an individ-
ual’s perception of their position in life in the context of culture and value systems in which
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they live, and in relation to their goals, expectations, standards, and concerns” [1]. Such
conception of QOL is subjective, multidimensional, and encompasses a broad range of life
domains, among which health is one of the most important determinants.

In addition to being an objective medical evaluation, the health-related quality of
life (HRQOL), which typically combines physical, psychological, and social domains of
health [2], is more recognized as a central outcome in healthcare strategies, highlighting
the fact that health is deeply intertwined with a patient’s perspective. Accordingly, the use
of HRQOL assessment is particularly relevant and is increasingly widespread in clinical
practices [3], predominantly for ageing populations and for the inherent expansion in the
prevalence of non-communicable diseases (NCDs), which include cardiovascular diseases,
diabetes mellitus, and hypertension. NCDs are currently the leading cause of mortality in
the modern world, contributing to 38 million deaths each year [4]. According to WHO, the
global burden of NCDs is imputable to ageing, rapid urbanization, and to globalization of
unhealthy lifestyles.

Among modifiable risk factors, overweight and obesity are significant contributors to
the high prevalence rate of NCDs, making them the priority target in various public health
programs [5]. A major cause of overweight and obesity is the excessive accumulation of
body fat due to an imbalance between energy consumption and expenditure, particularly
in populations with sedentary behaviors. The accumulation of body fat, predominantly
within the abdominal region, is clearly associated with a chronic low-grade inflammatory
state and an impaired redox status [6], both being principal pathological pathways involved
in the development of NCDs. It is noteworthy that such disorders are also identified as
validated metabolic indicators of ageing [7], suggesting that overweight and obesity are
conditions that could potentially accelerate ageing and exacerbate the risk of ageing-linked
NCDs [8].

In addition to their role in the etiology of these common medical conditions, over-
weight and obesity have profound adverse physical, social, and psychological consequences
that can negatively affect HRQOL and impair everyday life [9,10], which appears to be an
increasingly important outcome for patients and clinicians, as well as for policymakers.
As a result, QOL has become a valuable endpoint assessed in both epidemiological and
interventional weight management studies in overweight and obese volunteers [11–13].
Measuring HRQOL is the subjective perception of one’s health, where patients are asked
to rate several aspects of their life. Numerous studies have demonstrated that self-rated
health measures are important predictors of mortality in various populations [14].

The Short-Form 36 Health survey (SF-36), a commonly used measure in HRQOL
research, is a generic methodology developed and validated in the Medical Outcomes
Study [15] that assesses eight important HRQOL domains that encompass health-related
social, physical, and mental dimensions. The reliability of this questionnaire has been
validated both in a healthy population [16] and among people with chronic and acute
health conditions, but also when comparing between different groups of patients [10].
Furthermore, several authors have demonstrated a negative correlation between BMI and
SF-36 scores [17,18], and also an improvement of HRQOL correlated with weight loss in
overweight people [13].

Among the dietary patterns, which are mostly studied for their health effects, it
appears that adherence to the Mediterranean diet has been correlated to a lower risk
for NCDs [19]; it is assumed that particular bioactive constituents of the Mediterranean
diet, namely polyphenols, significantly contribute to the reported health-promoted ef-
fects [20]. Moreover, along with their widely studied antioxidant properties, recent studies
demonstrate the modulatory effects of phenolic compounds on various cellular signaling
pathways and responses, such as inflammation and energy metabolism [21,22], highlight-
ing the complex mode of their individual mechanism of action in preventing NCDs [23].
Emerging large cohort studies that investigated the Mediterranean diet, specifically the
regular consumption of a diversity of its main polyphenol content, have shown a posi-
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tive correlation to HRQOL [24,25], suggesting that such bioactive constituents might be
beneficial in improving overweight- and obesity-linked impaired HRQOL.

The aim of this clinical study was to investigate whether 16 weeks of supplementation
with an accurately characterized ingredient formulated from extracts of certain fruits and
vegetables commonly consumed within the Mediterranean diet could improve HRQOL in
overweight and obese, but otherwise healthy, subjects.

2. Materials and Methods

2.1. Subjects

Ninety-two healthy overweight and obese subjects were recruited through advertise-
ments in the region of Murcia in southern Spain. Both men and women between the ages
of 25–55 years, being overweight to obese (BMI: 25–40 kg/m2) but otherwise healthy, were
included in the study. Subjects were excluded if they: had a metabolic or chronic disease;
had an allergy to carrot, grape, grapefruit, green tea, caffeine, or to guarana; were involved
at the time of recruitment or within the previous 6 months in a chronic supplementation
program, engaged in smoking cessation, or had high alcohol consumption; were pregnant
or were breastfeeding; were in menopause; were suffering depression; or were involved in
physical activity more than twice a week.

The study was approved by the Universidad Católica San Antonio de Murcia (UCAM),
Spain) Ethics Committee (approval N◦ 5551) and conducted per the guidelines laid out in
the Declaration of Helsinki [26] and in compliance with Good Clinical Practices defined in
the ICH Harmonized Tripartite Guideline [27]. All participants were informed about the
study procedures and signed written informed consent before entering the study. This trial
was registered at clinicaltrials.gov as NCT03423719.

2.2. Test Supplement

Fiit-ns®, developed by FYTEXIA (France), is principally obtained by alcohol and
water extraction of grapefruit (Citrus paradisi Macfad), grape (Vitis vinifera L.), and guarana
seed (Paullinia cupana Kunth); by water extraction of green tea (Camellia sinensis L. Kuntze)
and black carrot (Daucus carota L.). Fiit-ns® provides bioactive compounds, specifically
polyphenols from the flavonoid family, and natural components of the methylxanthine
family to from an extract of guarana seeds, as well as vitamin B3. The placebo product
was 100% maltodextrin, which is polyphenol-, methylxanthine- and vitamin B3-free. Both
Fiit-ns® and placebo were supplied in 450 mg capsules of identical appearance and flavor.

The supplement was analyzed by means of high-performance liquid chromatography
(HPLC). An Agilent HPLC 1260 apparatus (Agilent Technologies, Les Ulis, France) using
software Openlab CDS Chemstation Edition (version 1.3.1) coupled with a diode array
detector was used. Separations were carried out by means of a Zorbax Stablebond SB-
C18 column (4.6 × 150 mm; 5 μm particle size). To detect different phenolic classes, two
different analytical methods were adopted: one for bioflavonoids and caffeine and one for
anthocyanins.

For flavonoids and caffeine, mobile phase A consisted of water, mobile phase B was
acetic acid, and mobile phase C was 100% acetonitrile. The linear gradient program was
used as follows: (a) 0 to 5 min 94% A and 6% B; (b) 5 to 10 min 82.4%A, 5.6% B, and 12%
C; (c) 10 to 15 min 76.6% A, 5.4% B, and 18% C; (d) 15 to 25 min 67.9% A, 5.1% B, and
27% C; (e) 25 to 30 min 65% A, 5% B, and 30% C; (f) 30 to 35 100% C; (g) 35 to 40 min
100% C; (h) 40 to 45 min 64% A and 6% B. Monitoring was performed at 280 nm at a flow
rate of 1 mL/min and injection volume of 25 μL. Flavanones, flavanols, and caffeine were
respectively expressed as naringin, catechin, and caffeine.

Regarding anthocyanins, mobile phase A was water, mobile phase B consisted of
formic acid, and mobile phase C was acetonitrile. The gradient program used is described
as follows: (a) 0 to 5 min 84.18% A, 10% B, and 5.82% C; (b) 5 to 20 min 77.6% A, 10% B, and
12.4% C; (c) 20 to 35 min 68.2% A, 10% B, and 21.8% C; (d) 35 to 40 min 58.8% A, 10% B, and
31.2% C; (e) 40 to 45 min 44.7% A, 10% B, and 45.3% C; (f) 45 to 50 min 44.7% A, 10% B, and
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45.3% C; (g) 50 to 60 min 40% A, 10% B, and 50% C; (h) 60 to 65 min 84.18% A, 10% B, and
5.82% C. Monitoring was performed at 520 nm at a flow rate of 0.8 mL/min and injection
volume of 10 μL. Anthocyanins were expressed as cyanidin 3-O-glucoside equivalents.

Naringin, catechin, and caffeine standards were purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA) and cyanidin 3-O-glucoside standard was purchased from Extrasyn-
these (Genay, France).

2.3. Study Design and Interventions

The study was designed as a 16 week, randomized, double-blinded, placebo-controlled
clinical trial. Eligible participants were randomized using a simple block randomization
of 1:1 with an additional stratification for sex (40% minimum and 60% maximum each
sex), with a separated randomization list using computer-generated random numbers.
Allocation concealment was achieved with sealed opaque envelops. Once enrolled, subjects
received either the supplement (n = 43) or a visually identical placebo (n = 49). They were
instructed to take two capsules daily for 16 weeks, one in the morning at breakfast and one
at lunchtime.

Throughout the course of the study, volunteers were instructed by a dietitian to
consume a normal caloric and balanced diet corresponding to their individual needs by
determining their specific resting energy expenditure (REE), calculated from the revised
Harris–Benedict equation and adjusted per individual level of physical activity [28]. At
baseline (W1), volunteers performed a 24 h diet recall interview corresponding to the
consumption of two days during the previous week and one day during the previous
weekend, in order to evaluate their usual dietary habits. At the end of the studied period,
the same interview was performed to check compliance with dietary instructions. A
difference of ±10% between the reported and recommended intakes at the end of the study
was considered as satisfactory. Moreover, general adherence to the Mediterranean dietary
pattern was assessed using the Mediterranean Diet Serving Score (MDSS) [29]. This score
ranges from 0 to 24, with an optimal cut-off point of 13.5, which discriminates adherent
and non-adherent individuals.

Subjects were also encouraged to maintain their usual level of physical activity
throughout the 16-week-long intervention period. The subjects were provided with a
pedometer (HJ-321, Omron Healthcare), which was worn at the hip, to record the physical
mobility as the number of daily steps. Subjects reported their daily level of activity in
a diary.

Subjects reported to the UCAM Research Center for 5 visits: (i) pre-inclusion visit at
week 0 (W0) to verify the subject’s eligibility, to assess anthropometrics, and to collect blood
samples for the evaluation of safety parameters; (ii) baseline visit (W1); (iii) follow-up visits
(W4, W8, and W12); and final visit (W16). During each visit, subjects returned their physical
activity diary and the unused investigational supplements and were questioned about
possible occurrence of adverse events before they were provided with a new pill dispenser
for the 4 following weeks.

2.4. Measurements
2.4.1. Health-Related Quality of Life

HRQOL was measured at baseline (W1) and at the end of the intervention period
(W16) using the Spanish version of the 36-item Short Form (SF-36) health survey [30]. This
generic instrument assesses participants’ self-reported HRQOL across physical and mental
components. Questions pertained to the individuals’ typical day during the past four weeks
and usual experiences. The 36 questions were distributed across eight subscales: physical
function (PF), role-physical (RP) limitations caused by physical problems, bodily pain (BP),
general health (GH) perception, vitality (VT), social functioning (SF), role-emotional (RE)
limitations caused by emotional problems, and emotional well-being (EWB). The eight
dimensions ranged in score from 0 to 100, with higher scores indicating better HRQOL.
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The SF-36 also included one Physical Component Summary (PCS) score and one Mental
Component Summary (MCS) score, as well as an overall score of quality of life.

2.4.2. Body Composition

At baseline (W1) and at the end of the study period (W16), body composition was
assessed in the morning, with volunteers in a fasted state and wearing light clothing and
no shoes.

Body weight (kg) was measured with calibrated weighing scales (TBF-300MA, Tanita
Corporation, IL, USA). Waist circumference (cm) was measured at the narrowest point
between the lowest rib and the iliac crest using a non-stretchable tape. The Index of Central
Obesity (ICO) scores were calculated as the waist-to-height ratio.

Body fat mass was determined using a dual-energy X-ray absorptiometry (DXA)
scan of the whole body (XR-46; Norland Corp., Fort Atkinson, WI, USA). Discrimination
of whole-body fat mass (FM) and body trunk fat mass (TFM) was performed with a
computerized software (Software Illuminatus DXA v.4.4.0, Visual MED, Inc., Charlotte, NC,
USA and Norland CooperSurgical Company, Minneapolis, MN, USA) using standardized
procedures.

2.4.3. Self-Reported Physical Activity

The self-reported International Physical Activity Questionnaire (IPAQ) instrument
was used to determine global physical activity levels [31]. This self-administered, long-
form questionnaire consisted of 27 items that covered four different domains of physical
activity (working, transportation, housework, and gardening and leisure-time) that oc-
curred during the previous seven days. The results are presented as an estimation of
energy expenditure in metabolic equivalent minutes per week (Met-min/week), and a
categorical score was calculated to classify volunteers as inactive, moderately, or highly
active. Volunteers completed the IPAQ questionnaire in the presence of an investigator at
W1 and W16.

2.4.4. Safety Parameters

Safety parameters were assessed before inclusion into the study (W0) and at the
end of the intervention period (W16) in order to verify and confirm the healthiness of
the volunteers. Safety parameters included liver function parameters (alanine transami-
nase (ALT), aspartate aminotransferase (AST), gamma-glutamyltransferase (GGT)), renal
function parameters (urea, creatinine, sodium (Na), potassium (K)), and heart rate.

2.5. Statistical Analysis

Data sets were analyzed using XLSTAT-Biomed software (v. 2017.6 for Mac, Addinsoft,
Paris, France). The data are expressed as the mean ± standard deviation (SD). At baseline,
the distribution was considered normal. Changes within and between groups at W1 and
W16 were analyzed using paired and unpaired Student’s t-test, respectively. To compare
baseline differences between the SF-36 scales and population norms, one sample t-test was
used. A minimum value of p ≤ 0.05 was selected as the threshold for statistical significance.

The primary outcome addressed in this study was the difference in SF-36 total scores
after the 16 week intervention period. The power calculation was based on the previous
results of a pilot study conducted with Fiit-ns® [32] (α = 0.05, power (1−β) = 0.8) and was
performed based on an expected clinical difference in SF-36 total scores between W1 and
W16 within the supplemented group of a +5% benefit minimum to determine the targeted
final sample size (n = 28 per group). Considering a drop-out rate of 20% and failure rate
risk of 20%, inclusion of 92 subjects was recommended.
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3. Results

3.1. Characterization of the Supplement

The total bioactive content corresponds to 29.27 g/100 g dry matter, with a total
flavonoid content measured at 24.75 g/100 g. The flavanol content corresponded to
15.67 g/100 g and included catechin, epigallocatechin gallate, epicatechin, and epicate-
chin gallate, respectively, measured at 1.47, 9.55, 2.37, and 2.28 g/100 g. The flavanone
content corresponded to 8.91 g /100 g, among which isonaringin, naringin, hesperidin,
and neohesperidin contents were 0.54, 7.65, 0.03, and 0.13 g/100 g, respectively, whereas
total unidentified flavanone was evaluated as the naringin equivalent at 0.56 g/100 g. The
total anthocyanin content corresponded to 0.17 g/100 g as the kuromanin equivalent. The
caffeine content was measured at 4.52 g/100 g and a third-party laboratory measured the
vitamin B3 content at 2.02 g/100 g (Table 1).

Table 1. Characterization of phenolic compounds and caffeine present in the supplement.

Compound Rt (min) Λ Max (nm)
Content (mg/100 g)

Mean SD

Caffeine 13.5 273 4523.2 (450.4)
Catechin 9.0 278 1472.9 (85.1)

Epigallocatechin Gallate 11.9 274 9549.9 (282.9)
Epicatechin 12.8 280 2373.0 (416.6)

Epicatechin Gallate 15.8 278 2279.3 (372.9)
Flavanone-like 1 16.1 284/323 97.6 (27.7)

Isonaringin 18.6 284/330 540.8 (156.1)
Naringin 19.5 284/330 7646.9 (66.3)

Hesperidin 20.3 284/328 25.4 (24.3)
Neohesperidin 21.2 284/328 134.2 (86.8)

Flavanone-like 2 27.6 284/329 263.5 (4.0)
Flavanone-like 3 30.4 289/328 196.4 (15.3)

Cyanidin-3-xylosylglucosylgalactoside 6.2 516 9.5 (2.0)
Cyanidin-3-xylosylgalactoside 7.9 518 39.3 (7.4)

Cyanidin-3-sinapoylxylosylglucosylgalactoside 11.2 531 13.8 (1.5)
Cyanidin-3-feruloylxylosylglucosylgalactoside 12.4 528 106.1 (13.1)

Cyanidin-3-pcoumarylxylosylglucosylgalactoside 14.3 528 3.0 (1.6)

3.2. Baseline Characteristics

From the 92 individuals who were randomly allocated to either the supplement
(n = 43) or the placebo (n = 49), 78 subjects completed the 16 week intervention (85% of the
randomly assigned subjects); after having started the intervention, a total of 14 volunteers
dropped out for personal reasons, including 6 within the supplemented group and 8 within
the placebo group. Moreover, at the end of the study period, 6 subjects were excluded from
final analysis because of protocol deviation, including 2 subjects within the supplemented
group and 4 within the placebo group who either did not complete the SF-36 questionnaire
or who were non-compliant with the protocol. Finally, 72 volunteers were included in
the analysis, with 35 individuals in the supplemented and37 individuals in the placebo
group (Figure 1). Baseline data of the study population are presented in Table 2. The two
groups were similar with respect to age, height, body weight, and SF-36 total scores. At
baseline, the placebo group had a significantly higher average BMI compared with the
supplemented group.
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Figure 1. CONSORT (Consolidated Standards of Reporting Trials) flow diagram of study.

Table 2. Baseline characteristics of the study population.

Variable Whole Population Placebo Group
Supplemented

Group

Subjects, n (M/F) 72 (34/38) 37 (16/21) 35 (18/17)
Mean SD Mean SD Mean SD

Age (years) 40 (6) 41 (6) 39 (7)
Height (meters) 1.69 (0.09) 1.68 (0.08) 1.70 (0.11)

Body weight (kg) 87.0 (12.6) 89.3 (12.2) 84.5 (12.6)
BMI (kg/m2) 30.5 (3.5) 31.6 (4.0) 29.3 * (2.5)

SF-36 score (points) 81.6 (9.2) 81.7 (8.2) 81.5 (10.3)
*—Significant at p ≤ 0.05 level; M—male; F—female; BMI—Body mass index; SF-36—Short form 36 Health survey.

3.3. Health-Related Quality of Life

Regarding the whole population at baseline (Table 3), SF-36 subscales regarding vital-
ity, emotional well-being, and mental component scores were significantly lower than the
age-specific populations norms taken from the Spanish population reference values [33].
At W1, placebo and supplemented groups exhibited similar SF-36 scores, including both
individual domains and summary scores (Table 4). After 16 weeks of supplementation,
the supplemented group experienced a significant +5.3% increase (p = 0.001) (Figure 2) in
total SF-36 score, while no change was observed in the total score of the placebo group.
The supplemented group showed statistically significant improvements in five out of eight
domains of the health-related quality of life. Respective improvements were observed for
the physical component summary (PCS; +11.2%, p = 0.002), including physical function-
ing (PF; +5.5%, p = 0.006), bodily pain (BP; +11.2%, p = 0.028), and general health (GH;
+7.2%, p = 0.010), as well as for the mental component summary (MCS; +4.1%, p = 0.021),
which included vitality (VT; +7.8%, p = 0.006) and emotional well-being (EWB; +5.2%,
p = 0.021). No statistically significant changes were shown within the placebo group after
the 16 week intervention.
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Figure 2. The percentage changes from baseline (W1) to the end of the study (W16) in individual SF-36
domains, as well as in the Physical Component Score (PCS), Mental Component Score (MCS), and
total HRQOL score in placebo and in supplemented subjects. Arrows indicate clinically significant
differences according to Samsa et al. [31]. Note: *—Indicates an intragroup difference between
baseline (W1) and end of the study (W16) at p ≤ 0.05 level. PF—physical functioning; RP—role
physical; BP—bodily pain; GH—general health; RE—role emotional; VT—vitality; EWB—emotional
well-being; SF—social functioning.

Table 3. Mean scores for SF-36 eight subscales at baseline in the study and in the Spanish population
aged 25–54.

Scale Baseline Age Specific Population Norm §

Physical component score 83.8 83.0
Physical functioning 89.5 91.9

Role-physical 93.8 87.5
Bodily pain 79.0 82.6

General health 73.0 72.7
Mental component score 79.4 * 82.3

Role-emotional 92.4 91.3
Vitality 62.8 * 70.2

Emotional well-being 70.6 * 74.9
Social functioning 91.8 92.9

§—Combined score for men and women ages 25–54 as the age-specific population norm; *—a significant difference
at baseline from the age-specific population norm for the scale at p ≤ 0.05 level.

3.4. Body Composition

At baseline, all fat-mass-related variables (FM, TFM, Index of Central Obesity (ICO),
and BMI) were significantly higher in the placebo group (Table 5). Such a discrepancy
is explained by the higher number of obese individuals that completed the clinical in-
vestigation in the placebo group. After 16 weeks of supplementation, volunteers from
the placebo group did not experience any significant changes in body composition. The
supplemented group showed an improvement in anthropometrics after 16 weeks, with a
statistically significant decrease in body weight by −1.3 kg (p = 0.013) and in BMI by −0.4
points (p = 0.012). Waist size significantly decreased by −1.1 cm (p = 0.017), consequently
lowering the ICO by −1.3% (p = 0.018). Supplemented volunteers significantly lost −1.2 kg
of FM (p = 0.033), of which −1.0 kg was fat lost only from the TFM (p = 0.002).
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Table 4. Mean scores for SF-36 eight subscales, including both physical and mental components, and total health-related
quality of life scores at baseline (W1) and at the end of the study (W16).

Scale

Placebo Group Supplemented Group

W1 W16 W1 W16

Mean SD Mean SD Mean SD Mean SD

SF-36 Total score 81.7 (8.2) 82.2 (8.2) 81.5 (10.3) 85.8 a* (6.4)
Physical component score 84.3 (7.6) 83.8 (8.9) 83.4 (12.6) 88.7 a* (7.6)

Physical functioning 88.6 (9.4) 90.6 (8.4) 90.4 (12.7) 95.4 a* (7.0)
Role-physical 94.3 (7.3) 93.6 (8.1) 93.4 (11.6) 95.7 (6.6)
Bodily pain 80.7 (18.0) 78.3 (23.3) 77.1 (22.9) 85.8 * (14.5)

General health 73.5 (13.3) 72.8 (11.7) 72.5 (16.0) 77.8 * (13.7)
Mental component score 79.1 (10.8) 80.7 (10.5) 79.7 (10.7) 82.9 * (8.0)

Role-emotional 91.2 (14.8) 93.5 (12.6) 93.6 (12.0) 94.9 (9.2)
Vitality 62.4 (11.1) 63.1 (12.2) 63.1 (13.4) 68.0 a* (11.1)

Emotional well-being 70.9 (11.1) 73.5 (10.9) 70.3 (12.9) 73.9 * (10.0)
Social functioning 91.9 (15.9) 92.6 (14.9) 91.8 (12.1) 95.4 (9.1)

*—An intragroup difference between baseline (W1) and end of the study (W16) at p ≤ 0.05; a—an intergroup difference at the end of the
study (W16) at p ≤ 0.05.

Table 5. Body weight, BMI, waist circumference, ICO, total body fat mass, and total trunk fat mass scores at baseline (W1)
and at the end of the study (W16).

Placebo Group Supplemented Group

W1 W16 W1 W16

Mean SD Mean SD Mean SD Mean SD

Body weight, kg 89.3 (12.2) 89.1 (12.5) 84.5 (12.6) 83.2 b* (12.6)
BMI, kg/m2 31.6 (4.0) 31.5 (3.9) 29.3 a (2.5) 28.9 b* (2.8)

Waist circumference, cm 94.2 (9.7) 94.6 (9.3) 90.7 (8.8) 89.6 b* (9.3)
ICO 0.560 (0.05) 0.563 (0.05) 0.533 a (0.04) 0.526 b* (0.04)

Total body fat mass, kg 35.2 (10.4) 35.2 (10.8) 30.5 a (7.4) 29.3 b* (7.9)
Total trunk fat mass, kg 18.1 (5.4) 18.1 (5.9) 15.7 a (4.1) 14.7 b* (4.2)

*—An intragroup difference between baseline (W1) and end of the study (W16) at p ≤ 0.05; a,b—intergroup differences at baseline (W1) and
at the end of the study (W16) at p ≤ 0.05.

3.5. Self-Reported Physical Activity and Average Daily Steps Recording

At baseline, both groups showed similar self-reported levels of physical activity. While
it did not significantly change within the placebo population (p = 0.280), the supplemented
subjects showed an increase of +1308 Met-min/week (p = 0.05) after 16 weeks of supplemen-
tation (Table 6). Regarding categorical scores at baseline, the rates of volunteers within each
category (i.e., inactive, moderately active, and highly active) were similar between groups.
After 16 weeks, the rates of inactive people remained the same in both groups; within
the placebo group, the rate of highly active subjects decreased by −43%, while the rate of
moderately active individuals increased by +14%. In contrast, within the supplemented
population, the rate of moderately active subjects decreased by −14% but the number of
highly active individuals increased by +43%. The number of average daily steps was sig-
nificantly different at baseline between placebo and supplemented subjects (p = 0.028). The
placebo group did not experience any significant change in average daily steps monitored
after 16 weeks, while the supplemented subjects significantly decreased their average rate
by −678 steps (p = 0.019) to reach a similar level to the placebo population.
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Table 6. Mean total score for self-reported physical activity (IPAQ, International Physical Activity Questionnaire) and daily
number of steps (pedometer) at baseline (W1) and at the end of the study (W16).

Placebo Group Supplemented Group

W1 W16 W1 W16

Mean SD Mean SD Mean SD Mean SD

IPAQ score
(Met-min/week) 4798 (4740) 4231 (4190) 4766 (4721) 6074 * (6631)

Inactive (%) 15.2 15.2 12.5 12.5
Moderately active (%) 63.6 72.7 65.6 56.3

Highly active (%) 21.2 12.1 21.8 31.2
Mean SD Mean SD Mean SD Mean SD

Daily steps 6770 (2239) 7186 (2679) 8169 a (2797) 7491 * (2964)

*—An intragroup difference between baseline (W1) and end of the study (W16) at p ≤ 0.05; a—an intergroup difference at baseline (W1) at
p ≤ 0.05. MET-min/week—Metabolic Equivalent Task minutes per week.

3.6. Recommended and Reported Dietary Intake

Recommended intake at baseline did not differ between the two groups (p = 0.770)
(Table 7). When recommended intake was compared with reported intake at baseline, the
differences were −13.7% and −7.8% for the placebo and supplemented groups, respectively.
After 16 weeks, the differences between recommended and reported intake in both groups
were lower than 10% (−8.8% and −9.0% for the placebo and for the supplemented groups,
respectively). Mediterranean Diet Serving Scores (MDSS) were similar between both
groups at 8.4 and 8.6 for placebo and supplemented populations, respectively, indicating a
non-adherence to the Mediterranean diet pattern during the intervention period.

Table 7. Recommended and reported dietary intake at baseline (W1) and at the end of the study (W16).

Placebo Group Supplemented Group

W1 W16 W1 W16

Mean SD Mean SD Mean SD Mean SD

Recommended intake (Kcal) 2074 (273) 2084 (281) 2096 (360) 2039 (342)
Reported intake (Kcal) 1789 (471) 1899 * (502) 1933 (463) 1855 (392)

Mean SD Mean SD
MDSS score 8.4 (3.7) 8.6 (4.2)

*—An intragroup difference between baseline (W1) and end of the study (W16) at p ≤ 0.05.

3.7. Safety

After 16 weeks, both liver and renal function parameters were within the healthy
range in both groups, suggesting that no health impairment occurred throughout the
course of the study. Moreover, heart rates stayed stable throughout the course of the study
(Table 8). No adverse events or side effects linked to the supplement were reported during
the course of the study.
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Table 8. Clinical safety values at baseline (W1) and at the end of the study (W16).

Parameters (Normal Range)

Placebo Group Supplemented Group

W1 W16 W1 W16

Mean SD Mean SD Mean SD Mean SD

Liver function
ALT (7–55 U/L) 21.4 (9.1) 21.0 (8.5) 25.0 (15.9) 25.1 (14.7)
AST (8–48 U/L) 20.2 (5.5) 20.1 (5.3) 22.4 (6.3) 23.3 (10.0)
GGT (6–48 U/L) 19.1 (11.7) 19.9 (11.9) 23.1 (13.4) 24.7 (14.0)
Kidney function

Urea (15–46 mg/dL) 35.4 (9.1) 33.0 (7.7) 31.9 (7.8) 30.1 (7.4)
Creatinine (0.6–1.3 mg/dL) 0.79 (0.18) 0.74 * (0.16) 0.74 (0.15) 0.76 (0.16)

Na (135–145 mmol/L) 141.2 (1.2) 141.2 (2.1) 141.7 (1.7) 141.1 (1.7)
K (3.6–5.2 mmol/L) 4.3 (0.3) 4.3 (0.2) 4.3 (0.2) 4.3 (0.3)

Heart rate (bpm) 71.8 (10.2) 72.1 (8.6) 71.3 (11.2) 70.4 (16.4)

*—An intragroup difference between baseline (W1) and end of the study (W16) at p ≤ 0.05.

4. Discussion

The main results of this study demonstrate that a 16-week-long supplementation
period with an ingredient formulated from a blend of various botanical extracts, which
are rich in a diversity of polyphenols and usually consumed as part of the typical Mediter-
ranean diet, is associated with significant improvements of both the physical and mental
components of the HRQOL in overweight and obese but otherwise healthy subjects of
both sex.

At baseline, volunteers showed an impaired HRQOL, namely in vitality and emotional
well-being subscales, for which values were below the Spanish age-specific population
reference norms [33]. Although similar studies have previously reported impairment
across all off the SF-36 subscales, most of them were conducted either with a population
displaying a significantly higher grade of obesity or with an additional manifestation of
comorbidities [10,17]. Here, baseline impairments observed for vitality and emotional
well-being are in line with the work of Blissmer et al. [11], who found similar decrements
in a highly comparable population of healthy overweight and moderately obese subjects,
indicating higher feelings of tiredness and anxiety.

Following a 16 week intervention period associated with a normal caloric diet, both
the physical and mental components of the HRQOL significantly improved in volunteers
supplemented with the polyphenol-rich ingredient compared to the placebo group. Net
improvements were shown by subjective ameliorations in bodily pain > general health
> vitality > physical functioning > emotional well-being. It is noteworthy that after the
16-week-long period of supplementation, both the vitality and the emotional well-being
values improved to achieve the level of the reference norms of the Spanish age-specific
population. Improvements in these different subscales and in both the physical and mental
component scores must be considered as clinically significant, as it has been stated that
absolute differences of 3–5 points are clinically relevant [34].

In addition to these improvements, the 16 week chronic polyphenolic supplementation
induced significant body weight loss, with an average difference between both groups of
1.1 kg. It is noteworthy that this decrease was essentially driven by an 86% fat mass reduc-
tion, for which 89% was located within the trunk area, pointing out a particularly beneficial
effect on body composition. Such an improvement may, to some extent, positively impact
the HRQOL. Indeed, some authors have demonstrated that weight loss was associated
with improvement of both physical and mental health dimensions in several intervention
trials [11,13,35–37]. Moreover, the amount of weight loss and the level of HRQOL improve-
ment may be directly interconnected [37,38]. Nevertheless, here we did not demonstrate a
significant correlation between weight or fat loss and HRQOL improvement, hypothesizing
that weight loss could be an indirect consequence of HRQOL improvement, as it has been
recently demonstrated with a bi-directional relationship between both parameters [39].
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Moreover, catechins from green tea have previously been demonstrated to have antiobesity
effects [40] through various mechanisms of action, such as the inhibition of pancreatic
lipase [41], as well as through the regulation of obesity-related genes and proteins [42].
However, it is important to highlight that these interventional studies used significantly
higher amounts of green tea catechins, whereas in the current supplement it only corre-
sponded to one cup of green tea daily. Moreover, caffeine content and flavanones from
grapefruit extract could also potentiate the decrease in body fat mass, as enhanced lipolysis
leading to decreases in body weight and fat mass has previously been demonstrated in
overweight and obese subjects supplemented with such kinds of bioactive compounds [43].
Accordingly, as each of the bioactive components in the supplement are present at lower
levels compared to efficient dosages from the literature, it could be assumed that the
beneficial observations for the supplement should be attributed to the whole formulation.

In parallel to body composition improvement, the level of physical activity, as assessed
through the IPAQ questionnaire, significantly intensified (p = 0.05) after 16 weeks of
supplementation. Thus, while 69% of volunteers from the supplemented group maintained
their usual level of physical activity, 25% moved into a higher category compared with
the placebo population, for which only 9% of volunteers improved their level of physical
activity. Contradictorily, at the same time, the supplemented group showed a decrease in
daily steps as assessed with a pedometer, while no change was observed in the placebo
population. This discrepancy may be explained by the fact that pedometers are not suitable
for the measurement of certain types of physical activity, such as swimming, cycling, or
heavy lifting, which are otherwise assessed through the IPAQ questionnaire, making these
both subjective and objective measurements, two complementary tools in physical activity
assessment. As volunteers were encouraged to maintain their usual physical activity level
throughout the course of the study, it can be hypothesized that the significantly higher
physically active lifestyle reported within the supplemented group is not the result of
conditioned mental engagement only. Indeed, the increase of HRQOL, and namely of the
feeling of increased vitality, may explain such a rise in physical activity. A recent review
that aimed at examining the link between physical activity and HRQOL concluded that
there is a consistent cross-sectional association between physical activity level and HRQOL,
namely in the vitality and in the physical functioning domains, however the finding could
not confirm a causal relationship, i.e., “higher HRQOL leading to a higher level of physical
activity, or vice versa, or mutual influence” [44]. Nevertheless, the engagement in a more
active lifestyle within the supplemented population may also have a positive effect on
body composition improvement, as discussed above.

Besides positive effects on body composition and engagement in physical activity, it
appears that phenolic compounds may induce, through other various mechanisms, observ-
able effects in terms of HRQOL improvement. Accordingly, adherence to a Mediterranean
dietary pattern, characterized by wide consumption of fruits and vegetables, cereals, fish,
olive oil, and red wine, has been directly associated with better QOL in an analysis includ-
ing more than 11,000 participants that belonged to the SUN (Seguimiento University of
Navarra) cohort [45,46]. While several nutrients and micronutrients may contribute to
this effect, phenolic compounds have been suggested to be the main mediators; a large
cross-sectional study demonstrated a direct relationship between the antioxidant contents
of the Mediterranean diet, including the flavonoid content, and HRQOL [25]. In addition,
in another recent study including more than 13,000 women, higher flavonoid intake at
midlife was associated with increased odds of healthy ageing, based on higher survival at
older ages free of chronic diseases and maintenance of midlife HRQOL (as assessed by the
SF-36 survey) [47]. Here, despite the studied population being Spanish and particularly
prone to complying with the Mediterranean diet, the MDSS did not demonstrate any
significant adherence to this pattern in either groups, for whom the consumption of fruits
and vegetables, the main sources of flavonoids, was below the recommendations of the
last updated version of the Mediterranean Diet Pyramid [48]. Thus, it can be hypothesized
that a regular basic diet has no or only a minor impact on HRQOL, since there were no
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improvements within the placebo population, whereas the supplemented subjects that
covered the gap of phenolic micronutrients significantly improved their HRQOL.

Bioactive compounds occurring in the supplement may positively impact physi-
ological functions related to both physical and mental health status—mainly vascular
inflammation, coagulation factors, and endothelial function [25], which are all described
to be impaired during overweight and obesity [49]. The aptitude of certain phenolic com-
pounds in improving vascular health has been demonstrated both in vitro and in vivo [50].
Catechins from green tea positively impact vascular function through various complemen-
tary mechanisms linked to their antioxidative and anti-inflammatory properties, as well as
to their capacity to activate endothelial NO synthase [51]. Similarly, grape polyphenols also
demonstrated an aptitude to improving vascular impairments through similar molecular
mechanisms [52], all contributing to a better peripheral and central blood flow, which in
turn may positively affect physical and mental health status [53].

While modulation of both oxidative stress and inflammatory parameters, the main
contributors in the improvement of vascular function and blood flow, has previously been
demonstrated with the current supplement in a study involving obese subjects [32], spe-
cific mechanisms of flow-mediated dilation improvements and subsequent blood flow
increase have not yet been investigated. Moreover, as the beneficial effect of the supple-
ment on HRQOL has been demonstrated, further investigations will have to be conducted
in attempts to confirm the causal relationship between the bioavailability and pharma-
cokinetics of the polyphenols metabolites and the mechanisms involved in improving
vascular function.

Beyond the mentioned limitations, the results of the present study reveal the beneficial
and systemic effects of phenolic compounds on subjective physical and mental symptoms
linked to overweight and obesity. The study was designed to minimize bias, and thus
individualized calorie intake recommendations and diet interviews, as well as monitoring
of daily steps, were identified as possible confounding factors. Despite the studied popula-
tion being recruited in a Mediterranean region, neither of the two groups adhered to the
typical regional diet, which strengthens the hypothesis that phenolic compounds certainly
contribute to subjective health, as previously proposed by others [25,47].

In conclusion, this study demonstrated that the 16-week-long consumption of an
ingredient obtained from polyphenol-rich fruit and vegetable extracts associated with both
caffein and vitamin B3 supports improvements in HRQOL, specifically in both mental and
physical subjective feelings. In addition, the decrease in body fat mass and the significantly
increased engagement in physical activity probably established a virtuous cycle between
body composition, physical activity, and perceived HRQOL. The mechanisms of action
likely involve improvements in vascular function via well-known antioxidative and anti-
inflammatory properties of phenolic compounds. Such beneficial effects may be extended
to other situations where HRQOL is impaired, particularly during the ageing process,
where an imbalance of body composition and a loss of vitality and of physical functioning
associated with a more sedentary lifestyle are commonly observed.
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Abstract: Globally, more than one-third of adults are overweight. Overweight and obesity are
complex and multifaceted conditions, associated with an increased risk of chronic illness and early
mortality. While there are known risk factors, these alone do not fully explain the varying outcomes
between individuals. Recently, taste receptors have been proposed to have a role in the risk for
obesity. These receptors are expressed throughout the gastrointestinal tract. In this system, they may
be involved in modulating dietary intake and metabolic processes. The taste 2 family of receptors
(T2Rs) detects bitter compounds. Receptors T2R4 and T2R5 detect (-)-epicatechin (epicatechin),
an antioxidant polyphenol, which may have protective effects against obesity. However, the potential
role for taste receptors in this association has not been explored. This study assessed whether
polymorphisms in TAS2R4 (rs2233998 and rs2234001) and TAS2R5 (rs2227264) were associated with
body mass index (BMI). Genotyping (Taqman qPCR assays) was performed on DNA extracted
from blood samples (n = 563) from an elderly cohort. Homozygosity for the minor allele of all
polymorphisms was significantly associated with a lower BMI in males. The TAS2R4-rs2233998
CC genotype, the TAS2R4-rs2234001 CC genotype and the TAS2R5-rs2227264 TT genotype were
associated with lower BMI (2.1, 2.1 and 2.2 units; p = 0.002, 0.003 and 0.001, respectively). Epicatechin
intake was not associated with BMI and genotype was not associated with epicatechin intake.
This suggests that the association between TAS2R genotype and elevated BMI risk occurs through
altered extra-oral responses and not directly via altered epicatechin intake.

Keywords: BMI; bitter; epicatechin; phenol; obesity; taste genetics; taste receptors

1. Introduction

Catechins are part of a large group of plant polyphenols with exceptional antioxidant
properties [1]. Interestingly, these compounds may have protective properties against
obesity. A catechin-rich grape seed extract has been reported to significantly reduce
body weight in mice with high-fat diet-induced obesity [2], while green tea catechins
have been shown to reduce BMI, body weight and waist circumference in humans [3].
For (-)-epicatechin specifically (referred to as epicatechin throughout), murine studies
have shown that epicatechin administration can reverse the negative effects of maternal
obesity [4]. In humans, it has been demonstrated that epicatechin administration before
a meal increased satiety [5], and further that epicatechin improved post-prandial fat and
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carbohydrate metabolism [6]. Altogether, there is evidence to suggest that catechins,
and specifically epicatechin, may be protective against obesity.

Globally, more than 39% of adults are overweight and more than 13% are obese [7–9].
However, in Australia, more than 67% of adults are overweight [7]. Interestingly, obesity
rates are increasing regardless of geographic location or socioeconomic status [8]. Impor-
tantly, obesity in the elderly is associated with earlier mortality relating to comorbidities
such as hypertension, diabetes and heart disease [10–12]. Obesity is a complex and multi-
faceted disease that is not fully understood. However, there have been advancements in
the investigations into the genetics of obesity [13], in particular the potential role of taste
genetics on dietary intake and metabolism. This study explores the relationship between
taste genetics, body mass index (BMI) and epicatechin intake.

Bitter taste receptors (T2Rs) are a family of receptors responsible for the detection of
bitter compounds and potential toxins. Humans have 25 functional T2Rs which, when com-
bined, are capable of detecting hundreds of bitter compounds [14–16]. In the oral cav-
ity, genetic variation in these receptors influences oral detection, food preference and
intake [17–20]. Importantly, these receptors are also expressed throughout the gastroin-
testinal tract, where they are thought to be involved in the modulation of appetite and
satiation [17,21,22], gut motility [21–23] and glucose homeostasis [24]. In addition, func-
tional T2R variants are associated with obesity in a porcine model [25]. Overall, bitter taste
genetics may be associated with obesity via the modulation of dietary intake and/or by
the regulation of gastrointestinal hormones and gut function [26].

TAS2R38 is a widely studied taste gene responsible for the detection of the bitter com-
pounds phenylthiocarbamide (PTC) and 6-n-propyl-2-thiouracil (PROP) [27]. These com-
pounds are commonly used as tools to detect taste phenotype. Three single-nucleotide
polymorphisms (SNPs) give rise to two common forms of the gene. These polymorphisms
are part of a haploblock and result in the amino acid substitutions proline-alanine-valine
(PAV; associated with tasting PTC and PROP) or alanine-valine-isoleucine (AVI; associated
with not tasting PTC or PROP). From this, there are three genotypes associated with taste
sensitivity. PAV homozygotes can detect and respond strongly to PTC and PROP and are
classified as super-tasters, heterozygotes are classified as tasters and AVI homozygotes
cannot detect these compounds and are classified as non-tasters. It is important to note
that TAS2R38 genotype alone does not determine the ability to taste PTC and PROP [28].
However, it is still used as a general marker of taste acuity [29].

The TAS2R38 genotype associated with non-taster status has been linked to signifi-
cantly higher BMIs and/or increased dietary intake [30–37]. However, some studies report
no association [38–40] and others report inverse associations [41]. These results may also
vary with age and sex [37,39,42]. For example, in a study of 381 females and 348 males,
the TAS2R38-rs1726866 T allele (non-taster) was associated with eating disinhibition in
adult women [17]. Conversely, a study in 81 children found a significant relationship
between tasters and high BMI, but reported no differences in energy intake [41]. Another
study in children (n = 53) which compared taster status to weight-for-height percentiles,
found that taster females had a significantly higher weight for height compared to non-
taster females and, contrastingly, that non-taster males had a higher weight for height than
male tasters [42]. Furthermore, a study in 118 elderly Polish women found no significant
correlation between TAS2R38 genotype and BMI [39]. Importantly, the relationship be-
tween bitter sensitivity and BMI is known to vary with age [43]. In a cross-sectional study
of 311 men and women, it was found that individuals under 65 with a higher BMI (>28)
were less sensitive to bitter taste. However, in the over 65 group, overweight subjects were
more sensitive to bitter taste [43]. Overall, bitter sensitivity, and the relationship between
TAS2R38 genotype and BMI may vary with age and sex.

A group of bitter receptors, T2R4, T2R5 and T2R39, detect epicatechin [44]. There-
fore, we analysed three common TAS2R polymorphisms that result in functional receptor
changes. TAS2R39 was not analysed due to very low polymorphism frequency in this
gene [45]. Two common polymorphisms in the TAS2R4 gene (rs2233998 and rs2234001)

122



Nutrients 2021, 13, 571

and one polymorphism in the TAS2R5 gene (rs2227264) were assessed. These three SNPs
are part of a haploblock on chromosome 7 and have previously been linked to perceived
bitterness of coffee [46]. This study explores the multidirectional interactions between
TAS2R genotype, epicatechin intake, and BMI together in an elderly cohort.

2. Materials and Methods

2.1. Subjects and Data Collection

This study was a secondary analysis of cross-sectional data from the Retirement
Health and Lifestyle Study, which was conducted on the NSW Central Coast of Australia
from 2010 to 2012 [47]. Participants over the age of 65 were randomly selected from the
Wyong and Gosford local areas, resulting in a cohort of primarily Caucasian heritage.
This cohort was selected for this analysis to investigate the long-term effects of genotypes
that correspond to functionally compromised taste receptors on BMI and dietary intake.
Following screening and withdrawals, there were a total of 649 participants who gave
blood samples and completed food frequency questionnaires (FFQ).

Dietary information was collected using a self-reported FFQ, adapted from the vali-
dated Commonwealth Scientific and Industrial Research Organisation Human Nutrition
FFQ [48]. The FFQ contained 225 food items across all food groups with questions about
frequency of consumption. For this study, this number was converted into serves per
day. Participants were excluded if their FFQ was deemed invalid based on extreme en-
ergy excess or deficit (>30,000 or <3000 kJ/day) this excludes participants suspected of
severely under- or overestimating daily dietary intake [49,50]. Participants who reported
>11 serves per day of the same food group [51], or >4 serves of the same fruit, or same
nut, per day were excluded as this is not representative of the general population [52].
Following exclusions, there were a total of 563 participants eligible for this study.

All participants supplied written informed consent. Study approval was obtained
from the University of Newcastle Human Research Ethics Committee (approval number
H-2008-0431).

2.2. Blood Samples and BMI

Blood samples were collected in EDTA-lined tubes by a trained phlebotomist and
stored at −20 ◦C prior to DNA extraction. BMI was calculated from participant’s weight
and height [weight (kg)/height (m2)]. Weight was measured to the nearest 0.01 kg using
digital scales (Wedderbum© UWPM150 Platform Scale). Height was measured using the
stretch stature method [53] and recorded to the nearest 0.01 cm.

2.3. Genotyping

Participant DNA was extracted from frozen blood samples using the QIAGEN QIAmp
DNA mini kit following the manufacturer’s whole-blood protocol [54,55]. DNA samples
were stored at 20 ◦C prior to genotyping. Genotyping was carried out via qPCR (QuantStu-
dio 7 Flex Real-Time PCR) with TaqMan™ SNP Genotyping Assays (Applied Biosystems™,
ThermoFisher Scientific, CA, USA) and TaqMan™ Genotyping Master Mix according to the
TaqMan™ user guide [56,57]. Participants were included in this study only upon successful
genotyping.

2.4. Epicatechin Intake

Daily epicatechin intake data were estimated from a polyphenol database [58] and the
FFQs [52]. The Phenol Explorer database contains the average mg/100 g of epicatechin
for a large variety of foods and beverages [58]. In this study, foods that contained over
0.1 mg/100 g epicatechin from the Phenol Explorer database [58] were considered high-
epicatechin foods, and were used as an indicator of epicatechin intake. This approach was
used to estimate relative intake as it is notably difficult to estimate actual intake amounts
(mg/day) [59]. This is primarily due to bias in self-reported dietary data and large variation
in reported concentrations of epicatechin within foods [58,59] (Table 1).
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Table 1. Foods with high epicatechin content (≥0.1 mg/100 g; Phenol Explorer).

Groups High-Epicatechin Foods Average mg/100 g [58] SD Standard Serving Size [52] Average mg/Serve

Tea Tea [Green], infusion 7.9 13.7 200 mL 15.9
Tea [Black], infusion 3.9 4.3 200 mL 7.9

Chocolate Chocolate, dark 70.3 29.5 25 g 17.7
Chocolate, milk 14.6 4.8 25 g 3.7

Wine Wine [Red] 3.8 3.2 100 mL 3.8
Wine [White] 1.0 1.4 100 mL 1.0

Fruits Apple [Dessert], raw 8.4 3.7 150 g 12.6
Peach, peeled 8.0 4.2 150 g 12.0

Apple [Dessert], pure juice 7.8 7.7 150 g 11.6
Grape [Black] 5.2 5.6 150 g 7.9

Red raspberry, raw 5.1 3.7 150 g 7.6
Apricot, raw 3.5 4.3 150 g 5.2

Nectarine, peeled 3.0 1.1 150 g 4.5
Plum, fresh 2.2 2.2 150 g 3.3

Blueberry, raw 1.1 0 150 g 1.7
Grape [Green] 0.5 0.5 150 g 0.7
Avocado, raw 0.4 0.2 150 g 0.6

Kiwi 0.3 0.2 150 g 0.4
Banana, raw 0.1 0.1 150 g 0.2

Vegetables Broad bean seed, raw 22.5 0 75 g 16.9
Green bean, raw 0.7 2.7 75 g 0.5

Nuts Lentils, whole, raw 0.1 0.3 75 g 0.1
Cashew nut, raw 0.9 0 30 g 0.3

Pecan nut 0.8 0 30 g 0.2
Almond 0.6 0.4 30 g 0.2

Hazelnut, raw 0.2 0 30 g 0.1

The food items that fit into an FFQ category, and also contained >0.01 mg/100 g
epicatechin according to the Phenol Explorer database, were included in this study (Table 1).
These foods included teas, chocolates, wines, many fruits, nuts and legumes (Table 1).

Due to the resolution of the FFQ, in this analysis, all teas, including black, green and
herbal, were analysed as a group (i.e., total serves of tea per day). Additionally, all choco-
late, including milk, dark, chocolate bars and chocolate biscuits were grouped together
(i.e., total serves of chocolate products per day). FFQ data were available for individual
wines, fruits, vegetables and nuts (i.e., serves per day of individual products).

2.5. Statistics

Statistical analyses were performed using JMP (version 14.2.0, SAS Institute Inc., Cary,
NC, USA). The relationship between genotype and BMI was examined using standard least
squares regression. All analyses were adjusted for age and sex, or adjusted for age and
stratified by sex. BMI was reported as least squares means with 95% confidence intervals.
Genotypes were combined to analyse presence vs. absence of the major allele according to
the TOPMED database. Dunnett’s post-hoc analysis was used to determine statistically
significant differences between genotypes (p < 0.05). The relationship between energy
intake and serves of high-epicatechin foods per day, and the relationship between BMI
and serves of high-epicatechin foods per day was analysed using least squares regression.
p-values and standardised beta values (β) were reported for correlation. Graphs were
presented using Graphpad Prism (version 7.01, GraphPad Software, La Jolla, CA, USA).

3. Results

A total of 563 participants were included in this study following exclusions (Table 2).
Of these, 254 were male and 309 were female. The average overall age was 77.4. In men,
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the average age was 77.4; and in women, the average age was 77.3 The average BMI
for men was 28.5 and 28.6 for women, with an average of 28.5 overall. The average
overall energy intake was 8223.5 kJ (8453.1–7993.9). There was a significant difference in
average male daily energy intake (8656.2 kJ (8311.3–9001.1)) compared to females (7866.7 kJ
(7563.1–8170.3)). The average number of serves of high-epicatechin foods per day was 5.2
for men, women and overall.

The genotype distributions are shown in Table 3. The TAS2R4 rs2233998 polymor-
phism has a minor allele frequency (MAF) of 0.42. 21% of participants were homozygous
for the minor allele (CC), 25% were homozygous for the major allele (TT) and 54% of
participants were heterozygotes. In the rs2234001 polymorphism, 20% of participants were
homozygous for the minor allele (CC; MAF = 0.48), 25% were homozygous for the major
allele (GG) and 55% were heterozygotes. In the TAS2R5 rs2227264 polymorphism, 21% of
participants were homozygous for the minor allele (TT; MAF = 0.44), 27% of participants
were homozygous for the major allele and 62% were heterozygotes.

Table 2. Participant characteristics reported as the mean (95% CI).

Characteristic Male (n = 254) Female (n = 309) Total (n = 563)

Age 77.4 (76.6–78.3) 77.3 (76.6–78.2) 77.4 (76.8–78.0)
BMI 28.5 (27.9–29.1) 28.6 (28.0–29.2) 28.5 (28.1–29.0)

Daily energy intake (kJ) * 8656.2 (8311.3–9001.1) * 7866.7 (7563.1–8170.3) 8223.5 (8453.1–7993.9)
Serves of high-epicatechin foods per day ** 5.2 (4.9–5.6) 5.2 (4.9–5.5) 5.2 (5.0–5.4)

** High-epicatechin foods are defined as having ≥0.1 mg/100 g (Phenol Explorer [58]); * significant difference in energy intake between
males and females (p = 0.0005).

Table 3. TAS2R genotype distributions.

SNP Genotype n % MAF HWE χ2 HWE p

TAS2R4 (rs2233998) CC 112 21% 0.42 3.8 0.05
CT 287 54% -
TT 131 25% -

TAS2R4 (rs2234001) CC 108 20% 0.48 121.8 <0.0001
CG 302 55% -
GG 135 25% -

TAS2R5 (rs2227264) TT 120 21% 0.44 0.8 0.4
TG 291 62% -
GG 151 27% -

SNP = single-nucleotide polymorphism; MAF = minor allele frequency; HWE = Hardy–Weinberg equilibrium.

Homozygosity of the minor allele was associated with significantly lower BMI in both
TAS2R4 polymorphisms (Figure 1). The TAS2R4-rs2233998 CC genotype was associated
with an average BMI of 27.7 (95% CI [26.8, 28.6]) and the presence of the G allele was
associated with significantly larger average BMI of 28.7 (95% CI [28.2, 29.2]; p = 0.02).
The TAS2R4-rs2234001 CC genotype was similarly associated with a lower BMI (27.6
(95% CI [26.7, 28.5])) compared to the presence of the G allele (28.8 (95% CI [28.3, 29.2]);
p = 0.01). The presence of the major allele in the TAS2R5 polymorphism (rs2227264) was
not associated with a significant difference in BMI in this cohort.

The relationship between BMI and TASR genotype was sex specific (Figure 2). For all
three polymorphisms (rs2233998, rs2234001 and rs2227264), the presence of the major allele
was associated with a significantly higher BMI than in males homozygous for the minor
allele. The TAS2R4-rs2233998 CC genotype was associated with a BMI of 26.8 (25.6–28.0)
and the presence of the G allele was associated with a significantly higher BMI (28.9
(28.3–29.6); p = 0.002). The TAS2R4-s2234001 CC genotype was associated with a BMI of
26.9 (25.7–28.1), whereas the presence of the G allele was associated with a significantly
higher BMI of 29.0 (28.4–29.7; p = 0.003). Finally, the TAS2R5-rs2227264 TT genotype
was associated with a BMI of 26.8 (25.7–28.0) compared to 29.0 (28.4–29.6; p = 0.001).
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In females, there was no significant difference in BMI of individuals homozygous for the
minor allele, compared to the presence of the major allele. Additionally, these results
remained significant when adjusted for daily energy intake.

Figure 1. The relationship between TAS2R genotype and BMI. Data are presented as the mean BMI with 95% confidence
intervals, adjusted for age and sex.

Figure 2. The relationship between TAS2R genotype and BMI by sex. Data are presented as the mean BMI with 95%
confidence intervals, adjusted for age.
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Due to the significant difference in energy intake between males and females (Table 2),
the data were analysed for a relationship between TAS2R genotype and daily energy intake,
this analysis was stratified by sex (Table 4). The presence of the major allele was not
associated with a significant different energy intake compared to homozygosity for the
minor allele in any of the three polymorphisms. When stratified by sex, there was also no
significant differences between the genotypes analysed.

There was a significant correlation between increased daily energy intake and in-
creased epicatechin intake (p < 0.0001; β = 0.5) (Figure 3A). There was no significant
relationship between BMI and serves of high-epicatechin foods per day (p = 0.2; β = −0.06)
(Figure 3B). Additionally, there was no significant association between dietary energy
intake per day and BMI (p = 0.5; β = −0.03) in this cohort.

Table 4. Daily energy intake is not significantly associated with TAS2R genotype.

SNP TAS2R4 (rs2233998) TAS2R4 (rs2234001) TAS2R5 (rs2227264)

CC CT/TT p CC CG/GG p TT TG/GG p

Mean kJ/day
(95% CI)

7934.5
(7428.0–
8441.0)

8278.6
(8013.4–
8543.7)

0.2
7905.2

(7386.8–
8423.7)

8272.3
(8011.8–
8532.8)

0.2
8056.8

(7564.0–
8549.6)

8304.7
(8045.3–
8564.2)

0.4

Male mean
kJ/day

(95% CI)

8530.8
(7777.1–
9284.6)

8644.6
(8236.8–
9052.4)

0.8
8552.8

(7794.8–
9310.9)

8585.0
(8189.5–
8980.6)

0.9
8574.6

(7834.9–
9314.3)

8686.0
(8288.6–
9083.4)

0.8

Female mean
kJ/day

(95% CI)

7350.2
(6660.4–
8039.9)

7902
(7554.9–
8249.3)

0.1
7282.3

(6565.9–
7998.7)

7943.7
(7598.9–
8288.4)

0.1
7561.5

(6896.1–
8226.9)

7914.7
(7573.4–
8256.0)

0.4

Figure 3. Epicatechin intake is significantly associated with dietary energy intake (A), but is not associated with BMI (B).
Standardised β and p values reported for correlation.

There was no significant association between TAS2R genotype and the average num-
ber of serves of high-epicatechin foods (Table 5). However, there was consistently higher
epicatechin intake observed in males homozygous for the minor allele of all three polymor-
phisms (compared to male carriers of the major allele and both female groups). Interestingly,
these are the same groups associated with significantly lower BMIs in Figure 2.
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Table 5. TAS2R genotype does not significantly affect the average number of serves of high-epicatechin foods per day.

SNP TAS2R4 (rs2233998) p TAS2R4 (rs2234001) p TAS2R5 (rs2227264) p

CC CT/TT CC CG/GG TT TG/GG

Mean (95% CI) 5.3 (4.8–5.7) 5.2 (4.9–5.4) 0.7 5.3 (4.8–5.8) 5.2 4.9–5.4) 0.8 5.4 (4.9–5.9) 5.2 (4.9–5.5) 0.5

Male mean (95% CI) 5.5 (4.8–6.3) 5.1 (4.7–5.5) 0.3 5.4 (4.7–6.1) 5.1 (4.7–5.5) 0.5 5.6 (4.8–6.3) 5.2 (4.8–5.6) 0.4

Female mean (95% CI) 5.0 (4.2–5.7) 5.2 (4.8–5.6) 0.6 5.1 (4.4–5.8) 5.2 (4.9–5.6) 0.7 5.2 (4.5–5.9) 5.2 (4.9–5.6) 1.0

4. Discussion

The secondary analysis presented here identifies potential associations between com-
mon TAS2R4 polymorphisms and BMI. Homozygosity for the minor alleles of TAS2R4-
rs2233998 and TAS2R4-rs2234001 was associated with significantly lower BMI compared
to carriers of the major allele in this cohort. The three TAS2RSNPs analysed in this study
(TAS2R4-rs2233998, TAS2R4-rs2234001 and TAS2R5-rs2227264) are part of a haploblock on
chromosome 7 [46]. Therefore, it was expected that the SNPs assessed may be associated
with the same parameter (BMI). Importantly, the association between TAS2R4 genotypes
(TAS2R4-rs2233998, TAS2R4-rs2234001) and BMI could not be explained in this cohort by
daily energy intake or by daily epicatechin intake. The lack of association between energy
intake and BMI suggests TAS2R4 genotypes do not modulate food intake. Alternatively,
functional TAS2R4 polymorphisms may affect the extra-oral roles of taste receptors in
energy metabolism [26].

Importantly, this study highlights a previously unexplored potential relationship
between TAS2R4 and TAS2R5 genotypes and BMI. In males, homozygosity for the minor
allele of all three polymorphisms corresponded to a lower BMI (>2 BMI units) in each
instance, this equates to several kilograms of weight difference, depending on height.
The risk for conditions associated with higher BMI such as hypertension, diabetes and
cardiovascular disease increases with increased BMI [8,9,60]. For example, each one-unit
increase in BMI is significantly associated with a 4% risk of ischemic stroke and a 6%
increase in risk of hemorrhagic stroke [61]. Additionally, in adolescent men (n = 37674),
risk for diabetes increases by 9.8% and risk for heart disease increases by 12% per one
BMI unit increase [62]. The effects of increased BMI is particularly pronounced in the
elderly where overweight and obese individuals experience earlier mortality than their
normal weight counterparts [10–12]. Overall, this study provides insight into the genetic
risk factors for obesity in the elderly.

A potential role for other extra-oral bitter receptors genotypes in predicting BMI
has previously been suggested [35,41]. A Korean study (n = 3567) identified that the
TAS2R38-rs10246939 TT genotype (associated phenotypically with non-tasting) was associ-
ated with a significantly higher BMI in females. However, there was no association between
genotype and energy intake, suggesting another biological mechanism [35]. Additionally,
a study in children (n = 81) which found a significant association between tasters and high
BMI, found no complementary relationship between taster status and energy intake [41].
When taken together with the results presented here, a potential role for extra-oral T2Rs in
predicting BMI, without modulating energy intake is suggested.

The extra-oral roles of T2R activation on appetite and gut motility may be a po-
tential explanatory factor for these observations. Treatment with bitter taste receptor
agonists has been shown to alter satiation, food intake and gastric emptying. Intra-gastric
administration of 1μmol/kg of the bitter taste receptor agonist, denatonium benzoate,
significantly increased satiation in healthy volunteers (n = 13) [21]. Furthermore, a study
in 16 women that examined the effects of chewing and then expectorating either a bitter
bar or a pleasant-tasting bar determined that gastric emptying was significantly delayed
in response to the bitter-tasting bar [23]. In animal and cell models, it has been identified
that intestinal taste receptors modulate the secretion of gastrointestinal hormones GLP-1,
GIP, ghrelin, CCK and PYY [21–24,26,63,64] involved in appetite, digestion and glucose
homeostasis [21,22,24,63–65]. Therefore, functional extra-oral receptor changes related
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to TAS2R genotype may influence the secretion of gastrointestinal hormones in response
to bitter agonists and impact obesity risk. However, additional studies are needed to
determine the causative mechanism(s).

Although there was no association between epicatechin intake and BMI in this co-
hort, the administration of epicatechin (detected by T2R4 and T2R5) has previously been
associated with improved cardiometabolic function [6,66]. A study in 20 adults found that
following 1 mg/kg epicatechin ingestion, lipid oxidation was significantly increased in
overweight subjects and post-prandial triglyceridemia decreased in normal and overweight
subjects [6]. Another small study (12 males) reported significantly improved vascular func-
tion following 1–2 mg/kg body weight oral dose of epicatechin [66]. However, results
from the present study suggest that nutritive doses of epicatechin did not have an effect
on BMI in elderly subjects. Similarly, a previous study identified that a nutritive dose
of 25 mg/day had no effect on cardiometabolic factors (blood pressure, glucose, insulin,
insulin resistance, triglycerides, or total LDL, or HDL cholesterol) [67].

Interestingly, the number of serves of high-epicatechin foods per day was associated
with increased daily energy intake in this study. It may be that higher epicatechin intake in
this study is simply a function of higher overall food intake. By contrast, it has previously
been demonstrated in humans that epicatechin administration before a meal increased
satiety [5]. Additionally, while TAS2R38 genotypes have previously been associated with
altered oral detection, food preference and intake [17–20], there was no significant as-
sociation between TAS2R4 and TAS2R5 genotypes and epicatechin intake in this study.
This suggests that these polymorphisms are not altering oral detection and modulating
intake of epicatechin containing foods. However, functional receptor changes associated
with these TAS2Rpolymorphisms may alter extra-oral metabolic responses to epicatechin.

Associations between TAS2R38 genotypes and BMI and associated taster status and
BMI have previously been reported [30–37,41]. However, this study is unique in examining
the relationship between TAS2R4 and TAS2R5 genotypes and BMI and supports a role
for TAS2R genotypes in predicting BMI in males. The association between homozygosity
for the minor alleles of TAS2R4-rs2233998, TAS2R4-rs2234001 and TAS2R5-rs2227264 and
lower BMI appears to be specific to males in this cohort. Sex specificity has been previ-
ously identified between TAS2R genotypes and a variety of outcomes, including dietary
intake [17,68], BMI, [35,42] and thyroid function, which effects metabolism [69]. The sex
specificity of the observed results may be explained by potential interactions between
sex hormones and taste signalling, other genes located on sex chromosomes, or social
determinants of food choice that are gender specific. Further studies are needed to under-
stand these relationships. Altogether, this study provides further evidence of a potential
sex dimorphism in the relationship between TAS2R4 and TAS2R5 genotypes and BMI in
elderly subjects.

It is important to note that the identified relationship between TAS2R38 and BMI
may also vary with age. This study found no significant association between TAS2R4 or
TAS2R5 genotypes and BMI in elderly women, while other studies in children [32,41] and
adults [30,31,33–35] report potential links between TAS2R38 genotype and BMI, and a pre-
vious study in elderly women found no significant association between TAS2R38 genotype
and BMI [39]. It is well-documented that taste loss occurs during ageing [70,71]. Therefore,
further studies are needed in children and adults to determine whether the relationship
between TAS2R4 and TAS2R5 genotypes and BMI is age specific as well as sex specific.

The use of an elderly cohort means that these results may be specific to elderly and not
necessarily applicable to younger populations. However, this cohort was useful in studying
the long-term effects of TAS2R genotypes on BMI. Another limitation of this study included
estimations of energy intake and epicatechin intake. Dietary intake estimations are limited
by low-accuracy and subject bias of food frequency questionnaires [72]. Additionally, it is
important to note that epicatechin intake is hard to quantify due to the high variability of
food composition [59] and the large variation in reported concentrations of epicatechin
within foods [58].
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Overall, we propose that TAS2R genotypes, resulting in functional receptor changes,
may alter metabolic hormone secretion in a sex-specific manner, with downstream effects
on BMI. Additional studies in larger and more diverse age groups are needed to establish
this potential association between TAS2R genotype(s) and BMI. Importantly, if these rela-
tionships are established, they may be used to predict obesity risk, and potentially combat
conditions associated with a larger BMI in the form of personalised nutrition therapies.
Ultimately, this study provides initial insight into the complex relationship between taste
genetics and BMI and the potential roles for extra-oral T2Rs in obesity risk.
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Abstract: Functional and nutraceutical foods provide an alternative way to improve immune function
to aid in the management of various diseases. Traditionally, many medicinal products have been
derived from natural compounds with healing properties. With the development of research into
nutraceuticals, it is becoming apparent that many of the beneficial properties of these compounds are
at least partly due to the presence of polyphenols. There is evidence that dietary polyphenols can
influence dendritic cells, have an immunomodulatory effect on macrophages, increase proliferation
of B cells, T cells and suppress Type 1 T helper (Th1), Th2, Th17 and Th9 cells. Polyphenols reduce
inflammation by suppressing the pro-inflammatory cytokines in inflammatory bowel disease by
inducing Treg cells in the intestine, inhibition of tumor necrosis factor-alpha (TNF-α) and induction
of apoptosis, decreasing DNA damage. Polyphenols have a potential role in prevention/treatment of
auto-immune diseases like type 1 diabetes, rheumatoid arthritis and multiple sclerosis by regulating
signaling pathways, suppressing inflammation and limiting demyelination. In addition, polyphenols
cause immunomodulatory effects against allergic reaction and autoimmune disease by inhibition of
autoimmune T cell proliferation and downregulation of pro-inflammatory cytokines (interleukin-
6 (IL-6), IL-1, interferon-γ (IFN-γ)). Herein, we summarize the immunomodulatory effects of
polyphenols and the underlying mechanisms involved in the stimulation of immune responses.

Keywords: polyphenols; immunomodulation; pro-inflammatory cytokines; anti-inflammatory
cytokines

1. Introduction

With advancing knowledge of the importance of adequate nutrition, and increased
public health awareness about diet, there is growing attention on the health benefits of
natural products including those that are rich in polyphenols. Polyphenols are the most
extensive group of non-energetic secondary metabolites and are produced by plants in
response to stress [1] (Figure 1). Polyphenols have been called ‘lifespan essentials’ due
to their significant impact on health [2]. There are as many as 8000 different polyphenols
which are divided into different classes based on their chemical structure. Despite the
different classifications, all polyphenols have the key structural features of an aromatic ring
and at least one hydroxyl group [3,4]. Dietary polyphenols are abundant in plant-based
foods such as fruits, vegetables, dry legumes, cereals, olives, cocoa, tea, coffee and wine [5].
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Some common dietary polyphenols include the lignins present in nuts and whole-grain
cereals; pro-anthocyanidins in grapes, pine bark and cocoa; anthocyanins/anthocyanidins
in brightly colored fruits and vegetables like berries; isoflavones in soybeans; catechins
in green tea, grapes and wine; tannins in tea and nuts; quercetin in grapes and onion;
resveratrol in wines and naringenin/hesperidin in citrus fruits [6].

Research into the beneficial health effects of polyphenols has increased considerably
over the last two decades [7]. Polyphenols have shown anti-inflammatory, antimicrobial, an-
tioxidant, anticarcinogenic, antiadipogenic, antidiabetic and neuroprotective effects [8–12].
Polyphenols may also counteract cytotoxicity and apoptosis due to their immunomod-
ulatory properties [13] and regulate innate and adaptive immunity. Polyphenols have
also been shown to reduce oxidative stress and inflammation [14], modulate immune
cells, regulate gut microbiota composition and immunity (Figure 1). Through this regu-
lation of the immune system, polyphenols could beneficially impact a number of chronic
diseases [15]. Herein, we discuss the immunomodulatory effect of polyphenols and the re-
sulting effects on different chronic diseases, including inflammatory bowel disease, atopic
eczema or dermatitis, allergic asthma, rhinitis, type 1 diabetes, multiple sclerosis and
rheumatoid arthritis.

Figure 1. Classification and health benefits of polyphenols.
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2. Methods

Extraction of current and relevant data was performed using the electronic databases,
Science Direct, PubMed, Springer and Google Scholar. Searches were conducted in two sec-
tions. The first part aimed to identify evidence on the effect of polyphenols on the immune
system and immune cells. Search terms used were ‘Polyphenols’ OR ‘Phytochemicals’ OR
‘Phenolic’ AND ‘Immunity’ OR ‘Immune system’ OR ‘Immune function’ AND ‘Immune
cells’ OR ‘Dendritic cells’ OR ‘Macrophages’ OR ‘Monocytes’ OR ‘Neutrophils’ OR ‘Nat-
ural Killer cells’ OR ‘B cells’ OR ‘T cells’ OR ‘T helper cells. The second part aimed to
identify evidence on the impact of polyphenols in chronic inflammatory and auto-immune
diseases. Additional search terms included ‘Inflammatory diseases’ OR ‘Inflammatory
Bowel Disease’ AND ‘Allergy’ OR ‘Atopic Eczema’ OR ‘Dermatitis’ OR ‘Food Allergy’ OR
‘Rhinitis’ OR ‘Asthma’ AND ‘Autoimmune Disease’ OR ‘Type-1 diabetes’ OR ‘Rheumatoid
arthritis’ OR ‘Multiple sclerosis’. Articles published in English were included. The titles
and abstracts were scanned to exclude any irrelevant studies. A total of 167 papers that
focused only on the immunomodulatory effect of polyphenols on health were screened
and articles containing relevant data were reviewed.

3. Immune Modulation of Polyphenols to Immune Cells

The immune system as a whole consists of innate and adaptive immunity, each with
different roles and functions [16]. The innate immune system is the first line of defense, and
protects against foreign antigens through the skin, pulmonary system, and gut epithelial
cells, forming a barrier between the organism and its environment [17]. The innate system
is broadly divided into cellular and non-cellular systems. The cellular system consists of
several cell subsets, including dendritic cells (DCs), monocytes, macrophages, granulocytes
and natural killer (NK) cells. The non-cellular system is very diverse, ranging from simple
mucus barriers to complex protein pathways, such as the complement cascade, however all
function to prevent pathogen entry, and facilitate pathogen destruction by phagocytosis [18].
The adaptive immune system comprises T and B cells. B cells secrete antibodies, whilst T
cells are involved in the production of cytokines, direct cytotoxic destruction of infected
or malignant tissue, and activation of other immune cells [16]. Polyphenols modulate
immune responses in both the innate and adaptive systems, having both stimulatory and
inhibitory effects in different areas [19] (Figure 2).

Figure 2. Immunomodulatory effects of polyphenols on immune cells.

137



Nutrients 2021, 13, 728

3.1. Effects of Polyphenols on Dendritic Cells

DCs are the most potent antigen-presenting cells which act to prime the adaptive im-
mune system to recognize foreign antigens, and so are vital in the initiation and regulation
of the adaptive immune response [20]. It has been shown that polyphenols can influence
the differentiation of DCs [21]. In fact, resveratrol has been identified as affecting human
DC differentiation from monocytes, with a strong potential for regulatory action [22].
Likewise, epigallocatechin gallate (EGCG) induces apoptosis and affects the phenotype
of developing DCs. Molecules that are essential for antigen presentation by DCs such
as CD83, CD80, CD11c, and major histocompatibility complex (MHC) class II, are down-
regulated by EGCG, suggesting an immunosuppressive action [23]. Other polyphenols,
including EGCG, curcumin, quercetin, apigenin, silibinin, and blackberry polyphenols
cause inhibition of murine bone marrow-derived DC maturation and expression of MHC
molecules, reducing antigen uptake and decreasing secretion of the pro-inflammatory
cytokines interleukin-1 (IL-1), IL-2, IL-6, IL-12 [24–27]. A study in an animal model showed
that administration of fisetin (50 mg/kg) decreased DC migration and DC allo-stimulatory
capacity [28]. Similarly, in vitro resveratrol has an inhibitory effect on DC maturation [29].

3.2. Effects of Polyphenols on Monocytes and Macrophages

Macrophages are phagocytes that ingest pathogens and dead cells, which differenti-
ate from the transitory monocyte. Like DCs, macrophages can also function as antigen-
presenting cells (albeit with less potent activity) being able to activate naïve T cells into
effector T cells in the presence of an antigen [19]. Macrophages play an important role in
inflammation, host defense, and tissue repair [30,31]. Importantly, macrophages also play a
pathogenic role in various chronic diseases including asthma, inflammatory bowel disease,
atherosclerosis and rheumatoid arthritis [31–33]. Macrophages are classically considered in
two categories, known as polarization: the classical inflammatory M1 and immunosuppres-
sive/anabolic M2 phenotypes. Initiation of M1 differentiation is by interferon-γ (IFN-γ)
stimulation and the activation of toll-like receptors (TLRs) by bacterial lipopolysaccharides
(LPS); while M2 polarization is triggered by IL-4 [34]. It has been shown that polyphenolic
cocoa extract suppressed M1 mediated inflammation and drove M2 polarization of acti-
vated macrophages [35]. Polyphenol-rich green tea has anti-tumor effects secondary to the
activation of macrophages and NK cells [36]. Inonotus sanghuang, a plant known for its
medicinal value, rich in rutin, quercetin, quercitrin, isorhamnetin and chlorogenic acid, has
been shown to reduce inflammation by modulating the interaction between macrophages
and adipocytes. It was suggested that in this way it may improve insulin resistance and
metabolic syndrome [37]. Moreover, Overman et al. reported that grape powder extract
decreased LPS-stimulated inflammation in macrophages and reduce insulin resistance [38].

Monocytes and macrophages play a fundamental role in the progression of atheroscle-
rosis [35]. Increased oxidative stress causes low-density lipoprotein oxidation (oxLDL),
with the resulting lipoproteins engulfed by macrophages resulting in the formation of
foam cells. This process triggers an inflammatory response in the neighboring endothelial
cells which secrete pro-inflammatory cytokines and chemokines [39–41]. When mono-
cytes migrate towards the intima, they transform into macrophages on stimulation by
macrophage colony-stimulating factor, increasing the expression of scavenger receptors
outside the cell [39,40]. Polyphenols are known to regulate this interplay between immune
and vascular endothelial function. Evidence has shown that polyphenols reduce atheroscle-
rotic progression by increasing high-density lipoprotein (HDL) levels and decrease LDL
accumulation in macrophages, reducing foam cell formation [3,42].

3.3. Effects of Polyphenols on Natural Killer Cells

NK cells are a subset of lymphocytes, but are part of the innate immune response,
with the function of eliminating infected or malignant cells [19]. NK cells have a strong
cytolytic function and a considerable role in immune regulation [43]. NK cells are activated
by CD4+ T cell secretion of IL-2 and IFN-γ [44]. Once activated NK cells secrete perforin
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and granzyme B, which induce apoptosis and necrosis in target cells. Polyphenols have
immunomodulatory effects on NK cells, increasing their number and activity. Green tea
catechin metabolites increase NK cell cytotoxicity [45] and quercetin enhances NK cell lytic
activity [46] in animal models. In a clinical trial, healthy participant prescribed a diet low
in polyphenols and supplemented with juices rich in polyphenols increased lymphocyte
proliferative responsiveness, IL-2 secretion and lytic activity by NK cells [47]. Berries
rich in flavonoids and pro-anthocyanidins have a cancer-preventive effect but are also
involved in the modulation of NK cells [48]. A study in marathon runners noted that daily
consumption of 250 g of blueberries for six weeks resulted in doubled NK cell counts [49].
Evidence showed that purple sweet potato leaves that are rich in flavonoids enhanced the
lytic activity of NK cells in 16 healthy participants [50].

3.4. Effects of Polyphenols on T and B Cells

T and B cells are the principal components of the adaptive immune system. B cells
secrete antibodies known as immunoglobulins (Igs), which bind to antigens and underpin
hypersensitivity reactions and antimicrobial immune responses. When B cells are activated
to a specific antigen, they differentiate into plasma cells and produce Immunoglobulin (Ig)A,
IgG, IgM, IgD and IgE [19]. Polyphenols have been suggested to modulate the function
of B cells; however, this has been poorly described, and further research is required.
In an in vitro study it was noted that green tea polyphenols and EGCG decreased the
production of IgE in a dose and time-dependent manner [51], and another study showed
that polyphenols inhibit the proliferation of CD19+ cells and reduce IgG production [52].
It was noted that administration of green tea extract to mice for 6 weeks reduced the
production antigen-specific IgE by enhancing CD4+ CD25+ regulatory T cells (Treg) in the
spleen, resulting in reduction of allergic response [53].

T cells are divided into three major types: cytotoxic T cells, T helper (Th) cells and
the Treg cells depending upon expression of the CD4 or CD8 molecules. CD4+ T cells are
helper T cells that assist and control immune cell activity and activation. CD8+ cytotoxic T
cells act to directly lyse and destroy malignant, senescent or infected cells [19]. Polyphenols
have been associated with the modulation of enzymatic signaling, via the inhibition of
the serine-threonine and tyrosine-protein kinase pathways. These enzymes are primarily
linked with B cell activation and T cell proliferation as well as the production of cytokines
by activated monocytes [3]. Treg play a crucial role in immunity tolerance and control of
auto-immunity [54]. A study on mice showed that regular treatment of EGCG for a week
increased the frequency of Treg cells in the spleen, pancreatic lymph nodes and mesenteric
lymph nodes. The Treg cells obtained from the treated group could suppress cytotoxic T
cell function, reducing proliferation and IFN-γ production [54]. In addition, EGC-M5 (a
major metabolite of EGCG) at a dosage of 10 mg/kg of body weight were provided to rats
for 14 days and caused upregulation of CD4+ T cell activity and cytotoxic activity of NK
cells [45].

3.5. Effects of Polyphenols on T Cell Differentiation

CD4+ T helper cells differentiate into T helper (Th)1, Th2, Th9, Th17, Th22, depending
upon the cytokine environment [55]. Th1 cells are involved in cell-mediated immunity and
are produced in the presence of IL-12, whilst Th2 cells are critical for humoral immunity
and differentiate in the presence of IL-4 and IL-13 [56]. Th17 cells secrete IL-17, IL-22, and
chemokine ligands 20 (CCL20) [57] and have been shown to have a role in the progression
and pathogenesis of chronic inflammatory diseases like rheumatoid arthritis, multiple
sclerosis, psoriasis, atopic dermatitis, and asthma [56,58]. Th22 cells produce IL-22, a
cytokine responsible for maintaining the epithelial barrier and skin integrity [57]. In
mice, polyphenols like apigenin and chrysin suppresses serum IgE induced by ovalbumin
immunization by downregulating Th2 responses [59]. Similarly, tea polyphenols, such
as EGCG, reduce Th1 differentiation and numbers of Th17 and Th9 cells [60], as well
as resveratrol by decreasing Th17 cell numbers in an inflammatory arthritis model in
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rodents [61]. Grape seed pro-anthocyanidin extract also showed anti-arthritic properties
and upregulated the number of Tregs and maintained the balance between Th17/Treg,
attenuating inflammation [62].

3.6. Effects of Polyphenols in Inflammation

The inflammatory response of the innate immune system is a vital part of the defense
against microbial infection. However despite its vital role in promoting the immune re-
sponse, its timely resolution is equally important [63]. Chronic inflammation is a key cause
of a number of life-threatening diseases [64]. A study on pomegranate peel polyphenols
(PPPs) and its specific components such as punicalagin (PC) and ellagic acid (EA) showed
a reduction in pro-inflammatory cytokines TNF-α, IL-1β and IL-6 and downregulation
other inflammatory mediators including nitric oxide (NO) and prostaglandin E2 (PGE2)
by decreasing inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) ex-
pression [65]. Similarly, PPPs, PC, and EA have shown inhibitory effects on LPS-induced
production of intracellular reactive oxygen species (ROS) and suppression of TLR4 at both
the mRNA and protein levels, all of which have major mechanistic roles in inflamma-
tion [66]. In addition, grape seed extract, has been shown to decrease pro-inflammatory
cytokine, ROS and superoxide production whilst elevating antioxidant enzyme gene ex-
pression and secretion of anti-inflammatory mediators [67,68]. Green tea polyphenols also
reduce the production of inflammatory cytokines (TNF-α, IL-6, IL-1β), and inhibit the TLR4
signaling pathway [69]. The immunomodulatory effects of polyphenols are summarized in
Table 1.

Table 1. The immunomodulatory effects of polyphenols.

Polyphenols Signaling Pathways Immunomodulatory Responses

Curcumin [70,71] Suppress NF-κB

↓ Bcl-2 in PHA-activated Tcells
Suppress maturation of DCs

Inhibit IL-12, IL-8
↑ IL-4

Resveratrol, Quercetin,
Silibinin [72] Altering PI3K/Akt ↓IL-6 and IL-1

Genistein [71,73]
Activate AMPK ↓ IL-1β, IL-6, IL-8

Inhibit ROS/Akt/NF-κB ↓COX-2

EGCG [74] Suppress NF-κB and MAPK
Inhibit Th1 and Th17 differentiation

↓ Transcription factors (STAT1 and T-bet for Th1,
and STAT3 and RORγt for Th17)

↑ T-reg in lymphoid tissues and central nervous system

Proanthocyanidins
Procyanidins [75,76]

Suppress NF-κB and MAPK ↓TNF-α, IL-1β
Inhibit iNOS and COX-2

Caffeic acid [77–79] Suppress p38 MAPK, JNK1/2 and NF-κB
↓ IL-1β, IL-6, TNF-α

↓ Monocyte chemoattractant protein (MCP)-1
Inhibit xanthine oxidase and COX

PHA: Phytohemagglutinin, DC: Dendritic cell, IL: Interleukin, COX: Cyclooxygenase, Th: T helper, STAT: Signal transducer and activator
of transcription, NF-κB: Nuclear factor kappa-B, ROS: Reactive oxygen species, TNF-α: Tumor necrosis factor-alpha, MCP: Monocyte
chemoattractant protein, iNOS: Inducible nitric oxide synthase, PI3K/Akt: Phosphatidylinositol 3-kinase/protein kinase B, AMPK:
Adenosine monophosphate-activated protein kinase, MAPK: Mitogen-Activated Protein Kinase.

4. Immune Modulation of Polyphenols to Prevent and Control Chronic Diseases

Dietary polyphenols have preventive and therapeutic potential for a number of chronic
diseases whose development involves dysregulation of the immune function.

4.1. Polyphenols and Inflammatory Bowel Disease

The intestinal epithelium is generally in a state of low-grade inflammation, due to
microbial, chemical and mechanical stimuli that maintain a moderate inflammatory re-
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sponse [80]. Generally, it is controllable, but if inflammation exceeds the normal limit due to
disease, it can disrupt epithelial tissues and impede intestinal dysfunction. These uncontrol-
lable inflammatory conditions are known collectively as inflammatory bowel disease (IBD),
comprised of two specific pathologies; Crohn’s disease and ulcerative colitis [81]. Globally,
the annual incidence of IBD is approximately 396 cases per 100,000 persons per year [82].
There is evidence to suggest polyphenol supplementation could play a role in managing
IBD. The proposed mechanism by which this occurs is through polyphenol modulation of
pattern recognition receptors (PRRs), such as the TLRs and nucleotide-binding oligomeriza-
tion domain proteins, which are highly expressed in intestinal epithelial and immune cells.
PRRs activate immune responses against pathogens through recognition of related molecu-
lar structures [83], and polyphenols are known to be able to modulate the expression of
PRRs and their associated inflammatory response in the intestine [80]. Activation of PRRs
induces inflammation by increasing cytokine secretion and cyclooxygenase-2 expression.
Polyphenols like curcumin and isothiocyanate inhibit TLR4 dimerization, an essential step
for TLR4 activation [84,85]. Resveratrol also interferes with TLR4 signal transduction by
inhibiting TANK binding kinase 1 which regulates the downstream pathways that result
in cytokine production [86]. In addition, resveratrol acts as anti-inflammatory agent in
intestinal mucosa [87]. Polyphenols are also known to modulate key inflammatory genes,
such as cyclooxygenase-2 and the inflammatory cytokines, further implying potential for
an anti-inflammatory effect in IBD [88,89]. It has also been shown that flavonoids are able
to regulate the activity of Treg cells in the intestine, downregulating the expression of
inflammatory cytokines, and consequently suppressing inflammation [90,91]. Polyphenols
are also able to influence the gut microbiota as a probiotic. Green tea polyphenols promote
the growth of beneficial microbiota like Bifidobacterium and Lactobacillus and suppress
pathogenic bacteria, such as, E Coli and Salmonella [12,92]. This supports the maintenance
of intestinal homeostasis and reduces inflammation [93]. Grape seed and green tea polyphe-
nols also have potential to prevent or delay the progression of IBD [68,94,95]. Pomegranate
polyphenols also provide protective effects against IBD by modulating the intestinal in-
flammatory response reducing expression of various pro-inflammatory cytokines, such as
iNOS, COX-2, PGE2, as well as regulating the composition of the luminal microbiota [96].
A recent study reported that dietary polyphenols from mango (gallotannins and gallic acid)
improved the symptoms of IBD. This study included 10 subjects who received 200–400 g/day
of mango pulp for 8 weeks. A significant reduction was observed in a factors related to
neutrophil-induced inflammation like IL-8, growth-regulated oncogene and granulocyte
macrophage colony-stimulating factor by 16.2%, 25.0% and 28.6%, respectively [97]. An-
other study showed that Bronze tomatoes, which are rich in anthocyanins, flavonols, and
stilbenoids, had a significant impact in alleviating the symptoms of IBD in mice [98]. Taken
together, this suggests that polyphenols can help in the prevention and treatment of IBD by
reducing pro-inflammatory cytokines, regulating the activity of Treg cells and promoting
the growth of beneficial microbiota in the intestine.

4.2. Polyphenols and Allergies

The prevalence of allergic disorders has been increasing dramatically with competing
environmental, genetic, diet and hygiene factors likely to underlie their advance [99,100].
Allergic reactions result from a hyper-reaction of the immune response against allergens
such as those in the environment (dust, grass pollen) or food (milk, fish, eggs, nuts and
wheat) [101]. Due to their growing incidence, there is significant attention on interven-
tions to assist in their management, and polyphenols have been proposed as viable so-
lutions [101] (Table 2). Certain polyphenols influence allergic responses at two critical
stages: (1) allergic sensitization and (2) re-exposure to the allergen. During the sensitization
phase, polyphenols such as caffeic and ferulic acid bind with allergenic proteins, form-
ing insoluble complexes and rendering them non-reactive [101]. Additionally, flavonoids
directly affect antigen presentation by DCs by either inhibiting cell surface expression
of MHC-II and co-stimulatory molecules (CD80, CD86), leading to ineffective antigen
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presentation, or by inhibiting cytokine production [102,103]. Polyphenols like catechins
and their derivatives inhibit Th2 cytokine production [104,105] as well as T cell activation
and proliferation [106,107]. Recruitment of B cells to sites of allergic inflammation and their
production of IgE have also been shown to be inhibited by polyphenols [59,108,109]. Of
interest, the interaction between polyphenols and proteins results in the modulation of aller-
gic sensitization and their direct effect on mast cells hence inhibiting the release of allergic
mediators and eventually decreasing the symptoms of allergy [101]. In addition, polyphe-
nols such as caffeic, ferulic, and chlorogenic acids can bind irreversibly with the peanut
allergens, Ara h1 and Ara h2, reducing their allergenicity [110]. In mice, administration of
polyphenol-enriched areca nut extracts suppressed the level of ovalbumin (OVA)-specific
IgE, the expression of IL-4, downregulating Th2 driven immunity and enhancing the
activity of myeloid-derived suppressor cells, attenuating allergic responses [111]. In an-
other study, 30 female mice treated with cranberry and blueberry polyphenol complexed
peanut protein for 6 weeks, had reduced expression of CD63 and decreased plasma IgE
levels [112]. Evidence has also shown that polyphenol-rich cranberry extracts interact with
wheat gliadins forming insoluble complexes in a mouse model, which decreased wheat
gliadin immunogenicity and allergenicity [113]. Furthermore, polyphenolic ellagic acid
effectively binds with allergenic proteins within the food matrix [114,115]. Punicalagin
(a polyphenol derived from pomegranate), rutin and phloridzin increased the growth of
beneficial bacteria species such as Bifidobacterium and Lactobacillus which are known to have
beneficial impacts in food allergies [116,117]. Oral administration of a polyphenol-rich
grape skin extract that had been fermented with Lactobacillus Plantarum had an inhibitory
effect on allergic responses when compared to a non-fermented extract [118].

Table 2. Effect of dietary polyphenols on allergic reaction.

Dietary Polyphenols Treatment and Duration Results

Atopic Eczema or Dermatitis

Quercetin (pure isolated polyphenols)
15 human subjects with contact

dermatitis. Quercetin applied topically
for five days

No change as compared to the control [119]

Cocoa flavanols (catechin, epicatechin,
procyanidins) at a lower dose of 27

mg or a higher dose of 329 mg

Ten healthy women consumed a low and
high dose.

The higher dose of cocoa drink reduced
water loss and improved the blood

circulation in the skin [120]

Water extract of whey powder dodder
rich in quercetin

Randomized control trial (RCT) study
recruited 52 subjects atopic dermatitis

recruited for 30 days

Quercetin reduces allergy and inhibits the
secretion of the mast cell. Elevate skin

moisture and elasticity [121]

Apple condensed tannins (ACT) at a
dose of 10 mg/kg

Apple polyphenols were investigated in
subjects with atopic eczema for 8 weeks.

Reduced inflammation and itching in disease
subjects compared with the control group.

ACT has an anti-allergic effect [122]

Food Allergy

Polyphenol enriched extracts or
purified epicatechin (1, 0.3 and 0.01%)

Female BALB/c mice treated with
polyphenols for 8 days

Epicatechin exhibited a significant
anti-allergic effect [123]

Polyphenol-enriched apple extract
(>40%)

BALB/c mice treated with an apple
extract for 7 weeks

Reduce allergenicity by protein–polyphenol
interaction, decrease intestinal mast cell
protease and pro-inflammatory genes,
diminished cytokine secretion. [105]

Cocoa diet with 0.2% polyphenols Rats received either a cocoa diet or a
standard diet for 4 weeks

Cocoa diet decreased total serum
immunoglobulin (Ig)E, Tumor necrosis factor
(TNF)-α and interleukin (IL)-10 secretion. No

effect on IL-4 synthesis [124]
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Table 2. Cont.

Dietary Polyphenols Treatment and Duration Results

Asthma and Rhinitis

Drinks containing apple polyphenols
at low and high dose (50 mg and 100

mg)

33 subjects having moderate or severe
persistent allergic rhinitis treated with

apple polyphenols for 4 weeks

Improve sneezing attacks nasal discharger
and swelling of the nasal turbinate in the

low-dose group and high dose group [125]

100 mg pycnogenol mixture of
water-soluble bioflavonoids 76 patients with asthma

Decrease by 15.2% of the specific IgE,
whereas IgG1 and IgG4 remained unchanged.

Reduced the need for medication [126]

500 mg/day Apple condensed
tannins (ACT) and polyphenols

A double-blind comparative study on 36
subjects with rhinitis for 12 weeks

Significant improvement in sneezing scores
and nasal discharge inhibited in perennial

rhinitis due in the group taking polyphenols
treatment [127]

4.3. Polyphenols in Atopic Eczema or Dermatitis

Atopic eczema and dermatitis are allergic skin disorders that primarily occur during
early infanthood (3–4 months of age) and continue to develop until 2 years of age [128].
They cause dryness of skin, itching, inflammation and erythema (redness). Polyphenols
have anti-inflammatory properties that can alleviate this allergic inflammation. Green
tea extracts (catechins, epicatechin, epigallocatechin gallate and their derivatives) protect
against cutaneous inflammation [129]. Similarly, EGCG suppresses the secretion of the
pro-inflammatory cytokine IL-2 in vitro, an important mediator in allergic dermatological
conditions [130]. Polyphenols have also been shown to improve the characteristic itching
and pruritis associated with these conditions. Oat-derived polyphenol avenanthramide was
shown to reduce the characteristics of pruritis and itching associated with dermatological
conditions [131]. The effect of polyphenols on keratinocytes and immune cells was also
analyzed in vitro and shown to reduce nuclear factor κB (NF-κB) activation, TNF-α and
IL-8 [132]. Likewise, quercetin and luteolin also inhibit skin itching and flush reaction [133].
By suppressing pro-inflammatory cytokines, polyphenols can reduce the symptoms and
occurrence of allergic skin disorders.

4.4. Polyphenols in Allergic Asthma and Rhinitis

Asthma, an allergic inflammatory lung disease characterized by increased leukocyte
infiltration into the airways, most notably granulocytes, resulting in decreased respi-
ratory function. Often the inflammation can cause bronchoconstriction, airway hyper-
responsiveness (AHR) and increased mucus production [134]. In the airways, exposure to
an allergen such as pollen produces a Th2-dominated response by recruiting and activating
inflammatory cells and upregulating IL-4, IL-13, and IL-5 [135]. In an animal model of
asthma, it was shown that resveratrol had a suppressive effect on asthmatic parameters as it
inhibited the production of Th-2 cytokines like IL-4 and IL-5 in the plasma and bronchoalve-
olar lavage fluid, and caused suppression of airway hyperresponsiveness, eosinophilia, and
hypersecretion of mucus [136]. Moreover, quercetin is known to ameliorate the pathogenic
process of asthma by decreasing IL-4 and IFN-γ synthesis and by regulating Th1/Th2
balance [137]. Recent evidence showed that the administration of polyphenol-rich ethanolic
extract of Boehmeria nivea (caffeic acid, catechin, epicatechin, β-sissterol, rutin, luteolin-7-
glucoside, naringin, hesperidin, chlorogenic acid, and tangeretin) reduces allergic response
in mice by suppressing mast cell mediated inflammation, decreasing TNF-α, IL-1β, IL-6,
Th2, extracellular-signal-regulated kinase (ERK) and Mitogen-Activated Protein Kinase
(MAPK) expression [138]. In murine asthma models, it was found that sesamin (rich in
flavonoids) reduced allergic inflammation induce by asthma and airway hyperresponsive-
ness (AHR), making them an effective adjunct for the treatment of asthma [139].
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5. Immune Modulation of Polyphenols in Autoimmunity

The immune system protects against foreign substances, but it is also responsible
for self-tolerance, by which host tissues are protected from immunological action. Dys-
function can lead to loss of this immune tolerance and disturbed homeostasis, resulting
in autoimmune disease [140]. The prevalence of autoimmune diseases is about 5%, and
approximately 80 types of autoimmune diseases have been described [141]. Several factors
lead to the development of autoimmune diseases, including genetic, epigenetic, environ-
mental, nutritional and microbiotic diseases. Polyphenols have been shown to have a
beneficial role in some common autoimmune diseases.

5.1. Polyphenols and Type-1 Diabetes

Type-1 diabetes is a multifactorial disease linked to a combination of genetic and
environmental factors. It is characterized by the autoimmune destruction of pancreatic β

cells, resulting in severe insulin deficiency and resultant hyperglycemia [142]. Polyphenols
help in the regulation of pancreatic β-cells, type-1 diabetes and complications associated
with type-1 diabetes [143]. Polyphenols involved in activation of the phosphatidylinosi-
tol 3-kinase/protein kinase B (PI3K/Akt) signaling pathway, thus helping to reduce the
progression of type-1 diabetes [140]. It was shown that pomegranate peel extract inhibited
immune cell infiltration into pancreatic islets and interferes with IL-17 and IFN-γ synthesis
in gut-associated lymphoid tissue in type-1 diabetes [144]. A study in mice with type-1
diabetes quercetin treatment modulated Th1/Th2 balance and had glucose-lowering po-
tential [145]. In addition, butein (a plant polyphenol) was able to prevent cytokine-induced
β-cell damage by inhibiting NO production, iNOS expression, NF-κB translocation and
glucose-stimulated insulin secretion which, prevented the progression of type-1 diabetes in
rats [146]. Similarly, Broussonetia kazinoki polyphenols have been shown to have therapeutic
potential in the prevention of cytokine-induced β-cell damage and reduce/delay the extent
of pancreatic β-cell damage in type-1 diabetes [147]. Consequently, polyphenols may play
a role in modulating key signaling pathways, T helper cell response and reducing cytokine
induced β-cell damage, which may aid in the management of type-1 diabetes.

5.2. Polyphenols and Rheumatoid Arthritis

Rheumatoid arthritis, is a systemic autoimmune disease, characterized by erosive
and symmetric synovitis, particularly in the peripheral joints. Degradation of cartilage
and bone erosion leads to the eventual destruction of a joint [148]. In developed countries,
rheumatoid arthritis affects about 0.5–1% of the population and women are at three times
greater risk [149]. While the reason for the development of this disease is still unknown,
genetics is thought to play an important role. Polyphenols may also have an impact in the
management of rheumatoid arthritis. For instance, curcumin, a potent anti-inflammatory
agent, decreases IL-1β, induces IL-6 and vascular endothelial growth factor by rheumatoid
arthritis-fibroblast-like synoviocytes [150]. In addition, curcumin also induces apoptosis of
rheumatoid arthritis-fibroblast-like synoviocytes, which are typically resistant to apoptotic
signaling, by upregulating pro-apoptotic proteins, such as Bax, and downregulating the
anti-apoptotic protein Bcl-2 [151]. In addition, resveratrol has both protective and therapeu-
tic effects in inflammatory arthritis, by inhibiting the function of Th-17, B-cells and MAPK
signaling pathways [61,152]. A clinical trial reported that a 1 g capsule of resveratrol for
3 months decreased the swelling and tenderness of joints by regulating pro-inflammatory
cytokines [153]. Moreover, EGCG suppresses osteoclast differentiation and decreases clini-
cal symptoms in an animal model of rheumatoid arthritis [154]. Grape polyphenols have
shown immuno-regulatory effects, establishing a balance between Th17 and Treg cells and
inhibiting TNFα in rheumatoid arthritis, hence mitigating inflammation, oxidative stress
and rheumatoid arthritis associated symptoms [155–157]. Administration of extra virgin
olive oil polyphenol extract (100 and 200 mg/kg body weight) to arthritic mice decreased
the pro-inflammatory cytokines, PGE2, COX-2, and microsomal prostaglandin E synthase-1
as well as NF-κB translocation, resulting in decreased progression of the joint disease [158].
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Evidence showed that quercetin supplements (500 mg/day) for 8 weeks resulted in a signif-
icant reduction of morning stiffness, morning pain, and after-activity pain [159]. Therefore,
polyphenols may improve the quality of life of patients with rheumatoid arthritis.

5.3. Polyphenols and Multiple Sclerosis

Multiple sclerosis, is a chronic neurological autoimmune disorder characterized by
the breakdown of the myelin sheath, alongside dysfunction of the blood–brain barrier,
perivascular inflammation, as well as damaged axons and oligodendrocytes-all of which
lead to progressive nervous system damage and clinical disability [140]. Polyphenols may
play a role in the prevention and treatment of multiple sclerosis [160]. Quercetin exerts
an immunomodulatory effect aiding in the treatment of multiple sclerosis by inhibiting
proliferation of autoimmune T-cells, and the expression of TNF-α by mononuclear cells
in vitro [161,162]. It has also been shown to reduce peripheral blood mononuclear cell pro-
liferation [163]. The polyphenolic flavones apigenin and luteolin have a robust inhibitory
potential on T-cell proliferation while also reducing IFN-γ production [162]. Strikingly,
flavonoids have been shown to limit demyelination in multiple sclerosis and so may confer
neuroprotective benefits [164]. In a mouse model, resveratrol prevented neuronal loss, and
delayed the onset of autoimmune encephalomyelitis suggesting that resveratrol could play
an immunomodulatory role in managing multiple sclerosis [165]. Similarly, administration
of resveratrol (250 mg/kg/day) for 3 weeks showed therapeutic potential as an adjunct
in the treatment of multiple sclerosis by improving motor coordination and balance, mi-
tochondrial function, reducing oxidative stress, and inhibiting NF-κB signaling [166]. In
a study of 66 patients with multiple sclerosis who were treated with grape seed capsules
for one month it was found that the capsules positively impacted physical and mental
functioning, improving quality of life [167]. Given this, polyphenols may have therapeutic
potential as an adjunct treatment in multiple sclerosis patients.

6. Conclusions

Polyphenols are promising candidates for novel adjunct therapeutic approaches. They
can modulate multiple immune system processes and reduce the burden of various dis-
eases such as IBD, allergies and autoimmune disorders. In addition to their demonstrated
antioxidant qualities, polyphenols have broad health-promoting effects, due to their ability
to modulate inflammation and immune responses. They improve the interplay between
immune cells and decrease expression of pro-inflammatory cytokines. Further research is
required to clinically validate the therapeutic potential of polyphenols on immunomodula-
tion as well as to explore their interaction with gut microbiota.
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Abstract: Oxidative stress and dysregulated adipocytokine secretion accompanying hypertrophied adi-
pose tissue induce chronic inflammation, which leads to vascular endothelial dysfunction. The present
study investigated the ability of anthocyanin (ACN) and non-anthocyanin polyphenol (PP) fractions
from lingonberry fruit to mitigate adipose tissue hypertrophy and endothelial dysfunction using
3T3-L1 adipocytes and human umbilical vein endothelial cells (HUVECs). This study showed that
the PP fraction decreased intracellular ROS generation in hypertrophied adipocytes by enhancing
antioxidant enzyme expression (SOD2) and inhibiting oxidant enzyme expression (NOX4, iNOS).
Moreover, PP and ACN fractions reduced triglyceride content in adipocytes accompanied by down-
regulation of the expression of lipogenic genes such as aP2, FAS, and DAGT1. Treatment with both
fractions modulated the mRNA expression and protein secretion of key adipokines in hypertrophied
adipocytes. Expression and secretion of leptin and adiponectin were, respectively, down- and upreg-
ulated. Furthermore, PP and ACN fractions alleviated the inflammatory response in TNF-α-induced
HUVECs by inhibiting the expression of pro-inflammatory genes (IL-6, IL-1β) and adhesion molecules
(VCAM-1, ICAM-1, SELE). The obtained results suggest that consuming polyphenol-rich lingonberry
fruit may help prevent and treat obesity and endothelial dysfunction due to their antioxidant and
anti-inflammatory actions.

Keywords: polyphenols; anthocyanins; lingonberry; antioxidant potential; anti-obesity; anti-
inflammatory; 3T3-L1 adipocytes; hypertrophy; adipokines; endothelial dysfunction

1. Introduction

Obesity is an independent risk factor for cardiovascular disease and one of the
leading causes of the increased risk of dyslipidemia, insulin resistance, hypertension,
and atherosclerosis both in adults and children [1]. In obesity, white adipose tissue (WAT)
by excessive fat accumulation in hypertrophied adipocytes becomes dysfunctional, which
leads to chronic inflammation, oxidative stress, and dysregulated adipokine secretion that
contributes to type 2 diabetes mellitus and is also independently associated with coronary
endothelial dysfunction [2,3]. Hypertrophic adipocytes are the essential factor linking posi-
tive energy balance, diabetes, and cardiometabolic diseases [2]. WAT acts as an endocrine
organ and via secreted adipokines and cytokines mediates cross-talk between visceral or
subcutaneous WAT and cardiovascular tissues. Adipokines such as leptin, adiponectin
and resistin, cytokines, TNF-α, IL-1β, IL-6, IL-8, and MCP-1, and reactive oxygen and
nitrogen species (ROS and RNS) affect endothelial dysfunction development through direct
and indirect mechanisms [4]. In addition, perivascular adipose tissue (PVAT), mainly
from obese individuals, promotes local inflammation and endothelial function impairment.
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PVAT contributes to vascular homeostasis by producing vasoactive compounds such as
adipokines, ROS, and nitric oxide (•NO). By secreting a wide range of bioactive molecules,
PVAT influences vascular smooth muscle cell contraction, proliferation, and migration [4].

The endothelial cells that line the vasculature’s inner wall regulate homeostatic func-
tions, and their dysfunction is an early predictor of atherosclerosis and cardiovascular
diseases [5]. Oxidative stress contributes to endothelial cell activation, priming it for
adhesion, infiltration, and immune cell activation, leading to a low-grade inflammatory
phenotype in the vasculature [5,6]. ROS can alter endothelium-dependent vascular re-
laxation via enhanced degradation of NO [6]. Endothelial dysfunction can be reversed,
which might delay or even prevent the progression of atherosclerosis and improve arterial
function and reduce the incidence of cardiovascular events [5]. Recent clinical studies
have demonstrated that non-pharmacological and pharmacological therapies targeting
obesity and insulin resistance ameliorate endothelial function and reduce low-grade in-
flammation [7]. These findings have shown the association of obesity, insulin resistance,
and endothelial dysfunction; therefore, reducing pathological adipocyte function in obesity
should be the goal in cardiovascular disease prevention. Therapeutic and nutritional strate-
gies that decrease oxidative stress and inflammation in hypertrophied adipose tissue may
become a key target to prevent cardiovascular disease [7].

Berries are rich sources of polyphenols, such as flavonols, phenolic acids, and antho-
cyanins, and epidemiological studies have reported an association between an increase in
berry fruit intake with a decrease in obesity and cardiovascular disease [8]. Berry fruits
are known as natural antioxidants, and due to their high antioxidant potential, they are
increasingly often referred to as natural functional foods [9]. Lingonberries are classed
as “superfruits”, being particularly rich in antioxidants such as vitamins C, A, and E
(tocopherol) and polyphenols [10]. In vitro and in vivo studies have indicated various
health beneficial effects of lingonberries such as anti-inflammatory [11], antioxidant [11],
and antiproliferative activities [8,9]. Moreover, lingonberries have been shown to prevent
diet-induced obesity and low-grade inflammation in diabetic animals [12]. Our previous
study showed the anti-inflammatory potential of aqueous extract of freeze-drying lin-
gonberry fruit [11]. The extract regulated pro-inflammatory (IL-6, MCP-1, and IL-1β) and
anti-inflammatory (IL-10) gene expression in inflamed TNF-α-induced 3T3-L1 adipocytes
and suppressed the inflammatory response in activated RAW 264.7 macrophages by down-
regulating expression of proinflammatory mediators (TNF-α, IL-1β, IL-6, MCP-1, iNOS,
COX-2). In addition, significant antioxidant effects were observed in inflamed adipocytes
treated with the lingonberry fruit extract. The intracellular ROS accumulation decreased as
a result of enhanced expression of antioxidant defense enzymes (SOD, catalase, GPx) and
inhibited pro-oxidant enzyme (NADPH oxidase 4) [11].

The present study investigated the lingonberry fruit anthocyanin (ACN) fraction and
non-anthocyanin polyphenol (PP) fraction ability to prevent and treat hypertrophic obesity
and endothelial dysfunction imitated in the in vitro models. The effect of ACN and PP
fractions on the molecular pathways in oxidative stress, inflammation, and dysregulated
adipokine secretion was analyzed in obese hypertrophied 3T3-L1 adipocytes. Protective
potential against endothelial dysfunction was evaluated using TNF-α-induced human
umbilical vein endothelial cells (HUVECs).

2. Materials and Methods

2.1. Preparation of Anthocyanin and Non-Anthocyanin Polyphenol Fractions

The frozen lingonberry (Vaccinium vitis-idaea L.) fruit obtained from the DANEX
company (PHU “DANEX”, Wieleń, Poland) were homogenized to fruit pulp, which was
subsequently frozen at −80 ◦C and subjected to freeze-drying according to the procedure
described previously [11]. The fruit powder was suspended in a water solution of 0.75%
(v/v) acetic acid. The proportion of solids (g) and the extractant (mL) was 1:10. After
mixing in a vortex mixer for 30 s, the suspension was placed in a sonic bath (5 min, 20 ◦C).
Again, the extraction mixture was stirred in a vortex mixer for 30 s and left to stand at 20 ◦C.
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After 10 min, the sample was centrifuged at 3600× g (10 min, 20 ◦C), and the obtained
supernatant was collected. The fresh extractant was poured into the remaining solids to
start the second extraction stage. The procedure of the second stage was the same as the
first one. The extracts of both stages were combined and centrifuged at 12,000× g to remove
tiny fruit residues.

In the next step of fraction preparation, removal of sugars and organic acids from the
extract was performed. The separation was carried out with AKTA Explorer 100 Air (GE
Healthcare, Chicago, IL, USA) chromatography system equipped with an XK 26/20 glass
column (GE Healthcare, Chicago, IL, USA). The column was filled with 40 mL of Amberlite
XAD-7 HP macroporous adsorbent resin (DuPont, Wilmington, DE, USA). Before injection
to the column, the solution (50 mL of the extract obtained in the extraction stage) was
filtered using a 0.45-μm pore size syringe filter (Millex-HV Durapore® PVDF) membrane
with glass fiber prefilter (Merck Millipore, Burlington, MA, USA). Three eluents were
applied: A—5% (v/v) formic acid, B—methanol, C—0.1% (v/v) formic acid. The solutions of
formic acid were prepared by mixing an appropriate amount of formic acid with deionized
water. The eluent flow rate was adjusted at 5 mL/min. During separation, the following
chromatographic program was employed: Column equilibration: 95% A, 5% B, 3 CV
(column volume); sample injection-50 mL of the extract; washing unbound substances-1:
100% C, 6 CV; washing unbound substances-2: 100% A, 1 CV; elution: 20% A, 80% B, 5 CV;
column wash: 100% B, 2.5 CV.

The whole effluent of the elution stage which showed the absorbance (monitored at
λ = 280, 320, and 520 nm) was evaporated to dryness at 30 ◦C using a rotary evaporator
(Laborota 4003 HB control, Heidolph, Germany). The solids were dissolved in a water
solution of 0.75% (v/v) acetic acid. The solution was transferred to glass vials and frozen
at −85 ◦C, and then placed in a freeze dryer Beta 1-16 (Martin Christ, Germany). Freeze-
drying was carried out for 48 h. The actual drying took place under the pressure of 10 Pa
for 40 h (20 h at a shelf temperature of −15 ◦C and 20 h at 15 ◦C). The final drying was
performed at a temperature of 22 ◦C for 8 h without pressure control. Solid preparations
were stored in hermetically sealed vials under the nitrogen atmosphere at −85 ◦C.

The vial solid content was dissolved in the water solution of 5% (v/v) formic acid and
filtered using a 0.45-μm pore size filter (Merck Millipore). The separation of anthocyanins
from the other polyphenol compounds in the samples was performed using an ÄKTA
Explorer 100 Air chromatograph, equipped with a UV/VIS detector and an Agilent Zorbax
SB C18 column (250 × 21.2 mm). The separation was carried out at 20 ◦C. The flow rate
of the liquid phase was 21 mL/min. Two eluents were applied: A-5% (v/v) formic acid in
water and B-methanol. After the column equilibration (95% A, 5% B, 3 CV) and sample
injection in the volume of 2 mL, the separation was performed in a complex gradient. The
gradient program was as follows: 5% B-0.5 CV; 20% B-2 CV; 20% B-1.2 CV; 30% B-3.5 CV;
30% B-1.2 CV; 45% B-3.5 CV; 45% B-1.2 CV; 100% B-2.5 CV; 100% B-2.5 CV. The effluent with
absorbance at λ = 520 nm was collected and denoted as an anthocyanin (ACN) fraction.
The outflow showing absorbance at λ = 320 nm was also gathered and denoted as the
non-anthocyanin polyphenol fraction (PP). Both fractions were evaporated, dissolved in a
water solution of acetic acid, freeze-dried, and stored as described above. All chemicals
used to prepare the ACN and PP fractions were purchased from Sigma–Aldrich (Merck
Group, Poznań, Poland).

2.2. Polyphenol Identification and Quantification in ACN and PP Fractions

Polyphenol composition of ACN and PP fractions was analyzed by the HPLC-DAD-
ESI-MS method on an Agilent 1200 series HPLC system (Agilent Technologies, Inc.,
Santa Clara, CA, USA) equipped with a G1315D photodiode array detector and cou-
pled online with an Agilent 6224 time-of-flight MS system. Chromatographic separations
were carried out on a 150 × 2.1 mm, 3-μm C18 column (Advanced Chromatography Tech-
nologies, Aberdeen, Scotland). A previously published study details the separation condi-
tions (mobile phase, gradient elution program, flow rate, sample injection volume) [11].
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The HPLC chromatograms were recorded at 280, 325, 355, and 520 nm, recommended to detect
flavan-3-ols, hydroxycinnamic acid derivatives, flavonols, and anthocyanins, respectively.

Polyphenol compounds in ACN and PP fractions were quantified as equivalents of
cyanidin-3-O-glucoside (anthocyanins), catechin ((epi)catechin and procyanidins),
4-hydroxybenzoic acid (hydroxybenzoic acid derivatives), ferulic acid (ferulic acid deriva-
tive), chlorogenic acid (3-O-caffeoylquinic acid), p-coumaric acid (coumaric acid derivative),
trihydroxybenzoic acid-gallic acid (benzoic acid and arbutin derivatives), and quercetin
(quercetin glycosides). All samples were injected in triplicate from independently prepared
solutions of ACN and PP fractions.

After passing through the DAD detector, column eluate was directed to the MS system
fitted with an electrospray ionization (ESI) source operated in positive ion and negative ion
mode. A previously published article presents ESI-MS parameters employed for identifying
phenolic compounds in ACN and PP fractions [11]. Instrument control, data collection,
and analysis were achieved with MassHunter B.04.00 software (Agilent Technologies, Inc.,
Santa Clara, CA, USA). Sigma–Aldrich supplied phenolic standards and other reagents for
HPLC/DAD/MS analysis.

2.3. 3T3-L1 Adipocyte Culture and Treatment

Mouse preadipocyte 3T3-L1 cells were obtained from the American Type Culture
Collection (ATCC, CL-173). The cells were cultured at 37 ◦C under a 5% CO2 atmosphere in
Dulbecco’s modified eagle’s medium (DMEM) (Sigma–Aldrich, Poznań, Poland) with 10%
(v/v) fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific Polska, Warsaw, Poland)
supplementation. 3T3-L1 preadipocytes were subjected to the differentiation process
following the protocol described previously [11]. Preadipocytes were seeded at a density
of 2.5 × 104 cells/cm2 into 12-well plates and cultured until they reached confluence. Then
they were stimulated for 2 days by a differentiation mixture which contained 0.25 μM of
dexamethasone (Sigma–Aldrich, Poznań, Poland), 0.5 mM 3-isobutyl-1-methylxanthine
(Sigma–Aldrich, Poznań, Poland) and 1 μM of insulin (Sigma–Aldrich, Poznań, Poland) in
DMEM with 10% FBS. The medium was replaced with DMEM supplemented with 10% FBS
and 1 μM insulin. After 2 days, the culture medium was replaced with DMEM with 10%
FBS addition and refreshed at 2-day intervals until analysis on day 12. 3T3-L1 adipocytes
were treated for 24 h with ACN and PP fractions at concentrations of 5, 10, and 20 μg/mL.

2.4. HUVEC Culture and Treatment

Human umbilical vein endothelial cells (HUVECs) were obtained from ATCC (CRL-
1730). HUVECs were cultivated in F-12K medium (ATCC) supplemented with 10% FBS
(Gibco), endothelial cell growth supplement from bovine neural tissue (30 μg/mL) (Sigma–
Aldrich, Poznań, Poland), and heparin (100 μg/mL) (Sigma–Aldrich, Poznań, Poland).
HUVECs were seeded at a density of 6 × 103 cells/cm2 onto 24-well plates coated with rat
tail collagen solution (Sigma–Aldrich, Poznań, Poland). Then 24-h cultures of HUVECs
were exposed for 3 h to ACN and PP fractions at the concentrations of 0.1, 1, and 10 μg/mL
and subsequently treated with TNF-α (10 ng/mL) (Sigma–Aldrich, Poznań, Poland) for an
additional 3 h to induce inflammation.

2.5. Cell Viability Assay

The viability of hypertrophied 3T3-L1 adipocytes and TNF-α-induced HUVECs, non-
treated and treated with ACN and PP fractions, were analyzed applying the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (Sigma–Aldrich, Poznań,
Poland) following the procedure described previously [13]. Low concentrations of ACN
and PP fractions applied for cell treatment did not affect the color of medium and ab-
sorbance reading in the MTT test.
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2.6. Determination of Intracellular ROS Production

ROS generation in 3T3-L1 adipocytes was measured using the nitro blue tetrazolium
(NBT) assay based on the procedure described previously [14]. After 90-min incubation in
0.2% NBT (Sigma–Aldrich, Poznań, Poland) solution, cells were washed with phosphate-
buffered saline and fixed with methanol. After extraction of the formazan using KOH and
DMSO, absorbance was read at 620 nm (Tecan Infinite M200, Tecan Group Ltd., Männedorf,
Switzerland).

2.7. Measurement of Intracellular Lipid Content

The effect of PP and ACN fractions on lipid content in hypertrophied adipocytes was
determined by the Oil Red O (Sigma–Aldrich, Poznań, Poland) staining method described
previously [13] and by total triglycerides (TG) measurement using the Adipogenesis Assay
Kit (Sigma–Aldrich, Poznań, Poland) in accordance with the manufacturer’s instruction.
Intracellular TG content was determined by an enzyme assay. A colorimetric product
corresponding to the TG present was measured at 570 nm. TG concentration was calculated
based on the curve plotted for the TG standard.

2.8. RNA Extraction and Real-Time PCR Analysis

3T3-L1 adipocytes and HUVECs were treated with TRI-Reagent (Sigma–Aldrich,
Poznań, Poland) for total RNA isolation. First-strand cDNA synthesis was performed with
1 μg of total RNA using a Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics,
Poland) based on the manufacturer’s instruction. Gene expression quantification was
conducted using a real-time PCR system (SmartCycler DX real-time PCR System Cepheid,
Sunnyvale, CA, USA). PCR mixture in a final volume of 25 μL included a cDNA sample
(1 μL), specific forward and reverse primers (5 μM/1 μL), and SYBR® Select Master Mix
(12.5 μL) (Life Technologies, Carlsbad, CA, USA). Primer sequences are shown in Table S1.
The PCR cycling conditions included an initial denaturation at 94 ◦C for 10 min, followed
by 40 PCR cycles: 40 s at 95 ◦C, 30 s at 59 ◦C, and 30 s at 72 ◦C. The relative gene expression
was calculated using the 2−ΔΔCT method. Transcript levels were normalized to β-actin for
3T3-L1 adipocytes and GAPDH for HUVECs. Relative mRNA expression was expressed
as fold change compared with control (untreated) cells. All reactions were performed
in triplicate.

2.9. Determination of Adipokine Production

Leptin and adiponectin concentrations were measured with ELISA kits (Sigma–
Aldrich, Poznań, Poland) following the manufacturer’s protocols. Quantitation was per-
formed using the calibration of standards. Each standard and sample was assayed in
triplicate. Inter-assay and intra-assay coefficients of variability were calculated respectively
at 12.5% and 9.3% for leptin and 11.2% and 7.9% for adiponectin.

2.10. Statistical Analysis

Statistical analysis was performed using the STATISTICA version 13.3 software (Stat-
soft, Inc., Tulsa, OK, USA). One-way analysis of variance (ANOVA) and Tukey’s post
hoc test were applied to estimate the differences between multiple groups’ mean values.
Levene’s test verified the equality of variances assumption. Statistical significance was set
at p < 0.05.

3. Results and Discussion

3.1. Polyphenol Composition in the Lingonberry ACN and PP Fractions

The study focused on two polyphenolic preparations separated from lingonberry
fruit: the anthocyanin ACN fraction and non-anthocyanin PP fraction. The polyphenol
profiles in ACN and PP fractions determined based on HPLC-DAD-ESI-MS analysis are
presented in Table 1. ACN fraction consisted of three main anthocyanin compounds,
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contained in lingonberry fruit extract [11], which are cyanidin-based derivatives, including
3-O-galactoside (82.5%), 3-O-arabinoside (13.0%), and 3-O-glucoside (4.5%) (Table 1A).

Table 1. Compounds identified in anthocyanin (ACN) fraction (A) and non-anthocyanin polyphenol (PP) fraction (B)
obtained from lingonberry fruit.

(A)

Compound
RT Precursor Ion

(m/z)
Ionization

Mode
Product Ion (m/z)

Contribution

(min) (%)

Cyanidin-3-O-galactoside 16.25 449.1126 (+) 287.0611 82.5
Cyanidin-3-O-glucoside 17.17 449.1124 (+) 287.0589 4.5

Cyanidin-3-O-arabinoside 18.24 419.1021 (+) 287.0607 13

(B)

Compound
RT Precursor Ion

(m/z)
Ionization

Mode
Product Ion (m/z)

Contribution

(min) (%)

Flavan-3-ols 40.4

B-type procyanidin dimer 8.46 577.134 (−) 407.0763 6.3
(+)/(−)-Catechin 10.49 289.1139 (−) 245.1203 8.3

(+)/(−)-Epicatechin 12.42 289.114 (−) 245.121 4.2
B-type procyanidin dimer 13.16 577.1338 (−) 407.0762 1.6
B-type procyanidin dimer 13.74 577.1349 (−) 407.0769 3.1
A-type procyanidin dimer 19.36 575.1195 (−) 449.0887 6.2
A-type procyanidin trimer 22.31 863.1829 (−) 575.1217 10.7

Hydroxycinnamic acid derivatives 22.8

3-O-Caffeoylquinic acid 12.42 353.134 (−) 191.0907 8.1
Ferulic acid−hexoside 13.71 355.1037 (−) 193.05 2.9
Ferulic acid−hexoside 14.14 355.1041 (−) 193.0503 2.6
2′-O-Caffeoylarbutin 19.36 433.1137 (−) 179.0337 5

Ferulic acid−hexoside 21.7 355.1031 (−) 193.0509 2.5
Coumaroyl-hexose−hydroxyphenol 22.25 417.1065 (−) 163.0396 1.8

Flavonols 31

Quercetin-3-O-galactoside 23.46 463.0874 (−) 301.0334 7.8
Quercetin-3-O-glucoside 24.17 463.0882 (−) 301.0354 1.3
Quercetin-3-O-xyloside 24.85 433.0777 (−) 301.0336 1.9

Quercetin-3-O-arabinofuranoside 27.05 433.0776 (−) 301.0327 6.3
Quercetin-3-O-rhamnoside 27.87 447.0935 (−) 301.0349 8.1

Quercetin 34.37 301.0356 (−) 151.0031 5.6

Anthocyanins 5.8

Cyanidin-3-O-galactoside 16.28 449.1126 (+) 287.0611 2.6
Cyanidin-pentoside 21.33 419.1033 (+) 287.0618 2

Cyanidin 3-O-(6”-acetyl)-glucoside 23.82 491.1507 (+) 287.0621 1.2

The purity of ACN preparation was evaluated at 97.3%; among the non-anthocyanin
constituents, 1-O-Benzoyl-β-glucose was identified by HPLC-ESI-MS analysis in positive
ion mode (precursor ion at m/z 307.079, product ion at m/z 185.0432). The PP fraction
contained polyphenolic compounds belonging to three predominant groups: Flavan-3-
ols, hydroxycinnamic acid derivatives, and flavonols, which accounted for 40.4%, 22.8%,
and 31.0%, respectively. In addition, the anthocyanin compounds’ residue (5.8%) was de-
tected in the PP fraction with cyanidin-3-O-galactoside as dominant anthocyanin, cyanidin-
pentoside, and cyanidin 3-O-(6”-acetyl)-glucoside (Table 1B), trace amounts of which have
been identified previously in the original lingonberry fruit extract [11]. In the PP fraction,
the following polyphenols were quantified in a significant amount (>5%): A- and B-type
procyanidins, catechin, 3-O-caffeoylquinic acid, ferulic acid−hexoside, quercetin and its
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derivatives (3-O-galactoside, 3-O-arabinofuranoside, 3-O-rhamnoside). Table 1B shows
mass spectral data of all polyphenolic compounds tentatively identified in the PP fraction
of lingonberry fruit.

3.2. The Effect of PP and ACN Fractions on ROS Generation in Hypertrophied 3T3-L1 Adipocytes

An animal study has shown that obesity is characterized by increased vascular ox-
idative stress and endothelial dysfunction [15]. Enzymatic sources contributing to in-
creased ROS production in pathophysiological states such as obesity are xanthine oxidase,
NADH/NADPH oxidase, and inducible nitric oxide synthase (iNOS) [16]. Oxidative stress
contributes to endothelium dysfunction via inactivation of nitric oxide (NO) by superoxide
and other ROS; thus, diet intervention rich in antioxidants which prevent their production
might ultimately correct endothelial dysfunction [16]. Therefore, the potential of ACN and
PP fractions derived from lingonberry fruit to mitigate oxidative stress in hypertrophied
adipocytes was evaluated. The results obtained in the NBT assay indicate that the PP frac-
tion decreased ROS accumulation in adipocytes in a dose-dependent manner (Figure 1A).
The PP fraction at concentrations of 5, 10, and 20 μg/mL reduced the ROS production by
10.5%, 12.1%, and 15%, respectively (p < 0.01). In contrast, the ACN fraction did not signifi-
cantly influence intracellular ROS production (Figure 1B). Moreover, it should be noted
that both PP and ACN fraction did not affect adipocyte viability (Figure 2A), indicating
that the PP inhibitory effect on intracellular ROS generation was not due to cytotoxicity.
NADPH oxidase 4 (NOX4) from NOX family NADPH oxidases is considered the primary
ROS synthesis source in adipose tissue [16]. The NOX-enhanced ROS generation in hyper-
trophied adipocytes decreased the production of the insulin-sensitizing, antiatherogenic
and anti-inflammatory factors. It decreased the mRNA expression of antioxidant defense
enzymes, including superoxide dismutase (SOD), catalase, and glutathione peroxidase
(GPx) [17]. Furthermore, iNOS, an inducible pro-inflammatory enzyme, is overexpressed
in obese adipose tissue, and disruption of the iNOS gene protected obese mice from insulin
resistance development [18]. The oxidant imbalance in obese patients causes endothelial
dysfunction and leads to increased blood pressure and coronary artery disease [19]. Our
previous study has shown that lingonberry fruit extract reduces ROS generation in inflamed
adipocytes by increasing the expression of antioxidant enzymes (SOD2, catalase, GPx) and
decreasing a pro-oxidant enzyme (NOX4) [11]. In the current study, the antioxidant effect
of lingonberry-derived ACN and PP fractions was evaluated in hypertrophied 3T3-L1
adipocytes. Real-time PCR analysis showed that the PP fraction at the highest dose of
20 μg/mL significantly downregulated NOX4 (↓40%, p < 0.01) and iNOS (↓37%, p < 0.05),
and upregulated SOD2 (↑82%, p < 0.001) mRNA expression (Figure 1C). The ACN fraction
at a dose of 20 μg/mL inhibited NOX4 by 33% (p < 0.01), iNOS by 37% (p < 0.01), and en-
hanced the expression of SOD2 by 23% (p > 0.05) (Figure 1D). The obtained results indicate
that the lingonberry fruit antioxidant potential is probably associated with upregulation
of SOD2 expression and downregulation of iNOS expression by the PP fraction and ACN
fraction. In addition, the compounds from both PP and ACN fractions were found to
inhibit NOX4 expression.

Yen et al. (2011) investigated the effect of 21 polyphenolic compounds on oxidative
stress in 3T3-L1 adipocytes induced by TNF-α. They found that that p-coumaric acid,
quercetin, and resveratrol enhance antioxidant defense enzymes, including SOD2, GPx,
glutathione, and glutathione S-transferase [20]. Cyanidin-3-glucoside, an anthocyanin
derivative commonly found in different berries, reduced the intracellular ROS production
in adipocytes induced by H2O2 or TNF-α [21].

Polyphenol-rich plant extracts significantly reduced ROS generation induced in 3T3-L1
cells by H2O2, and this effect was associated with an increase in SOD2 gene expression [22].
Animals fed a diet inducing oxidative stress and supplemented with lingonberry extract
(23 mg/kg of body weight) had a decreased total oxidant status by 25%, and increased
levels of antioxidant enzymes: SOD, catalase, and glutathione reductase in red blood cells
and liver [23].
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Figure 1. Effect of anthocyanin (ACN) and non-anthocyanin polyphenol (PP) fraction on the intracellular ROS production
(A,B) and antioxidant and pro-oxidant enzymes mRNA expression (C,D) in hypertrophied 3T3-L1 adipocytes. Data are the
mean values ± SD (n = 3). a p < 0.05, b p < 0.01, c p < 0.001.
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Figure 2. Effect of non-anthocyanin polyphenol (PP) fraction and anthocyanin (ACN) fraction on cell viability (A,D), lipid
accumulation (B,E), triglyceride content (C,F), and lipogenic gene expression (G,H) in hypertrophied 3T3-L1 adipocytes.
Data are the mean values ± SD (n = 3).a p < 0.05, b p < 0.01, c p < 0.001. The photos present hypertrophied 3T3-L1 adipocytes
on day 12 after differentiation (I), Oil Red-stained hypertrophied 3T3-L1 adipocytes non-treated (J), and treated with PP
fraction (K) and ACN fraction (L) at the concentrations of 20 μg/mL. The cells were photographed at a magnification of
100×.
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3.3. Effect of ACN and PP Fractions on Lipid Accumulation in Hypertrophied 3T3-L1 Adipocytes

In this study, hypertrophic 3T3-L1 adipocytes, formed following the prolonged cul-
tivation of differentiated mature adipocytes in high glucose conditions with medium
replacement in 2-day intervals, displayed a morphological pattern typical for adipocyte
hypertrophy with disturbance of the lipid handling processes. The 3T3-L1 adipocytes
reached the critical cell size and became lipid-overloaded, largely occupied by fat droplets,
as shown in Figure 2I. The effect of ACN and PP fractions on lipid content in the hypertro-
phied 3T3-L1 adipocytes was determined by Oil Red O staining and measurement of the
total TG concentration on the cellular level. Semi-quantitative Oil Red O staining revealed
that the PP fraction at concentrations of 5, 10, and 20 μg/mL reduced lipid accumulation by
4.9%, 8.4%, and 16% (p < 0.001) compared to untreated cells (Figure 2B,J,K), while the ACN
fraction at the same concentrations reduced lipid content by 8.4%, 8.6% (p < 0.01), and 9.8%
(p < 0.001), respectively (Figure 2E,J,L). Quantitative analysis of TG content in the cells have
shown that 24-h treatment of hypertrophied adipocytes with the PP fraction decreased
the TG content by 19.4% (p < 0.01), 49.6%, and 42.4% (p < 0.001) at a concentration of 5,
10, and 20 μg/mL, respectively (Figure 2C). The effect of the ACN fraction on TG content
was less profound, and only the highest dose of ACN fraction 20 μg/mL decreased lipid
accumulation by 9.8% (p < 0.001), and TG content by 33.9% (p < 0.001) (Figure 3F).

The effect of both fractions on lipid accumulation was confirmed by real-time PCR
analysis of the expression of genes FAS (fatty acid synthase), DGAT1 (diacylglycerol acyltrans-
ferase 1), and aP2 (fatty acid-binding protein) involved in fatty acid (FA) and TG synthesis.
Animal models with genetic modifications have shown that adipogenic and lipogenic
genes, including FAS, DGAT1, and aP2, play a fundamental role in FA and TG synthesis
and lipid storage, and a high-fat (HF) diet significantly increased the relative expression
of these genes in adipose tissue [24]. DGAT1 is highly expressed in adipose tissue and
catalyzes the final reaction of TG synthesis. DGAT1-deficient animals are resistant to
obesity and more sensitive to insulin and leptin; therefore, inhibition of DGAT1 may be a
potential strategy for decreasing TG synthesis for treating obesity [25]. Fatty acid-binding
protein 4 (FABP4), also named adipocyte FABP or aP2, is mostly expressed in fat cells
and plays significant roles in developing insulin resistance and atherosclerosis concerning
metabolically driven low-grade and chronic inflammation [26]. Circulating aP2 levels are
associated with several aspects of metabolic syndrome and endothelial dysfunction; thus,
inhibition of the aP2 function could be a novel therapeutic strategy for several diseases,
including obesity and cardiovascular disease [27]. FAS is also highly expressed in adipose
tissue, and enhanced FAS expression correlates to visceral fat accumulation, impaired
insulin sensitivity, and intensified pro-inflammatory cytokine production [28].

In our study, real-time PCR analysis showed that the PP and ACN fraction treatment
dose-dependently inhibited DAGT1, aP2, and FAS mRNA expression (Figure 2G,H), but
the PP effect was more significant. The PP fraction decreased expression of DAGT1 in the
range of 31–34% (p < 0.05). The effect of the PP fraction with statistical significance on aP2
and FAS expression was observed only at concentrations of 10 and 20 μg/mL with 44.7%
(p < 0.01) and 51.9% (p < 0.001) decreases in aP2 expression and with 23.3% and 48.6%
(p < 0.01) decreases in FAS expression (Figure 2G). The ACN fraction only at the highest
dose of 20 μg/mL downregulated FAS, aP2, and DAGT1 expression by approximately 28%
(p < 0.05) (Figure 2H).

In vivo study has shown that DGAT1-deficient mice (Dgat1−/−) had less adipose mass
and smaller adipocytes. Despite reduced tissue TG levels, the diacylglycerol and fatty
acyl CoA, substrates of the DGAT reaction, were not significantly elevated in skeletal
muscle and liver. Moreover, the serum TG level was normal in Dgat1−/− mice [25]. DGAT1
deficiency also altered the endocrine function of WAT. Adiponectin mRNA expression in
WAT was increased 2-fold in Dgat1−/− mice fed an HF diet [29]. The aP2-deficient mouse
model revealed a slight increase in plasma FA. An elevated FA was found to link with the
development of obesity and insulin resistance, but paradoxically, mice lacking aP2 were
more sensitive to insulin [30].

162



Nutrients 2021, 13, 885

Figure 3. Effect of non-anthocyanin polyphenol (PP) and anthocyanin (ACN) fractions on adiponectin (ADIPOQ), lep-
tin (LEP), and interleukin-6 (IL-6) gene expression (A,B), and adiponectin (D,F) and leptin (C,E) protein secretion by
hypertrophied 3T3-L1 adipocytes. Data are the mean values ± SD (n = 3). a p < 0.05, b p < 0.01, c p < 0.001.
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Many natural products from plants have been identified as potent DGAT inhibitors [31].
Rose petals, rich in polyphenols and free gallic acid had high antioxidant activity and the
ability to inhibit TG synthesis. An extract of rose petals showed selective DGAT inhibition
without suppressing other microsomal enzymes [32]. Anthocyanin-rich extracts effectively
decreased body weight gain and accumulation of lipids by decreasing the mRNA level
and inhibiting FA and TG synthesis enzymes and lipogenic activity [33]. Heyman et al.
(2014) have found that lingonberries prevented adiposity, hepatic lipid accumulation, and
dyslipidemia in mice fed an HF diet [34]. Qin et al. (2011) have found that consumption
of the chokeberry extract, rich in polyphenols, reduces weight gain and epididymal fat
accumulation; at the molecular level, it inhibits aP2, FAS, and LPL mRNA expression [35].

3.4. Effect of ACN and PP Fractions on Adipokine and Inflammatory Cytokine Expression in
Hypertrophied 3T3-L1 Adipocytes

Adiponectin is the most abundant peptide secreted by adipocytes. Adiponectin pro-
duction, which has a beneficial effect on insulin sensitivity and cardiovascular function,
is significantly reduced in obese adipose tissue. Numerous epidemiological studies have
shown that adiponectin deficiency is an independent risk factor for endothelial dysfunc-
tion [36]. Adiponectin exerts protective effects by inhibiting TNF-α, resistin, and adhesion
molecules (VCAM-1, ICAM-1, and E-selectin) in endothelium and increasing endothelial
NO production [37]. The most available therapy for cardiovascular diseases is lifestyle
modifications by calorie restriction and dietary interventions that increase plasma levels of
adiponectin. There is also a growing interest in the pharmaceutical industry to search for
natural compounds that can increase adiponectin production [36].

In our study, adiponectin mRNA expression in hypertrophied adipocytes after PP
treatment was upregulated, with a significant enhancement by 57.0% (p < 0.01) and 72.7%
(p < 0.001) at the concentrations of 10 and 20 μg/mL (Figure 3A). The ACN fraction at
concentrations of 10 and 20 μg/mL increased adiponectin expression by 50.5% and 59.6%,
respectively (p < 0.01) (Figure 3B). Contrary to adiponectin, the serum level of leptin is
elevated in obesity due to increased leptin release from large hypertrophic adipocytes
compared with small fat cells [38]. Evidence from clinical trials and animal experiments
suggests that hyperleptinemia is involved in the pathogenesis of obesity-related cardio-
vascular disease and endothelial dysfunction due to ROS-mediated NO inactivation [39].
In vitro studies have shown that leptin increases ROS production in endothelial cells [40].
In this research, a significant reduction in leptin expression was found after treatment of
adipocytes with ACN and PP fractions (Figure 3A,B). Reduction of leptin expression by
27.3% and 75.8% was obtained in hypertrophied adipocytes treated with the ACN fraction
at the concentrations of 10 (p < 0.05) and 20 μg/mL (p < 0.001) (Figure 3B). The PP fraction
decreased leptin mRNA expression by 35.0%, 43.4%, and 50.5% at a concentration of 5,
10 (p < 0.01), and 20 μg/mL (p < 0.001), respectively (Figure 3A). A similar effect of PP
and ACN fractions was observed on leptin (Figure 3C,E) and adiponectin (Figure 3D,F)
secretion. Treatment of hypertrophied adipocytes with the PP fraction increased the secre-
tion of adiponectin by 49.3% and 55.2% at a concentration of 10 (p < 0.01) and 20 μg/mL
(p < 0.001), respectively (Figure 3D). All tested concentrations of PP fraction (5, 10, and
20 μg/mL) decreased leptin secretion (↓20.8%, ↓36.7%, and ↓38.1%; p < 0.001) (Figure 3C).
Only at a concentration of 20 μg/mL did the ACN fraction significantly decrease leptin
secretion (↓53.9%, p < 0.001) (Figure 4E). At doses of 10 and 20 μg/mL, the ACN fraction
increased adiponectin production by 43.3% and 44.8% (p < 0.01), respectively (Figure 3F).
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Figure 4. Effect of non-anthocyanin polyphenol (PP) fraction (A) and anthocyanin (ACN) fraction (B) on inflammatory-
related gene expression in HUVECs. Data are the mean values ± SD (n = 3). a p < 0.05, b p < 0.01, c p < 0.001.

Moreover, adipocytokines such as IL-1 and IL-6 are closely linked to endothelial
dysfunction and subclinical inflammation [41]. Yudkin et al. (2002) have shown, in healthy
subjects, relationships between levels of a hepatic acute-phase C-reactive protein (CRP)
and levels of IL-6 released from obese adipose tissue, indicating adipose tissue as a major
source for circulating IL-6 [41]. The study with 368 participants showed that persistently
high levels of IL-6 were associated with a higher body mass index and an increased
number of cardiovascular diseases compared to persistently lower levels of IL-6 [42].
Therefore, we investigated the effect of ACN and PP fractions on the expression of IL-6
in hypertrophied adipocytes after 24-h treatment. Compared to the control adipocytes,
the PP fraction downregulated the expression of IL-6 by 45.5%, 73.7%, and 79.8% at a
dose of 5, 10, and 20 μg/mL (p < 0.001) (Figure 3A). The ACN fraction suppressed IL-6
mRNA expression by 54.5% and 82.0% at a concentration of 10 and 20 μg/mL (p < 0.001),
compared to untreated adipocytes (Figure 3B).

Our previous study showed that lingonberry fruit extract suppressed pro-inflammatory
cytokines IL-6, IL-1β, and leptin expression, and significantly enhanced the expression of
anti-inflammatory cytokines IL-10 and adiponectin in TNF-α-induced 3T3-L1 cells [11].
In mice fed the HF diet and supplemented with chokeberry juice concentrate, a higher
plasma adiponectin level was observed [43]. Qin et al. (2012) have found that chokeberry
extract elevated plasma adiponectin and inhibited plasma TNF-α and IL-6 levels in rats fed
a high-fructose diet [35]. C57BL/6J mice fed the HF diet had elevated serum levels of TG,
cholesterol, and leptin. Purified ACNs provided along with the HF diet led to decreasing
serum TG, cholesterol, and leptin to the low-fat diet levels [44]. Tsuda et al. (2004) also
found that adiponectin gene expression was upregulated in the WAT of ACN-fed mice [45].

Twenty healthy volunteers supplemented for 4 weeks with 200 mL/day of ACN-rich
Queen Garnet plum juice for 4 weeks had a significantly reduced body weight and BMI
with an average decrease of 0.6 kg in body weight and 0.2 units in BMI. Furthermore,
consumption of ACN-rich plum juice significantly increased adiponectin blood levels
(average increase of 3.8 μg/mL) and decreased leptin blood levels (average decrease of
1.3 ng/mL) [46]. A study conducted by Vugic et al. (2020) showed that the regular intake
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of ACNs reduced obesity-associated inflammation in obese subjects. The supplemen-
tation with purified ACNs for 28 days significantly reduced the plasma IL-6 level [47].
Several in vitro and in vivo studies confirmed that ACN-rich food consumption prevents
obesity-related consequences such as diabetes, inflammation and oxidative stress. ACN
supplementation favorably alters genes involved in glucose, FA and lipid metabolism, im-
mune and inflammatory system, antioxidant defense, and the antiangiogenic system [48].

3.5. The Effects of PP and ACN Fractions on TNF-α-Induced Endothelial Dysfunction

The endothelium plays a vital role in vascular homeostasis and response to various
stimuli, synthesizing and releasing many vasoactive substances, growth modulators, and
other elements that mediate/influence these functions. The loss of balance between pro-
atherogenic and antiatherogenic factors production leads to endothelial dysfunction [49].
The plasma levels of markers of endothelial activation, such as vascular cell adhesion
molecule (VCAM), intercellular adhesion molecule (ICAM), endothelin 1 (ET-1), E-selectin
(SELE), and markers of low-grade inflammation such as CRP, IL-1β, and IL-6 indicate
the endothelial dysfunction [7]. Obesity has been confirmed to activate endothelial cell
functions. It has been shown that endothelial cells of obese mice express higher levels of
ICAM-1 [50].

Our study examined the ability of ACN and PP fractions to decrease endothelial
dysfunction in HUVECs induced by TNF-α. Accumulating evidence from clinical trials
and basic research proves a crucial role of TNF-α in vascular dysfunction and vascular dis-
ease [51]. TNF-α is a proinflammatory cytokine with multiple immune response functions,
playing a pivotal role in low-grade systemic inflammation. TNF-α-mediated signaling path-
ways initiate and stimulate atherosclerosis, thrombosis, vasculitis, vascular oxidative stress,
and endothelial cell apoptosis, contributing to vascular impairment [51]. A close relation-
ship between TNF-α upregulation and lipid metabolism and HF and high-carbohydrate
diets has been reported in several studies. Significantly increased plasma levels of TNF-α,
IL-6, ICAM-1, and VCAM-1 have been observed in patients with hyperlipidaemia, obe-
sity, metabolic syndrome, and type 2 diabetes [51,52]. In our study, TNF-α significantly
stimulated several inflammation-related genes and adhesion molecules such as IL-6, IL-1β,
VCAM-1, ICAM-1, and SELE in HUVECs. Compared to control cells, PP and ACN fractions
decreased TNF-α-induced increase in IL-6, IL-1β, VACM-1, and ICAM-1 expression in a
dose-dependent manner (Figure 4A,B). After incubation of HUVECs with a PP fraction at
a concentration of 10 μg/mL, IL-6 and IL-1β mRNA expression decreased by 49.6% and
45.0% (p < 0.001), respectively. The mRNA expression of VCAM-1, ICAM-1, and SELE
decreased by 25.5% (p < 0.05), 25.0% (p < 0.01), and 38.0% (p < 0.01) (Figure 4A). The ACN
fraction at a dose of 10 μg/mL suppressed IL-6, IL-1β, and VCAM-1 mRNA expression by
74.0%, 50.0%, and 65.6%, respectively (p < 0.001). The ACN fraction did not affect ICAM-1
and SELE expression (Figure 4B). In TNF-α-induced HUVECs, the upregulated VCAM-1,
ICAM-1, and E-selectin were meaningfully reduced by pretreatment with quercetin [53].
ACNs and hydroxycinnamic acids present in blueberry and cranberry fruits reduced TNF-
α-induced upregulation of various inflammatory mediators (IL-8, MCP-1, and ICAM-1)
in HUVECs [54]. A clinical study with 27 subjects with metabolic syndrome has shown
that consumption of freeze-dried strawberry for 8 weeks decreased circulating levels of
VCAM-1 by 18%, while no effects were noted in ICAM-1 [55]. Ruel et al. (2008) reported
a significant decrease in adhesion molecules (ICAM-1 and VCAM-1) in healthy volun-
teers after a 12-week supplementation with low-calorie cranberry juice [56]. Mechanisms
that link obesity and endothelial dysfunctions are multidirectional and complex. Several
clinical studies have shown that reducing WAT hypertrophy leads to decreased plasma
levels of various adipocytokines, attenuates the pro-inflammatory state, and improves
endothelial functions [57].

In summary, the results have shown that PP and ACN fractions obtained from lin-
gonberry fruit ameliorate adipocyte hypertrophy by acting directly on the molecular and
cellular pathways. Both fractions decreased intracellular ROS generation by enhancing
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the expression of antioxidant defense enzyme SOD2 and inhibiting oxidant enzymes such
as NOX4 and iNOS. Moreover, PP and ACN fractions downregulated the expression of
FAS, DGAT1, and aP2, which resulted in reduced TG content in adipocytes. Both fractions
downregulated the expression of pro-inflammatory mediators (IL-6 and leptin), and up-
regulated adiponectin expression. To our knowledge, the present study is the first to
show the protective effect of PP and ACN fractions from lingonberry fruit on endothelial
functions by significantly decreasing the expression of several inflammation-related genes
and adhesion molecules such as IL-6, IL-1β, VCAM-1, ICAM-1 and SELE in TNF-α-induced
HUVECs. These results suggest that consuming polyphenol-rich lingonberry fruit may
help prevent and treat obesity and endothelial dysfunction due to their antioxidant and
anti-inflammatory actions. Thus, lingonberries could be a dietary recommendation for
preventing and managing obesity and cardiovascular complications, although further
in vivo studies in animal models, followed by clinical trials, are needed.
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Abstract: Beer is a fermented beverage widely consumed worldwide with high nutritional and
biological value due to its bioactive components. It has been described that both alcoholic and
non-alcoholic beer have several nutrients derived from their ingredients including vitamins, minerals,
proteins, carbohydrates, and antioxidants that make beer a potential functional supplement. Some
of these compounds possess redox, anti-inflammatory and anticarcinogenic properties making the
benefits of moderate beer consumption an attractive way to improve human health. Specifically,
the hop cones used for beer brewing provide essential oils, bitter acids and flavonoids that are
potent antioxidants and immune response modulators. This review focuses on the redox and
anti-inflammatory properties of hop derivatives and summarizes the current knowledge of their
neuroprotective effects.

Keywords: hop; antioxidant; xanthohumol; prenylflavonoids; beer

1. Generalities

Beer is an alcoholic natural beverage, not distilled, from barley extract. The traditional
ingredients for brewing beer are barley (malt), hops (Humulus lupulus L.), yeast, and
water. The brewing steps and brewing conditions are essential to generate specific beer
characteristics and quality. In general, the first step of brewing is the malting process which
consists of germinating the barley grains in water; subsequently, the flavor and color of the
beer are given by roasting the grains. Afterward, a sweet mixture is obtained by grinding
the cereal at the appropriate temperature. After boiling, the female inflorescences of the
hop plant (Humulus lupulus L., Cannabaceae) are added, giving a colloidal strength to beer.
It should be noted that beer bitterness is attributable to the hop plant. The final step of
brewing is fermentation, which begins just after yeast addition. The most used yeast strains
are Saccharomyces cerevisiae (stout, ale and porter beers) and Saccharomyces uvarum (lager
beers); however, non-conventional yeast strains have also been used [1,2]. According to the
fermentation parameters used during brewing, beers are classified into two major classes:
top and bottom-fermented beers. In top-fermented beers (ale-type beers), yeast growth
occurs in the upper part of the container and the fermentation temperature ranges between
16 ◦C and 24 ◦C; while in the bottom-fermented beers (lagers), yeast growth occurs in the
base of the container and the fermentation temperature ranges between 8 ◦C and 15 ◦C [3].

The moderate consumption of beer has been related to beneficial human health effects;
however, harmful effects have been described by the consumption of beverages with high
alcohol content. Low-moderate intake of alcohol is considered up to one drink per day for
women and up to two in men (considering that typically a can of beer has 330 mL containing
about 4% w/v alcohol). Drinking beer contributes to the intake of carbohydrates and it
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can be an important risk factor for obesity and overweight; nevertheless, an inconsistency
between beer consumption and obesity has been observed due to the contribution of
other risk factors such as individual diet, physical activity, or the consumption of other
alcoholic beverages [2,4,5]. On the other hand, it has been described that the regular
and moderate consumption of beer confers cardiovascular protection similar to that of
wine; and also reduces mortality both in healthy adults and in cardiovascular patients [6].
However, alcohol abuse is harmful to several human organs and a major social and health
problem associated with addictions, accidents, violence, and crime [7–10]. Additionally,
moderate beer consumption has been associated with lipid profile improvement in blood
plasma; reduction in leukocyte adhesion molecules and inflammatory markers improving
the prognosis of cardiovascular diseases such as atherosclerosis and thrombotic ailments.
Other studies regarding beer consumption showed better beneficial effects in vascular
endothelial function and pressure wave reflections compared to other kinds of alcoholic
beverages [2,6,11,12]. Clinical studies have suggested that the moderate consumption of
beer is beneficial for human health, mainly due to the phenolic compounds with antioxidant
and anti-inflammatory properties.

Beer is a beverage rich in phenolic compounds derived from hop (30%) and malt
(70–80%) [13]. It has been described that its phenolic acid content ranges from 3 to 12 mg/L
and its total polyphenol content ranges from 74 to 256 mg/L in 34 different lager beers
brewed in various geographic locations [14]. Specifically, the resin secreted by lupulin glands
contains bitter acids, essential oils, and prenylated flavonoids (Figure 1) that have received
particular attention because of their high antioxidant, anti-inflammatory and anticarcino-
genic effects, among others. Recently, a study focused on the biosynthesis and regulation
of these compounds demonstrated an increased expression of transcription factors and
structural genes in lupulin glands after leaf development, which correlated with increased
levels of bitter acids and prenylflavonoids in these glands [15]. Derived compounds from
hop are used as a source of bitterness, herbal aroma and natural preservative.

Figure 1. The main derived compounds from hop cones. Hop cones are the main source of bioactive compounds during the
brewing process. Hops contribute essential oils, phenolic compounds such as flavonoids which can be further classified into
flavonols, chalcones, and flavones. Hop cones contain α-acids and β-acids also known as bitter acids.
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Essential oils represent 0.5–3.0% from hop dry weight and can be classified into
hydrocarbons (50–80% of total oil) such as limonene, myrcene, and pinene; oxygenated
compounds (30% of total oil), such as linalool, caryophyllene, geraniol, and farnesol;
and sulfur-containing compounds (around 1% of total oil) [16]. The bitter acids found
in hops are α-acids (humulone, cohumulone, and adhumulone) and β-acids (lupulone,
colupulone, and adlupulone) that differ from each other because the β-acids contain an
extra isoprenyl group [17]. After thermal isomerization during the brewing process, α-
acids are transformed into iso-α-acids (which occurs favorably at temperatures around
100–130 ◦C and pH of 8–9) which are considered the primary drivers of hop-derived beer
bitterness, meanwhile, β-acids are oxidized during the brewing process [16,18,19]. Ad-
ditionally, hops are a source of polyphenols; however, brewing malt is the major source
of these compounds [20]. The main hop polyphenols are flavonoids, catechins, pheno-
lic acids, prenylated-chalcones and proanthocyanidins. Prenylated flavonoids combine
a flavonoid skeleton with a lipophilic prenyl side-chain, increasing the lipophilicity of
flavonoids [21]. Xanthohumol is the principal prenylated chalcone in the lupulin glands
(0.1–1% in dry weight), but it is a minor prenylflavonoid in beer since it contains a free
2′-hydroxy group which, after thermal isomerization during the brewing process, produces
its corresponding flavanone isoxanthohumol (ranging from 0.04 to 3.44 mg/L), which
is the most abundant flavonoid in beer [22–24]. A pharmacokinetic study performed in
healthy subjects (24 males of 31 ± 2 years old and 24 females 35 ± 2 years old) showed that
after a single oral dose of 20, 60 or 180 mg of xanthohumol, the maximum xanthohumol
concentrations were 33, 48 and 120 mg/L, respectively, with isoxanthohumol being the
main circulating metabolite [25]. Beer is the principal dietary source of xanthohumol and
related prenylflavonoids [23], their health benefits as well as the mechanism by which these
hop derivatives act are the subject of several investigations.

The next section describes the current knowledge on redox, anti-inflammatory and im-
munomodulatory effects of hop components in experimental models, mainly focused in xan-
thohumol and its derivative isoxanthohumol, which represents the major prenylflavonoid
in beer. Subsequently, a comprehensive compilation of human beer consumption effects as
well as hop components on redox, anti-inflammatory and immunomodulatory markers are
summarized. Some novel information of selected beer hop components on neuroprotection
is also provided.

2. Redox Properties from Hop Derivatives on Beer

Free radicals and reactive oxygen species (ROS) are highly reactive compounds that
easily oxidize other molecules by taking up electrons [26]. ROS are normally produced
during cell metabolism mainly in the mitochondrial electron transport chain, which has
been described as an important role of ROS in the regulation of metabolism, cell cycle and
survival, among others [26,27]. However, when excessive ROS are produced, the oxidation
of biomolecules such as lipids, proteins, and nucleic acids occurs, leading to cellular stress
and oxidative damage. The role of oxidative stress in the progression of several diseases
and aging has been widely reported, which is the reason why much investigation is focused
on the search for compounds that attenuate the oxidation processes [26–29].

The benefits of hop derivatives contained in beer are associated with their ability to
modulate the redox environment since they can scavenge a wide range of reactive oxygen
species, but it has also been described that hop components can modulate the expression
and activity of antioxidant enzymes and the glutathione (GSH) levels, thus protecting
against toxic stimulus.

Several studies have evaluated the antioxidant capacity of beer varieties, finding that
their redox activity depends on their polyphenolic amount. The polyphenolic content varies
depending on the type of beer from 366 gallic acid equivalents (GAEs) mg/L in alcohol-free
beers to 875 GAE mg/L in bock beers [30]. In general, beers are able to scavenge free radicals
in ferric antioxidant power (FRAP) and 2,2-azino-bis (3-ethylbenzothiazoline-6-6sulphonic
acid) (ABTS) assays, among others, as well as to prevent DNA oxidation [30–34]. In recent
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years, many research groups have studied the redox properties of beers characterizing the
fractions obtained during brewing or testing individual components.

In 2009, Gerhauserin [35] analyzed the scavenging capacity of 51 phenolic beer com-
pounds. The redox activity of polyphenols is determined in part by the OH groups found
in the aromatic nucleus, mainly in the C4′ and C3′ positions. General radical scavenging
potential was determined by the reaction with 1,1-diphenyl-2-picrylhydrazyl (DPPH), the
group of proanthocyanidins and flavonols that had a better scavenging potential consid-
ering their half maximal scavenging concentration (SC50 7.6–16 μM and 10.4–23.7 μM,
respectively). When the phenolic compounds were exposed to a system able to chemi-
cally generate superoxide, the best scavenging profile was shown by protoanthocyanidins,
catechins, flavonols and flavones. However, when the superoxide was produced by an
enzymatic reaction, the catechins and proanthocyanidins were identified as the most
potent scavengers of the beer phenolic compounds tested. Furthermore, xanthohumol,
saponaretin and 4-ketopinoresinol were the only compounds that showed the inhibition of
superoxide production, stimulated with phorbolmyristate acetate (PMA) in HL60 human
promyelocytic leukemia cells with an IC50 of 5.5 μM, 4.7 μM and 7.1 μM, respectively.
Proanthocyanidins, catechins, flavonols, xanthohumol, and isoxanthohumol showed a
better peroxyl radical scavenging potential than Trolox (vitamin E analogous with high
antioxidant capacity) at 1 μM. The hydroxyl radical scavenging profile was also evaluated
in phenolic beer compounds, most of them were able to scavenge this radical. However,
xanthohumol was the best compound to scavenge hydroxyl radical followed by caffeic
acid, myricetin and cinnamic acid when compared to Trolox [35].

Hop bitter acids, humulone and lupulone have a radical scavenging activity with
an IC50 around 2–3 × 10−5 M and lipid peroxidation inhibitory activity (7.9 × 10−6 and
3.9 × 10−5, respectively), these effects were similar to those obtained with α-tocopherol
and ascorbic acid. It has been suggested that the 5-hydroxyl group of bitter acids is the
active site for radical scavenging activity since those analogs lacking this group do not
have this activity [36].

One of the most studied and the most abundant prenylated chalcones (open C-ring
flavonoids) from hops is the xanthohumol [22]. Xanthohumol is 9-fold and 3-fold more
effective than Trolox in scavenging peroxyl and hydroxyl radicals, respectively. However,
isoxanthohumol was more potent than xanthohumol for peroxyl radical scavenging and
showed the same effect as Trolox for scavenging hydroxyl radicals. According to these
data, xanthohumol (1.5 and 3 μM) reduced the electron spin resonance signal intensity of
hydroxyl radical formation in a cell-free system (H2O2/NaOH/DMSO) [37]. Xanthohumol
inhibited the production of superoxide in the xanthine/xanthine oxidase system with an
IC50 27.7 ± 4.9 μM, while xanthohumol showed an IC50 of 2.6 ± 0.4 μM for superoxide
scavenging in TPA-stimulated HL-60 cells [38]. Both xanthohumol and isoxanthohumol
reduced nitric oxide (NO) production (IC50 12.9 ± 1.2 μM and 21.9 ± 2.6 μM, respectively)
induced by lipopolysaccharide (LPS) in RAW 264.7 mouse macrophages [38]. An additional
study showed that xanthohumol inhibited the production of NO with an IC50 8.3 μM in
RAW 264.7 macrophages exposed to LPS and IFN-γ [39]. According to these data, it was
reported that the ethyl acetate soluble fraction of Humulus lupulus L. that contains chalcones
including xanthohumol inhibits the production of NO by suppressing the expression of
iNOS in RAW 264.7 cells exposed to LPS and IFN-γ [40].

Additionally, xanthohumol was able to neutralize around 60% of ABTS free radicals
and decrease 30% of the thiobarbituric acid-reactive substances (TBARS) formation induced
by free radicals in erythrocyte ghosts [41]. Furthermore, xanthohumol and other preny-
lated chalcones found in beers were able to inhibit the oxidation of human low-density
lipoprotein (LDL), the formation of TBARS, and the oxidation of tryptophan residues in
LDL induced by Cu2+ [42]. An additional study found that xanthohumol decreased lipid
peroxidation in rat liver microsomes induced by Fe2+-ascorbate or tert-butyl hydroperoxide
(TBH). The protective effect of xanthohumol (0.1 and 0.5 μM) was observed in PC12 cells
from H2O2-induced and 6-hydroxydopamine-induced cellular damage due to a reduction
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in both ROS production and caspase-3 activity [41]. It was also shown that 5 μM and
10 μM of this chalcone decreased lactate dehydrogenase activity (by around 25 and 50%,
respectively) in the primary cultures of rat hepatocytes treated with TBH; this anti-cytotoxic
effect showed by xanthohumol was related to its antioxidant activity [43].

The protective effects shown by xanthohumol can be in part related to the activation
of nuclear factor erythroid-2-related factor 2 (Nrf2) and the expression of the Nrf2-driven
antioxidant/detoxifying genes. Under normal conditions, Nrf2 is bonded to the Kelch-
like ECH-associated protein 1 (Keap1) in the cytoplasm, and Nrf2 is ubiquitinated for its
proteasomal degradation; however, under oxidative stress conditions, the Nrf2-Keap1
complex is dissociated and Nrf2 is translocated to the nucleus where it binds to the
antioxidant-responsive element (ARE), thus promoting the transcription of antioxidant-
protective genes such as heme oxygenase-1 (HO-1), NAD(P)H: quinone oxidoreductase
1 (NQO1), thioredoxin (Trx1), thioredoxin reductase 1 (TrxR1), glutamate cysteine ligase
(GCL). It has been shown that xanthohumol increases the content of nuclear Nrf2 and
decreases its cytosolic localization, indicating its nuclear translocation and promoting the
antioxidant response. Moreover, it was demonstrated that xanthohumol (0.5 μM) increased
the mRNA expression of HO-1, NQO1, Trx1, TrxR1, GCL after 6 and 12 h, with HO-1 and
TrxR1 mRNAs being the most highly transcribed (by around 2.8- and 2.3-fold). In line
with the upregulation of phase II enzymatic expression, the protein and activity of these
enzymes as well as GSH levels were also increased by xanthohumol [41]. Likewise, it has
been suggested that the anti-inflammatory effect shown by xanthohumol could be related
to its Nrf2-ARE signaling modulation [44].

The antioxidant cellular modulation by hop components contributes to the beneficial
effects of beer intake. There is in vivo evidence that beer intake (0.5 mL/day) reduces lipid
peroxidation and TNFα over-expression induced by the oral administration of aluminum in
mice. These effects were related to the restoration of the antioxidant enzymatic expression
of catalase and superoxide dismutase [45]. Another study demonstrated that treatment
with beer fractions derived from the brewing process reduced oxidative stress as well as the
senescence induced by H2O2 in dental-derived stem cells and human intestinal epithelial
lines (Caco-2 cells) [13]. Moreover, the consumption of beer with or without alcohol restored
the enzymatic activity of complex I and IV and prevented the oxidation of coenzymes Q9
and Q10 in the heart and liver mitochondria from rats treated with adriamycin [46]. In
addition to redox modulation, the immunomodulatory and anti-inflammatory effects of
the hop components were extensively studied and are described in the following section.

3. Anti-Inflammatory and Immunomodulatory Effects of Beer Compounds

Crosstalk between the oxidative and pro-inflammatory signals has been described,
making these two important factors in the progression of age-related disorders. Inflamma-
tion is the response elicited by the immune system to counteract noxious agents, which
is a complex process that requires the precise balance of intracellular and extracellular
signals, first elicited by the innate immune system cell populations including neutrophils,
macrophages, dendritic cells and natural killer cells, later reinforced by the components of
the adaptive immune response, T and B lymphocytes [47]. The synchronic orchestration
of both innate and adaptive immune responses leads to the beginning and control of in-
flammation, and the reestablishment of the organism homeostasis. However, dysregulated
inflammation is associated with the development of age-related disorders such as cancer,
neurodegenerative diseases, and chronic inflammation disorders [48].

Thus, in addition to the search for natural compounds with antioxidant properties,
finding anti-inflammatory or immunomodulatory characteristics in the same molecules
would be ideal. In light of this, both the anti-inflammatory role of isolated beer compounds
as well as the effect of moderate beer consumption on the immune system have been
investigated. It was reported that beer consumption in healthy rats, considering a daily
ethanol consumption of 1.16 g/kg, has no impact on the relative abundance of the different
lymphocytic populations [49]. Additionally, the positive effects of beer consumption have
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been demonstrated, since this prevented the formation of atherosclerotic plaques in addi-
tion to the decrease in the expression of the endothelial adhesion molecules: intercellular
adhesion molecules (ICAMs) and vascular cell adhesion molecules (VCAMs), together with
a decreased expression of the nuclear factor κB (NF-κB, an important transcription factor
that drives the production of pro-inflammatory signals), indicating an anti-inflammatory ef-
fect in atherosclerotic rats [50]. Moreover, beer consumption promoted anti-tumor immune
responses and increased the number of T lymphocytes on tumor-bearing rats [51].

As mentioned above, the female cones of hop are a major source of beer polyphenols
and bioactive compounds. Thus, the effect as immunomodulators of the whole hop ex-
tracts in the immune system has been studied (Figure 2). In vitro treatments using hop
extracts on LPS-stimulated macrophages and peripheral blood mononuclear cells (PBMCs)
decreased the levels of the proinflammatory cytokines interleukin (IL)-1β, IL-6, tumor
necrosis factor (TNF)-α and the monocyte chemo-attractant protein (MCP)-1; in addition,
they decreased the production of nitric oxide (NO), a diffusible ROS involved in vasodi-
lation and immune infiltration [52–54]. The anti-inflammatory activity of hop extracts is
attributed to the inhibition of the NF-κB activation. Hop extracts also decreased the activity
of the enzyme cyclo-oxygenase 2 (COX-2) leading to the reduction in the inflammatory
mediator prostaglandin E2 (PGE2) in a mouse model of zymosan-induced arthritis [55].
Likewise, these anti-inflammatory effects of hop extracts (1–10 μg/mL) have been described
in epithelial cells stimulated with viral double-stranded RNA where they decreased the
production of TNF-α and the thymic stromal lymphopoietin (TSLP), a cytokine involved
in allergic reactions, thus suggesting a role of hop extracts on the modulation of allergic
responses [56]. More refined hop extracts contain only the α-acids, β-acids and iso-acids,
also known as bitter acids. The bitter acids (1–50 mg/kg) prevented brain inflammation
and depressive behavior in mice exposed to LPS-induced brain intoxication [57]. Moreover,
these molecules also decreased the production of TNF-α and IL-1β in TNF-α-stimulated
fibroblasts and activated the hepatic stellate cells, suggesting a role of bitter acids in the
prevention of fibrosis [58,59].

Iso-α-acids have been widely studied in the modulation of the innate immune sys-
tem within the brain and its implications in neurodegenerative disorders. Iso-α-acids
promoted the phagocytic activity of microglial cells in vitro together with a shift from a pro-
inflammatory towards an anti-inflammatory phenotype, as evidenced by reduced levels
of NO, TNF-α, IL-1β, IL-6, IL-12 and MCP-1, while the number of the anti-inflammatory
microglial marker CD206 was increased [60–63]. In addition to its role in preventing
neuroinflammation, iso-α-acids prevented the hepatic damage observed in non-alcoholic
steatohepatitis induced by a Western diet, reducing hepatic fibrosis, inflammation and
oxidative damage [64]. In the case of β-acids, it has been observed to have an inhibitory
effect on the activation of NF-κB, thus inhibiting tumor generation in mice exposed to
12-O-tetrahydrophorbol 13-acetate [65]; however, the role of separated β-acids in immune
activation remains poorly explored.

To specifically identify which beer compounds are responsible for these effects, several
studies have focused on studying them individually (Table 1).
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Figure 2. Cellular mechanisms of the anti-inflammatory, immunomodulatory and antioxidant effects exerted by hop
compounds. Polyphenols extracted from H. lupulus such as xanthohumol, isoxanthohumol and bitter acids can interfere
with intracellular immune signaling pathways at different levels. Due to the inhibition of TLR4 activation through preventing
the association of TLR4 dimers with the co-stimulatory molecule MD2, NF-κB nuclear translocation was prevented. Hop
compounds inhibit NF-κB signaling pathway due to both, the inhibition of TLR4 activation through preventing the
association of TLR4 dimers with the co-stimulatory molecule MD2, and in a TLR-independent fashion. Hop compounds
can inhibit other pro-inflammatory signaling pathways driven by STAT-1 and IRF-1. Thus, reducing the expression of the
subset of pro-inflammatory mediators such as IL-1β, IL-6, IL-8, IL-10, IL-12, TNF-α, inflammasome subunits, nitric oxide,
cyclooxygenases, and prostaglandin production, adhesion molecules such as ICAM-1, MCP-1, and MIP-1. Simultaneously,
hop compounds promote microglial phagocytic activity together with the switching to M2 phenotype. In different cell types,
hop compounds also prevent fibrotic processes by reducing the expression of α-SMA or TGF-β. However, hop compounds
also promote the pro-inflammatory and cytotoxic responses from lymphocytes to elicit anti-tumor responses. Finally, in
many cases, the anti-inflammatory effects of hop compounds are accompanied by the activation of the antioxidant response
regulator, Nrf-2, and the increase in the production of HO-1, NQO-1, GST, GCL, Trx-1 and TrxR-1.
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Table 1. Effects of beer compounds on immunomodulation.

Beer Compound In Vitro/In Vivo/Clinical Study Effect References

Xanthohumol or
Isoxanthohumol

In vitro

Monocytes/macrophages
(0.5–20 μM).

- Decreased expression of TLR-4.
- Interference with TLR-4/MD-2 association.
- Inhibition of NF-κB signaling.
- Decreased expression of inflammasome

subunits.
- Decreased production of IL-1β, IL-6, IL-12,

MCP-1, TNF-α, and NO.

[44,66–70]

Dendritic cells
(2–50 μM).

- Increased formation of ceramide.
- Activation of caspase-8-mediated

apoptosis.
[71]

T lymphocytes
(1.25–40 μM).

- Antiproliferative.
- Increased apoptosis.
- Reduced lymphocyte cytotoxic activity.
- Inhibition of JAK/STAT and NF-KB

signaling.
- Decreased production of IL-2, TNF-α and

IFN-γ.

[72,73]

Mice primary chondrocytes.
(10–50 μM).

- Inhibition of NF-κB signaling.
- Reduced production of TNF-α, IL-8, PGE-2

and NO.
[74]

IEC-6 intestinal epithelium
(25 μM). - Inhibition of NF-κB signaling. [75]

Primary hepatocytes and hepatic
stellate cells (5–10 μM).

- Inhibition of NF-κB signaling.
- Decreased production of IL-8 and MCP-1. [75,76]

HUVEC cells
(0.001–10 μM).

- -Inhibited capillary-like structure
formation. [77]

In vivo

Mice, dextran sodium
sulfate-induced colitis (0.1–10

mg/kg orally).

- Inhibition of NF-κB signaling.
- Decreased levels of IL-1β, TNF-α and

COX2.
[75]

Liver inflammation,
non-alcoholic steatohepatitis,

CCl4-induced liver injury,
ischemia/reperfusion-induced
liver injury (0.5% w/w food).

- Inhibition of NF-κB signaling.
- Decreased levels of IL-1α, IL-6, MCP-1,

TNF-α and ICAM-1.
- Decreased levels of TGF-β, α-SMA and

collagen.

[76,78,79]

Oxalazone-induced inflammation
(0.1–5% topically). - Reduction in ear thickness. [69]

LPS-induced lung injury
(10–50 mg/kg intraperitoneally).

- Reduced neutrophil count and MPO
activity.

- Decreased expression of inflammasome
subunits.

- Reduced levels of IL-1β, IL-6, TNF-α and
NO.

[67]

Skin wound healing
(10 mg/L beverage or 50 μM

topically).

- Decreased levels of IL-1β, NO and VEGF.
- Decreased angiogenesis. [77,80]

High-fat diet-induced
inflammation (0.01%).

- Reduced levels of circulating IL-1β and
TNF-α. [81]
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Table 1. Cont.

Beer Compound In Vitro/In Vivo/Clinical Study Effect References

Mice, breast cancer
(25–50 mg/kg gavage).

- Increased levels of IL-2 and IFN-γ.
- Lymphocyte polarization towards TH1

phenotype.
- Increased anti-tumor lymphocyte activity.
- Reduced tumor volume.

[82]

8-prenylnaringenin

In vitro

RAW 264.7 macrophages
(1–30 μM).

- Inhibition of NF-κB activation.
- Decreased expression of TNF-α, iNOS,

COX1 and COX2.
[83]

HUVEC cells
(0.001–10 μM).

- Decreased expression of COX2.
- Decreased PGI-2 production.
- Promoted capillary-like structure

formation.

[77,83]

Spleenic adherent cells
(5 μg/mL). - Decreased production of IL-12. [69]

In vivo

Rat skin wound healing
(50 μM topically)

- Increased level of IL-1β.
- Increased angiogenesis. [77]

Hop iso-α-acids

In vitro

Primary hepatocytes and hepatic
stellate cells

(10–20 μg/mL).

- Decreased production of IL-8, ICAM-1,
TGF-β and α-SMA.

- Increased proliferation.
[64]

BV-2 microglial cells
(1–100 μM).

- Decreased production of NO on
LPS-stimulated cells. [60]

Mice primary microglia culture.
(0.1–40 μM).

- Increased amyloid-β phagocytosis.
- Decreased production of TNF-α IL-1β, IL-6,

IL-10, IL-12, MIP-1 and MCP-1.
[61,63]

In vivo

Western diet-induced
non-alcoholic liver disease mice.

(0.5% w/w in food)

- Decreased levels of IL-1α and TNF-α.
- Reduced expression of adhesion molecules.
- Decreased levels of TGF-β, MMP-1 and

α-SMA.
- Decreased lymphocyte infiltration into the

liver.

[64]

Rat intracerebral hemorrhage.
(10 mg/kg intraperitoneally).

- Microglial polarization towards M2
phenotype.

- Decreased NF-κB expression.
- Reduced levels of IL-1β and TNF-α.

[84]

5xFAD mice (Alzheimer’s
experimental model)

(0.4–20 mg/kg orally).

- Microglial polarization towards M2
phenotype.

- Increased phagocytic activity.
- Decreased soluble amyloid-β.
- Prevention of amyloid-β deposition.
- Decreased production of IL-1β, IL-12 and

MIP-1α.
- Amelioration of cognitive impairment.

[61,63]

rTg4510 mice (tauopathy
experimental model)
(0.5% w/w in food).

- Reduced levels of IL-1β, IL-12, TNF-α and
MIP-1.

- Decreased levels of phosphorylated tau.
[62]
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Aged mice.
(0.5% w/w in food).

- Microglial polarization towards M2
phenotype.

- Reduced levels of TNF-α and IL-1β.
- Reduced level of amyloid-β and glutamate.
- Increased level of dopamine.
- Improved age-related cognitive

impairment.

[85]

Hop β-acids

In vivo

TPA-induced skin inflammation
in mice (5–50 μg/mL topically).

- Inhibition of NF-KB signaling.
- Decreased pro-inflammatory markers

iNOS, COX1 and COX2.
- Decreased infiltrated lymphocytes in the

skin.
- Prevention of tumor formation.

[65]

Hop bitter acids mix

In vitro

Hepatic stellate cells
(10 μg/mL).

- Decreased activation of NF-κB signaling.
- Reduced production of MCP-1 and

RANTES.
- Decreased α-SMA expression.

[58]

L929sA fibroblasts
(0–200 μM).

- Reduced NF-κB activation.
- Reduced IL-6 production. [59]

In vivo

Vagotomized and LPS-intoxicated
mice (1–50 mg/kg).

- Reduced blood levels of IL-1β.
- Prevention of dendritic spine loss.
- Improved depression-like behavior.

[57]

Hop extract

In vitro

RAW 264.7 macrophages
(0.1–100 μg/mL).

- Decreased production of IL-1β, IL-6,
TNF-α, MCP-1 and NO. [52,53]

THP-1 myeloid cells (0.1–2%). - Decreased production of IL-10 and TNF-α.
- Inhibition of NF-κB activation. [54]

PBMCs (3.6–30 μg/mL). - Decreased COX-2 activity and PGE-2
production. [55]

Human nasal epithelial cells
(0.1–50 μg/mL). - Decreased TSLP and TNF-α production. [56]

Beer

In vivo

42 mL beer/kg body weight.

- Decreased expression of ICAM, VCAM,
NF-κB.

- Prevention of atherosclerotic plaque
formation.

[50]

Drinkable beer ad libitum.
- Increased number of anti-tumor reactive

lymphocytes.
- No difference in tumor growth.

[51]

Clinical study on healthy subjects
Short term

(30 min–4 h after single ingestion).

Alcoholic beer
(355–700 mL).

- Prevented radiation-induced lymphocyte
DNA damage (ex vivo).

- Reduced lymphocyte cytotoxic activity.
[86,87]
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Long term.
(21–45 days of beer consumption).

Alcoholic beer
(330 mL/day women,

660 mL/day men).

- No changes in cell adhesion molecules.
- Increased number of circulating

lymphocytes (women).
- Increased serum levels of IgM, IgA and

IgG.
- Increased monocyte oxidative burst

capacity (ex vivo).
- Increased cytokine production capacity (ex

vivo).

[8,88,89]

Non-alcoholic beer
(500–1500 mL daily).

- Unchanged levels of complement system
molecules.

- Decreased the acute rise of IL-6 and
leukocyte after endurance aerobic exercise.

[90,91]

Clinical study on cardiovascular risk subjects.
Long term.

(14–28 days of beer consumption).

Alcoholic beer
(500–660 mL/day men).

- Increased level of macrophage microRNA:
miR-145a-5p.

- Decreased levels of lymphocyte adhesion
molecules and IL-5.

- Increased levels of IL-1 receptor antagonist.

[92,93]

Non-alcoholic beer
(500–990 mL/day men).

- Decreased level of macrophage
microRNAs: miR-320a-3p, miR-92a-5p,
miR-20a-5p and miR-17- 5p.

- Decreased level of monocyte and
lymphocyte adhesion molecules.

- Decreased level of IL-6r, IL-15 and
RANTES.

[92,93]

Immunomodulatory Effect of Xanthohumol

The isolated compounds of hop extracts have been tested in several models. Re-
garding the immune system and inflammatory process, xanthohumol and its derivative
isoxanthohumol have been described as potent anti-inflammatory molecules. In vitro stud-
ies demonstrated that both xanthohumol and isoxanthoumol, at concentrations ranging
between 0.5 and 20 μM, suppressed the production of pro-inflammatory cytokines such as
IL-1β, IL-6, IL-12, MCP-1, and TNF-α, together with a decreased expression of the inducible
nitric oxide synthase (iNOS) and reduced levels of NO on macrophages and monocytes
stimulated with LPS or interferon-γ (IFN-γ) [44,66–69]. The mechanisms through which
xanthohumol exerts its anti-inflammatory effects have been attributed to its intervention
at different levels of the macrophage inflammatory signals. Xanthohumol interferes with
the Toll-like receptor 4 (TLR-4) signaling by binding directly to its co-receptor, the myeloid
differentiation protein 2 (MD-2) and decreases TLR-4 expression [68,70]. Additionally, it
blocks the interferon response factor 1 (IRF1)/STAT1 cascade [66] and inhibits the activation
of the NF-κB [44,66,67,69], which also leads to reduced levels of the inflammasome compo-
nents NLRP-3 and caspase-1, and finally to the reduction in IL-1β levels [67]. Conversely,
the mechanism of action of isoxanthohumol in the pro-inflammatory signaling cascade
only points to the inhibition of the NF-κB cascade but no changes in TLR-4 expression have
been described [68,75].

The anti-inflammatory role of xanthohumol has been observed in vitro in different
tissue resident cell types that contribute to the innate immune response such as chon-
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drocytes, intestinal epithelial cells, hepatocytes and hepatic stellate cells. In these cells,
xanthohumol decreased the production of inflammatory markers NO, IL-6, IL-8, TNF-α,
MCP-1, COX-2, and PGE2 [74–76]. In contrast, a deleterious role of xanthohumol has been
reported in dendritic cells, another cellular subset of the innate immune response. In this
context, xanthohumol, at 50 μM, induced apoptosis triggered by caspase-8 in a mechanism
dependent on the activity of the enzyme acid sphingomyelinase that led to an increased
ceramide production in vitro [71].

The anti-inflammatory role of xanthohumol in vivo has been tested in models of acute
and chronic inflammation in different organs. The topical administration of xanthohumol
prevented skin inflammation in oxazolone-induced dermatitis [69] and its intraperitoneal
administration showed anti-inflammatory and antioxidant effects as well as the prevention
of fibrosis on acute lung injury induced by LPS injection [67].

Supplementation of a standard rodent diet with xanthohumol in different murine
experimental models including ischemia/reperfusion, carbon tetrachloride acute liver
toxicity and non-alcoholic steatohepatitis was shown to prevent the increase in proinflam-
matory markers IL-1α, IL-6, MCP-1, TNF-α and ICAM-1; it also decreased the levels of
the transforming growth factor β (TGF-β), TIMP1, collagen-1 and α-smooth muscle actin
(α-SMA) and contributed to the prevention of liver fibrosis in these models [76,78,79].
The oral administration of xanthohumol decreased the inflammatory markers and the
severity of dextran sulfate sodium-induced colitis where TNF-α, IL-1β and COX-2 decline
was associated with xanthohumol-induced inhibition of NF-κB signaling [75]. Moreover,
xanthohumol-supplemented beverages given to animals decreased the levels of the pro-
inflammatory markers IL-1β and NO in addition to the decrease in the vascular endothelial
growth factor (VEGF) and the number of new blood vessels in a skin wound healing model,
suggesting that xanthohumol also modulates the angiogenic process [80]. These results
are in line with previous studies showing that both xanthohumol and isoxanthohumol
prevented the assembly of capillary-like structures from endothelial cells by inducing
apoptosis on these cells [77]. The anti-inflammatory role of isoxanthohumol has been
demonstrated in models of high-fat diet-induced insulin resistance where it decreased
levels of the pro-inflammatory cytokines IL-1β and TNF-α and improved the glucose toler-
ance; these effects were attributed to isoxanthohumol-induced changes in the abundance
and diversity of mice microbiota [81].

Despite the described mechanisms of xanthohumol in the function of the innate
immune system cells, the role of this chalcone on the modulation of adaptive immune re-
sponse remains poorly understood. In vitro studies evidenced that xanthohumol exerts an
antiproliferative role on concanavalin-A or IL-12-activated T lymphocytes, an effect which
was accompanied by cell cycle arrest but also with the increase in apoptotic cells [72,73]
and it has been attributed to the inhibition of STAT and NF-κB signaling as occurred in cells
of the innate immune response [72,73]. Moreover, xanthohumol suppressed the cytotoxic
activity and the production of IL-2, TNF-α and IFN-γ on T lymphocytes suggesting the
inhibition of pro-inflammatory T cell responses (TH1) in vitro [72]. However, xanthohumol
showed opposite effects on the stimulation of TH1 lymphocytes in vivo on a breast cancer
mouse model, where xanthohumol induced the reduction in tumor mass, the increase in
cytotoxic lymphocytes together with an increase in IFN-γ and IL-2. Additionally, it pro-
duced a reduction in the lymphocyte-produced anti-inflammatory cytokines IL-4 and IL-10,
favoring an anti-tumor TH1 phenotype instead of an anti-inflammatory TH2 phenotype
on T lymphocytes [82]. This contradictory evidence suggests that the role of xanthohumol
is beyond its anti-inflammatory properties, as further research using different models of
immune activation would reveal a more complex role of xanthohumol in the modulation
of the immune response.

The role of 8-prenylnaringenin on the inflammatory process has also been stud-
ied, demonstrating that this compound can reduce the expression of pro-inflammatory
markers such as IL-12, TNF-α and NO together with a decrease in the production of
ROS and PGE2 [69,83]. Furthermore, contrary to xanthohumol and isoxanthohumol,
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8-prenylnaringenin modulates the angiogenic processes by inhibiting the cell death of
vascular endothelial cells and promoting the formation of capillary structures in wound
healing models [77].

4. Effect of Human Beer Consumption on Redox Environment and Immunomodulation

The role of moderate beer consumption has been studied in the immunological and
redox markers of healthy subjects and people with cardiovascular risk. The favorable beer
consumption effects can be related to the mechanisms previously described in experimental
models. In a randomized feeding trial comparing moderate beer intake (660 mL/day, con-
taining 30 g of ethanol and 1209 mg of polyphenols) with non-alcoholic beer (900 mL/day
containing 1243 mg of total polyphenols), reduced serum concentration of inflammatory
biomarkers and also beneficial effects on the cardiovascular system with better results than
distilled beverages such as gin (100 mL/day, containing 30 g of ethanol) were observed,
probably because of the polyphenolic content of beer [93]. Another study showed that
non-alcoholic beer intake for 45 days followed by hop supplementation (400 mg/days) de-
creases lipid peroxidation and carbonyl groups while it increases the GSH and α-tocopherol
content in the blood. Interestingly, the inflammatory parameters IL-6 and complement C3
fraction decreased just after hop supplementation [94].

Comparisons between social and problem alcohol drinkers demonstrated that prob-
lem drinkers present lower levels of both serum IL-6 and IL-1 receptor agonist, (pro-
inflammatory and anti-inflammatory markers, respectively) suggesting that these subjects
have a blunted immune response compared to social drinkers, these differences were
related to anxiety and motivation behavior in the studied subjects [95]. In the short term,
30 min after consumption, beer decreased the cytotoxic activity of peripheral lymphocytes
stimulated with IL-2 or phytohemagglutinin of healthy subjects [86]; this would seem like a
detrimental role of beer consumption on the immune response immediately after ingestion,
nevertheless, blood lymphocytes were more resistant to radiation-induced damage from
30 min to 4.5 h after beer ingestion [87]; this could be beneficial in the case of cancer patients
receiving radiotherapy. Moderate (330 mL for women, 660 mL for men) beer consumption
in healthy subjects did not affect the serum levels of the adhesion molecules ICAM-1 and
E-selectin [88] nor the levels of cytokines or complement proteins involved in the serum
immune response [90]. Moreover, as part of a study to determine the effect of moderate
beer consumption on immunocompetence in healthy adults, sixty subjects (29 women
and 31 men) between 25 and 50 years consumed, after a month of abstinence, one or two
cans of beer as part of a regular diet during a month. An increased number of peripheral
leukocytes, neutrophils, basophils, and CD3+ lymphocytes was observed in women while
in men it was only a trend [8,89]. There were no differences in CD4+, CD8+, CD19+, TNF-α,
and IL-6. Nevertheless, an increase in IgG, IgA, and IgM values was observed both in men
and women [8]; ex vivo blood analysis from the same subjects demonstrated that after
the beer consumption period, E. coli-stimulated macrophages showed elevated levels of
oxidative burst, but no changes in phagocytic activity [89], as well as an improved capacity
of PBMCs for the production of IL-2, IL-4, IL-6, IL-10, TNF-α and IFN-γ in both sexes [8].
In this study, the IFN-γ/IL-10 ratio decreased in both women and men, considering that
a high IFN-γ/IL-10 ratio has been associated with depressive disorders, moderate beer
consumption could have anti-depressive effects without affecting the proinflammatory
cytokine production (no changes on TNF- α and IL-6). In addition to this, it has been shown
that moderate non-alcoholic beer consumption prevented the acute inflammation caused
by aerobic endurance exercise, in this case, alcoholic and non-alcoholic beer prevented the
increase in serum IL-6 and the number of circulating leukocytes given after finishing a
marathon [91].

In the case of subjects with cardiovascular risk, moderate beer consumption increased
the level of macrophage-produced microRNAs that have been related to a decreased
expression of inflammatory cytokines [92]; accordingly, moderate beer consumption also
decreased the blood levels of inflammatory markers IL-5, IL-15, the receptor of IL-6, and
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the chemokine regulated upon activation, normal T cell expressed and secreted (RANTES)
in cardiovascular risk individuals [93]—however, no changes in IL-6 or TNF-α were
reported [9].

Studies focused on moderate beer consumption and the effect of the natural com-
pounds found in beers have shown important roles in the modulation of immune responses,
beyond anti-inflammatory effects, beer components seem to play a more complex part in
the different immune populations, also depending on the type of immune challenge that is
presented. Further research is needed to clarify these complex behaviors and incidentally
reinforce the benefits of moderate beer consumption.

5. Hop Derivatives and Neuroprotection

The prevalence of age-related neurodegenerative diseases is exponentially increased
due to a longer life expectancy; currently, there are no effective therapies available to
ameliorate their progressive disabling characteristics. The processes that contribute to
neurodegeneration include excitotoxicity, the dysfunction of cellular organelles such as
mitochondria, and lysosomes favoring an oxidative environment and losing the redox
homeostasis which together with an immune imbalance lead to inflammatory signaling
and altered responses of glia in the brain. These events converge and contribute to mis-
folded proteins, protein aggregation, cellular communication damage, and altered—which
subsequently induce brain cellular loss. These cellular and molecular processes can be
reflected in the cognitive impairment and motor deterioration characteristic of aging and
neurodegenerative disorders [96–99]. Recently, it has been reported that the moderate
drinking of beer shows some positive effects by improving cognitive impairments related
to several of these neurological and pathological conditions. These effects have been related
to the antioxidative and anti-inflammatory properties of the chemical compounds that can
be found in the hops, described above. Specifically, these components have shown effects
in neurotransmission, redox modulation, and neurogenesis, providing neuroprotection in
different experimental models (Figure 3).

One of the earliest indications showing that hop components could act on the central
nervous system was the fact that hop cones have been widely used in folk medicine as
a tranquilizer, sedative, and anxiolytic, presumably by an effect on γ-aminobutyric acid
(GABA)A receptors. This idea was supported by evidence showing that extracts from H.
lupulus decreased the locomotor activity, increased sleeping time, and overall potentiate
the sedative effects induced by pentobarbital or ketamine [100–102] through the inhibitory
action of GABAergic neurotransmission. In this line, the effect of beer components on
GABAA receptors has been studied in Xenopus oocytes injected with cRNAs of α1 and β1
subunits of bovine GABAA receptors to induce their expression. The beer components
myrcenol, linalool, geraniol and, 1-octen-3-ol induced a stronger potentiation (2- to 4-fold
taking as reference the response elicited by GABA) on the GABAA receptor activation;
while hop oils showed a small potentiation (20–50% compared with the GABA response). In
the absence of a preliminary GABA stimulus, these compounds did not induce a response
on the GABAA receptors, therefore, they did not act as agonists but as enhancers. Among
all the compounds examined, myrcenol showed the greatest potentiation on the GABAA
receptor using this Xenopus oocytes expression system; for this reason, the effect of myrcenol
was also tested in vivo where, accordingly, it potentiated the GABAA response extending
the sleeping time induced by pentobarbital [103]. On the other hand, contrasting effects
were attributed to the hop β-acids since they reduced the GABA-evoked currents in a
concentration-dependent manner in cerebellar granule cells [104].
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Figure 3. Mechanisms of neuroprotection by prenylflavonoids. It has been described that prenyl flavonoids such as
xanthohumol can modulate the GABAA receptors, thus increasing intracellular Cl− concentrations and reducing Ca2+

influx, leading to a decrease in glutamate release, and preventing an exacerbated excitotoxic neuronal damage. Additionally,
hop metabolites can modulate the redox environment through Nrf2 signaling, regulating the expression of mitochondrial
proteins, or preventing oxidative damage by directly scavenging ROS.

Recently, it was described that xanthohumol, isoxanthohumol and 8-prenylnaringenin
can displace 3-ethynylbicycloorthobenzoate, a noncompetitive blocker of GABAA receptor,
and bind to GABAA receptors with an IC50 of 29.7 ± 0.8 μM, 11.6 ±0.7 μM and 7.3 ± 0.4 μM,
respectively. This effect showed a positive allosteric modulation of the GABA-induced
responses where the highest potency was observed for 8-prenylnaringenin with a relatively
higher subtype selectivity for those GABAA receptors containing δ-subunits [105]. The
effect of 8-prenylnaringenin suggests that it can directly activate GABAA receptors con-
sidering that this hop derivative can displace almost 50% of radioligand binding ([3H]Ro
15-4513, an inverse agonist of GABAA) [105]. Furthermore, xanthohumol was able to
decrease glutamate release from rat hippocampal synaptosomes and reduce miniature
excitatory postsynaptic currents in hippocampal slices. This effect was attributed to a
presynaptic mechanism, which involved the modulation of GABAA receptors [106].

Considering that xanthohumol inhibits glutamate release, Wang and coworkers stud-
ied the effect of this chalcone in a rat model of excitotoxicity induced by an intraperitoneal
injection of kainic acid (KA). In this case, xanthohumol administration (10 and 50 mg/kg)
effectively reduced glutamate levels, seizure score and neuronal death after KA administra-
tion [107]. Furthermore, the mitochondrial alterations (swelling, disruption, and decreased
size) induced by KA and observed in the hippocampal CA3 region were prevented by
xanthohumol pretreatment; in fact, this compound restored the downregulated mitofusin-
2 and consequently prevented the increase in the apoptotic protease activating factor 1
(Apaf-1) and the levels of cleaved caspase-3. In sum, xanthohumol prevents the excitotoxic
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damage induced by kainic acid inhibiting glutamate release, preserving the mitochondrial
functionality, and hence preventing the mitochondrial-dependent apoptotic process [107].

Other studies have investigated the effect of xanthohumol on cognitive performance,
senescence, and neuronal differentiation models. In this context, this chalcone has been
shown to reduce brain proinflammatory, TNF-α and IL-1β, and proapoptotic (BAD, BAX
and AIF) markers in senescence-accelerated prone mice (SAMP8) and to increase the
protein expression of neural trophic factor (BDNF), synapsin and synaptophysin [108].
This evidence suggests a positive effect of xanthohumol on cognitive performance in aging
or other neurodegenerative diseases. Particularly, it has been observed that a xanthohumol
diet (30 mg/kg body weight/day for 8 weeks) improves cognitive flexibility in young
mice [109]. Moreover, its derivative isoxanthohumol and the flavanones 8-prenylnaringenin
and 6-prenylnaringenin promote neuronal differentiation in fetal progenitor cells [110,111].
Future studies that integrate new tools related to neurogenesis are the next step to decipher
the mechanistic role of xanthohumol and isoxanthohumol in this issue.

There are other mechanisms studied through which xanthohumol exerts its neuropro-
tective effects (Figure 3). The systemic administration of xanthohumol (0.2 and 0.4 mg/kg)
reduced (40 and 60%, respectively) the infarct area in cerebral ischemic rats, improving
their neurobehavioral deficits. This protective xanthohumol effect was associated with a
decrease in inflammatory and apoptotic proteins’ expression such as TNF-α, caspase-3,
hypoxia-inducible factor (HIF)-1α, and inducible nitric oxide synthase protein (iNOS) [37].

Xanthohumol activates the Nrf2-ARE signaling pathway in PC12 cells, leading to
the upregulation of phase II enzymes expression, therefore preventing the neurotoxicity
induced by hydrogen peroxide and 6-hydroxydopamine. The Nrf2-signaling pathway
activation as a mechanism by which xanthohumol exerts neuroprotection was confirmed
in PC12 cells transfected with shRNAs silencing the rat Nrf2 gene (shNrf2s)—as a result,
the cytoprotective effect of this chalcone was lost [41]. Additionally, xanthohumol showed
anti-inflammatory activity in a murine microglial cell line (BV2 cells) exposed to LPS.
Briefly, the pretreatment with xanthohumol (5 μg/mL) decreased the overproduction of
NO, as well as the increased expression of iNOS, COX-2, TNFα, IL-1β, and NF-κB, in
LPS-stimulated BV2 cells. The inhibitory effect of this chalcone was related to the fact that
xanthohumol pretreatment increased the Nrf2 activation and, in consequence, the NQO1
and HO-1 mRNA and the protein levels as well as the GSH levels increased [44]. Moreover,
xanthohumol and quercetin prevented the neuronal morphological alterations, thus con-
tributing to the preservation of cell viability while preventing astrogliosis, attributable to
chronic exposure to corticosterone. However, the mechanism by which these polyphenols
act is different since xanthohumol involves the Nrf2 pathway while quercetin attenuates
the activation of the glucocorticoid receptor (GR) [44].

Additionally, xanthohumol has shown positive effects on neurodegeneration models,
for instance, it reduced Aβ accumulation, APP processing and attenuated tau hyperphos-
phorylation in a cellular model of Alzheimer’s disease (AD) (murine neuroblastoma N2a
cells expressing the human Swedish mutant amyloid precursor protein). Proteomic analysis
comparing the proteins in lysates of N2a/APP cells in the presence or absence of xanthohu-
mol showed 21 differentially expressed proteins involved in endoplasmic reticulum (ER)
stress, oxidative stress, proteasome molecular systems, and the neuronal cytoskeleton [112].

In a different mouse model of AD, in a transgenic 5xFAD mouse, it was found that
iso-α-acids ameliorated the pro-inflammatory cytokine production, increased microglial
phagocytosis of the β-amyloid peptides, prevented tau phosphorylation and tauopathy, and
induced the improvement in both memory and cognitive function [61–63]. Similar results
have been reported in aged mice fed with iso-α-acids which prevented the age-related
cognitive decline by decreasing the levels of pro-inflammatory cytokines and promoted the
profile of microglia with an anti-inflammatory phenotype [85]. Moreover, iso-α-acids have
shown neuroprotective effects in animal models of brain hematoma through the inhibition
of NF-κB signaling, the reduced production of IL-1β and TNF-α, and the promotion of
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anti-inflammatory microglial activation, which contributed to the improvement in the
cognitive functions of these mice [84].

On the other hand, hop bitter acids intake improved spatial and object recognition
memory functions and increased hippocampal dopamine levels through vagus nerve
activation. The memory improvement induced by hop bitter acids is attenuated when
vagotomy is performed, suggesting that iso-α-acids activate the vagus nerve and possibly
lead to increased hippocampal dopamine levels and consequently they improve memory
function [113]. Moreover, the hop bitter acids diet increased the dopaminergic activity
associated with stress resilience in a repeated social defeat stress mouse model [114].

The neuroprotective effect of hop components has also been demonstrated in human
studies. In a randomized double-blind placebo-controlled study in healthy adults, it
was observed that the consumption of matured hop bitter acids (35 mg/day for 12 weeks)
improved mental fatigue, mood state, verbal memory retrieval, and anxiety when compared
with the placebo group (45–64 years) [115]. Indeed, hop bitter acids improved cognitive
function, attention, and mood state in older people (45–69 years) with subjective cognitive
decline [116].

6. Conclusions

Throughout this review, it has been described that beer is one of the most consumed
beverages worldwide and its components possess relevant antioxidant and immunomodu-
latory properties. In particular, hop compounds have demonstrated their effectiveness in
improving neurodegenerative processes since they can modulate the cellular redox environ-
ment, favoring an antioxidant and anti-inflammatory response, which in turn attenuates
the damage of harmful agents or simply prevents physiological alterations due to aging.
Based on this evidence, beer consumption and hop compounds represent an excellent
research target to prevent or ameliorate cellular processes that lead to neurodegeneration.
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Abstract: Age-related neurodegenerative disorders are an increasing public health problem. Oxida-
tive stress is one of the major causes. Medicinal plant-based functional foods can be effective for
these diseases. The aim of this work is to investigate the neuroprotective role of methanol extracts
of Moringa oleifera leaf powder on antioxidant/oxidant imbalance and mitochondrial regulation
in a H2O2-induced oxidative stress model in human neuroblastoma cells. On nutritional analysis,
results showed that moringa contained 28.50% carbohydrates, 25.02% proteins, 10.42% fat, 11.83%
dietary fiber, 1.108 mg β-carotene, 326.4 μg/100 g vitamin B1 and 15.2 mg/100 g vitamin C. In-vitro
assays revealed that moringa methanol extracts had more phenolic content and higher antioxidant
activity than acetone extracts. Moreover, pretreatments with methanol extracts showed a protective
effect against H2O2-induced oxidative damage through increasing cell viability and reducing free
radicals. Furthermore, the extract decreased lipid peroxidation and enhanced glutathione levels
and antioxidant enzyme activity. Finally, moringa also prevented mitochondrial dysfunction by
regulating calcium levels and increasing mitochondrial membrane potential. The most active concen-
tration was 25 μg/mL. In summary, the nutritional and functional properties of Moringa oleifera as a
neuroprotective agent could be beneficial to protect against oxidative stress and provide necessary
nutrients for a healthy diet.

Keywords: Moringa oleifera; neurodegenerative disorders; neuroprotection; oxidative stress; nutrients

1. Introduction

Age-related neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease
are heterogeneous clinical diseases with a multi-causal origin. Neurodegenerative diseases
affect millions of people, causing disability and great economic impact. Conventional
treatments are symptomatic, and there are currently no drugs that cure any of these neu-
rodegenerative diseases. In this context, medicinal plants are an inexhaustible source of
molecules with pharmacological properties. The World Health Organization (WHO) and
European Medicines Agency (EMA) reported several herbal products for the manage-
ment of neurodegenerative diseases, such as folium Ginkgo [1,2]. Currently, research is
aimed at finding new herbal products with protective and therapeutic properties against
neurodegenerative disease.

Oxidative stress is one of the major causes implicated in the pathogenic development
of age-related neurodegenerative disorders. Oxidative stress occurs from an imbalance
between reactive oxygen species (ROS) generation and antioxidant defense system. The
oxidative stress theory of aging postulates that physical and functional losses in the aged
are caused by ROS accumulation, their consequent reactivity and damage to cellular
macromolecules [3]. Post-mortem brains of patients with neurodegenerative diseases
have shown the presence of biomarkers of oxidative stress including protein carbonyl,
trans-4-hydroxy-2-nonenal (4-HNE) and malondialdehyde (MDA) [4].
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Moringa oleifera Lam. (Moringaceae family, commonly known as Horseradish tree) is a
perennial herb tree that extensively grows in tropical and subtropical countries. Moringa
oleifera is employed as vegetable, herbal tea and processed foods for its nutritional proper-
ties as a source of proteins and essential amino acids (i.e., cysteine, methionine, lysine and
tryptophan) [5]. Moreover, the leaves of Moringa oleifera are rich in flavonoids, carotenoids
and ascorbic acid [6]. Furthermore, this herbal product has demonstrated health benefits
beyond its great nutritional value. Hence, in traditional medicine, ancient rules included
the leaves of Moringa oleifera for its beneficial properties in mental health and smooth
skin [7]. Moreover, Moringa oleifera leaves have been attributed numerous therapeutic
applications in in-vitro and in-vivo studies such as antibacterial, antifungal, antiviral, cyto-
toxic, antihyperglycemic, antioxidant, anti-inflammatory, antiparasitic and cardioprotective
activities [8]. In addition, there are several clinical studies on Moringa oleifera focused on
its pharmacological role in metabolic syndrome, type 2 diabetes mellitus, osteoporosis,
anemia and dyslipidemias [9]. However, despite its great nutritional and therapeutic
value, Moringa oleifera leaves are not as popular as other leafy vegetables, and its po-
tential pharmacological activities are still unexplored, particularly in terms of its role as
neuroprotective agent.

Considering the growing consumption of Moringa oleifera in the world, the aim of
this work was to investigate the Moringa oleifera ability to prevent and treat hydrogen
peroxide-induced oxidative stress in neuroblastoma cells. The effect of methanol extract of
moringa leaf powder on antioxidant/ROS imbalance and mitochondrial regulation was
investigated in the human SH-SY5Y cell line.

2. Materials and Methods

2.1. Preparation of Moringa oleifera Extracts

Fresh leaves of Moringa oleifera were collected in Piribebuy, Paraguay between March
2016 and August 2016. After collection, the leaves were dried at room temperature and
pulverized for further experimental analysis. Leaf powder of Moringa oleifera (over 50 mg)
was macerated with methanol and acetone (2 mL) for 24 h at room temperature. The
obtained extracts were then filtered through Whatman filter paper and evaporated until
dry at room temperature. Extracts were kept in a freezer at −20 ◦C until use.

2.2. Nutritional Value

The nutritional value of Moringa oleifera was performed in triplicate to estimate fat, pro-
teins, ash, carbohydrates, moisture, dietary fiber, energy, total carotenoids and vitamins B1
and C. The energy content in moringa was determined using Atwater factors. The protein
content was determined based on the analysis of the total nitrogen content by the Kjeldahl
method using a 6.25 correction factor [10]. Total available carbohydrates were analyzed
based on an anthrone colorimetric technique; absorbance was measured at 630 nm [11].
Total dietary fiber content was quantified by the Association of Official Analytical Chemists
(AOAC) enzymatic–non-gravimetric method (993.21) [10]. Moisture content was calculated
by desiccation and ash content by combustion following the AOAC 984.25 method and
942.05 method, respectively [10]. Total fat was determined after petroleum ether extrac-
tion and consequent drying at 105 ◦C following the AOAC 983.23 procedure [10]. The
total carotenoid content was determined by spectrophotometry (446 nm) according to
the method described in AOAC [10]. The determination of vitamin B1 (thiamine), based
on its oxidation to the fluorescent thiochrome with alkaline potassium hexacyanoferrate
(III) (potassium ferricyanide), was performed following the AOAC 942.23 procedure [10].
Finally, vitamin C content was analyzed by high-performance liquid chromatography
(HPLC) technique using Agilent 1260 equipment with a reversed-phase column and a
diode array detector. The mobile phase was water acidified to pH 2.6 with sulfuric acid.
The rate of flow was 0.9 mL/min. Detection wavelength for the UV-visible detector was
set at 245 nm [12].
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2.3. Total Phenolic Compounds

The Folin–Ciocalteu method was used to determine the total phenolic compounds pre-
sented in methanol and acetone extracts of moringa leaf powder. Extracts were incubated
with Folin–Ciocalteu reagent (Sigma-Aldrich, St. Louis, MO, USA) for 5 min followed
by 10% Na2CO3 incubation for 40 min. Absorbance was determined at 752 nm using a
SPECTROstar BMG microplate reader (BMG Labtech Inc., Ortenberg, Germany) [13].

2.4. In-Vitro Antioxidant Assays
2.4.1. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) Method

Extracts of moringa were incubated with 1,1-Diphenyl-2-picrylhydrazyl (DPPH)
(50 μM) (Sigma-Aldrich) for 30 min. Absorbance was then measured at 517 nm using
a SPECTROstar BMG microplate reader [14].

2.4.2. Oxygen Radical Absorbance Capacity (ORAC) Assay

Extracts of moringa were incubated with fluorescein (70 nm) for 10 min of darkness.
Then, 2,2’-Azobis(2-amidinopropane) dihydrochloride (AAPH) solution (Sigma-Aldrich)
was added to the 96-well plates. Fluorescence was recorded for 98 min at a 485 nm excitation
wavelength and at a 520 nm emission wavelength in a FLUOstar OPTIMA fluorimeter
(BMG Labtech, Ortenberg, Germany) [15].

2.4.3. Ferric Reducing Antioxidant Power (FRAP) Assay

Extracts of moringa were incubated with FRAP reagent for 30 min. Absorbance was
measured at 595 nm using a SPECTROstar BMG microplate reader [16].

2.5. Cell Culture and Cell Treatments

The human neuroblastoma SH-SY5Y cell line was cultured in DMEM (Lonza, Walk-
ersville, USA) supplemented with 10% heat-inactivated FBS and 1% penicillin-streptomycin
solution in a humidified atmosphere with 5% CO2 at 37 ◦C. The SH-SY5Y cells were
pretreated with different concentrations of Moringa oleifera methanol extracts (5, 10 and
25 μg/mL) for 24 h before hydrogen peroxide exposure to induce oxidative stress (100 μM,
1 h).

2.6. Cell Viability

Cell viability was measured using the colorimetric MTT assay [17]. MTT solution
(2 mg/mL) (Sigma-Aldrich) was added for 1 h and then formazan crystals were dissolved
in DMSO. Absorbance was measured at 550 nm using a SPECTROstar BMG microplate
reader. Cell viability was calculated as a percentage of no extract cells (100%).

2.7. Intracellular Reactive Oxygen Species (ROS)

Intracellular ROS production was measured by dichlorofluorescein assay [18]. Af-
ter cell treatments, SH-SY5Y cells were incubated in the fluorogenic dye 2,7-di-chloro-
dihydrofluorescein diacetate (DCFH-DA) (0.01 M) (Sigma-Aldrich) for 30 min at 37 ◦C.
ROS convert DCFH-DA into 2’-7’dichlorofluorescein (DCF). The intensity of the fluorescent
signal was measured in a microplate fluorescence reader (FL×800, Bio-TekInstrumentation)
at a λ excitation of 480 nm and λ emission of 580.

2.8. Thiobarbituric Acid Reactive Species (TBARS)

Lipid peroxidation content was determined by TBARS assay [19]. Total extracts
(50 μL) were mixture with TBA-TCA-HCl (100 μL) and then boiled at 100 ◦C for 10 min.
Absorbance was read at 535 nm using a SPECTROstar Omega microplate reader.

2.9. Glutathione Assay

Total cell extracts were incubated with O-phthalaldehyde (OPT) (Sigma-Aldrich) and
sodium phosphate buffer for 15 min. Fluorescence intensity was measured at an excitation
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wavelength of 528 nm and emission wavelength of 485 nm using a FLUOstar Omega
microplate reader [20].

2.10. Antioxidant Enzymes Activity

For preparation of total cell extracts, pellets were resuspended in lysis buffer (TRIS
25 mM, NaCl 150 mM, EDTA 1 mM and Triton×100 (0.1%), pH 7.4) with antiproteases
(phenylmethylsulfonyl fluoride, pepstatin and leupeptin).

2.10.1. Catalase Activity (CAT)

Total cell extracts were incubated with hydrogen peroxide (15 mM) and absorbance
was measured at 240 nm for 1 min using a SPECTROstar Omega microplate reader [21].

2.10.2. Superoxide Dismutase Activity (SOD)

Total cell extracts were incubated with pyrogallol (0.15 mM) dissolved in HCl (10 mM)
and Tris−DTPA (pH 8.2). Absorbance was measured at 420 nm for 1 min using a SPEC-
TROstar Omega microplate reader [22].

2.10.3. Glutathione Peroxidase Activity (GPx)

Total cell extracts were incubated with EDTA, GSH, glutathione reductase, NADPH,
sodium azide and phosphate buffer for 4 min. Then hydrogen peroxide was added and
absorbance was measured at 340 nm for 3 min using a SPECTROstar Omega microplate
reader [23].

2.11. Mitochondrial Membrane Potential

After treatments, cells were incubated with tetramethylrhodamine methyl ester (TMRM)
(Gibco-Invitrogen, Grand Island, NY, USA) in Krebs medium and fluorescence was mea-
sured for 45 min at 37 ◦C with an emission wavelength and excitation wavelength of
549 nm and 573 nm, respectively, using a FLUOstar OPTIMA (BMG Labtech, Ortenberg,
Germany) microplate reader. Then, oligomycin and trifluoromethoxy carbonylcyanide
phenylhydrazone (FCCP) (Sigma-Aldrich) were added to induce mitochondrial depolar-
ization. Fluorescence was measured for 15 min. The mitochondrial membrane potential
value is the result of the difference between the maximum fluorescence and the baseline
fluorescence [24].

2.12. Mitochondrial Calcium Levels

After treatments, cells were incubated with the cationic dye Rhod-2/AM (Gibco-
Invitrogen) in Krebs normal calcium medium for 40 min. Then, cells were incubated in
Krebs normal calcium medium for 30 min. Fluorescence was recorded for 4 min at 581 nm
emission wavelength and 552 nm excitation wavelength using a FLUOstar OPTIMA (BMG
Labtech, Ortenberg, Germany) microplate reader. Finally, the calcium ionophore A23187
(Sigma-Aldrich) was added, and fluorescence was measured for 15 min. Mitochondrial
calcium levels were calculated as the ratio between the maximum fluorescence signal after
the calcium ionophore A23187 addition and the basal fluorescence [25].

2.13. Cytosolic Calcium Levels

After treatments, cells were incubated with Indo-1/AM (Gibco-Invitrogen) in Krebs
medium for 45 min at 37 ◦C. Then, cells were maintained in dye-free Krebs medium for
15 min at 37 ◦C. Fluorescence was measured for 4 min at 37 ◦C with an emission wavelength
and excitation wavelength of 410 nm and 350 nm, respectively, using a FLUOstar OPTIMA
microplate reader. Following this, ionomycin and MnCl2 were added, and fluorescence was
measured under identical conditions for 8 min and 4 min, respectively. Cytosolic calcium
levels were measured using the following formula: [Ca2+] i = Kd x [F − Fmin]/[Fmax − F],
where Kd is the dissociation constant for Indo-1; F is the fluorescence signal for samples;
Fmax is the maximum fluorescence signal after ionomycin addition and Fmin is calculated
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using this formula: Fmin = AF + 1/12 × (Fmax−AF), AF being the minimum fluorescence
after adding MnCl2 [26].

2.14. Statistical Analysis

Data are presented as mean ± standard deviation. Statistical analysis was performed
by SigmaPlot version 11.0 (Systat Software Inc., San Jose, CA, USA). Data were analyzed
by one-way analysis of variance (ANOVA) with Tukey’s test. Statistical significance was
set at p < 0.05.

3. Results and Discussion

Although Moringa oleifera has demonstrated numerous therapeutic activities, studies
on its neuroprotective activity are still limited. The aim of the present work is to investigate
the potential neuroprotective role of methanol extracts of Moringa oleifera leaf powder on
antioxidant/ROS imbalance and mitochondrial regulation in a hydrogen peroxide-induced
oxidative stress model in human neuroblastoma cells.

3.1. Nutritional Value

The nutritional value of the leaves of Moringa oleifera is shown in Table 1. The content
of proteins is over 25%; this value is higher than that of other vegetables with high-protein
content (potato, pumpkin) and is similar to other high-protein foods (i.e., milk, eggs and
meat) [27]. Moreover, Moringa oleifera has a low–medium content in fat (over 10%) and
carbohydrates (28.5%). Furthermore, moringa leaf powder has 12% of dietary fiber, 4%
of ashes and 0.52% of moisture. Comparing the results of the nutritional composition of
leaf powder of Moringa oleifera of our study with other previously published ones, there
are certain differences in carbohydrates (25.5% versus 44.4%), fat (10% versus 7.1%) and
ash content (4% versus 10.9%) [28]. It is especially worth highlighting the total carotenoid
content (1.10 mg β-carotene), vitamin B1 (326 μg/100 g) and vitamin C (15.2 mg/100 g).
Moringa leaves have more vitamin A than carrots and more vitamin C than oranges [29].

Table 1. Nutritional value of Moringa oleifera leaf powder.

Moringa oleifera Leaf Powder

Ashes (%) 4.45 ± 0.33
Carbohydrates (%) 28.50 ± 0.45
Dietary fiber (%) 11.83 ± 1.19

Energy (kcal/100 g) 324.4 ± 2.89
Fat (%) 10.42 ± 0.63

Moisture (%) 0.52 ± 0.05
Proteins (%) 25.02 ± 0.37

Total carotenoids (mg β-carotene) 1.108 ± 0.12
Vitamin B1 (μg/100 g) 326.4 ± 1.28
Vitamin C (mg/100 g) 15.2 ± 0.78

Data are expressed as mean ± standard deviation (n = 3).

3.2. In-Vitro Antioxidant Assays

The results of the in-vitro antioxidants assays and phenolic content are shown in
Table 2. The yield of moringa leaf powder was similar for both methanol extraction and
acetone extraction (6.38% and 6.66%, respectively). The in-vitro antioxidant activity of
methanol and acetone extracts was measured using DPPH assay, ORAC method and
FRAP assay. These methods differ in the type of reaction: hydrogen atom transfer (HAT)-
based assays and electron transfer (ET)-based assays. HAT assays measure the ability
of antioxidants to scavenge free radicals by H-atom donation [i.e., ORAC assay]. ET
assays measure the ability of antioxidants to reduce an oxidant, which changes color when
reduced [i.e., FRAP and DPPH]. The results of the present work showed that methanol
extract has significant antioxidant activity than acetone extract. Hence, DPPH values were
44.89 μg/mL and 305.44 μg/mL, ORAC value 8360 μmol TE/100 g sample and 866.1 μmol
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TE/100 g sample and FRAP value 59.32 μmol Fe2+ eq/g sample and 27.91 μmol Fe2+ eq/g
sample for methanol and acetone extracts, respectively.

Table 2. In-vitro assays for antioxidant activity evaluation and phenolic content of methanol and acetone extracts of Moringa
oleifera leaf powder.

Extracts of
Moringa oleifera

Leaf Powder

Yield of
Extract

(% w/w)

DPPH
EC50 (μg/mL)

ORAC
(μmol TE/100 g

Sample)

FRAP
(μmol Fe2+ eq/g

Sample)

Total Phenol Content
(mg gallic acid/g extract)

Methanol extract 6.38% ± 0.47 44.89 ± 1.01 * 8360 ± 0.05 * 59.32 ± 0.29 * 2.17 ± 0.03 *
Acetone extract 6.66% ± 0.09 305.44 ± 8.21 866.1 ± 0.01 27.91 ± 1.90 0.88 ± 0.005

Data are expressed as mean ± standard deviation (n = 3). * p < 0.05 versus acetone extract.

For the additional characterization of moringa extracts, total phenolic content was
evaluated using Folin–Ciocalteu method. The amount of total phenolic content was high
in methanol extract (2.17 mg gallic acid/g extract) than in acetone extract (0.88 mg gallic
acid/g extract). The variations in the phenolic content are attributed to the time of harvest-
ing of the leaves, the growing conditions, and the solvent of the extraction. Hence, the more
mature the moringa leaves, the higher the phenolic content [30]. There are different pheno-
lic compounds identified in Moringa oleifera leaves such as rutin, quercetin, isoquercetin,
astragalin, kaempferol, apigenin, luteolin, genistein, myricetin, and vicenin-2, among oth-
ers [8]. Epidemiological studies have shown a relationship between polyphenol-rich foods
and a lower risk of suffering neurodegenerative diseases [31].

3.3. Effect on Cell Viability and Cell Morphology

Since the methanol extract of moringa leaf powder had greater antioxidant activity,
we selected this extract to evaluate its potential neuroprotective activity in a cellular
model of oxidative stress induced by hydrogen peroxide. Oxidative stress is one major
pathway contributing to neurodegeneration. The brain has some characteristics that make
it especially susceptible to oxidative stress, including high rate of oxygen consumption, low
catalase content, neurotransmitters (dopamine) that can auto-oxidize and high content in
redox active transition metals [32]. Medicinal plants with antioxidants properties can slow
or stop the neurodegenerative processes through scavenging free radicals, metal chelation
or upregulating endogenous antioxidant system. Polyphenolic compounds can pass across
blood-brain barrier [33]. Earlier studies demonstrated that Moringa oleifera could have a
neuroprotective effect against oxidative stress. Hence, the methanol leaf extract improved
the homocysteine and AF64A induced oxidative stress, cognitive impairments and Aβ

pathology in rats, being a promising candidate for Alzheimer’s disease [34,35]. Moreover,
the methanol extract of moringa leaves (250 mg/kg, 300 mg/kg) attenuated lead and
aluminum-induced cerebral damage in rats by reducing oxidative stress, inflammation
and apoptosis and by improving neurohistopathology [36,37]. Compounds identified
as potential neuroprotective agents for moringa include isothiocyanate isolated from
seeds [38].

In the current study, we initially investigated the effect of different concentration of
Moringa oleifera methanol leaves extracts (from 5 to 500 μg/mL) on the human neuroblas-
toma SH-SY5Y cells. This cell line is widely used as a dopaminergic neuronal model for
common neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease,
and Amyotrophic lateral sclerosis. SH-SY5Y cells express dopamine transporter and the en-
zymes tyrosine hydroxylase and dopamine-beta-hydroxylase [39]. As shown in Figure 1A,
all assayed concentrations were non-toxic except for 250 and 500 μg/mL which signifi-
cantly decreased cell viability. Next, an in-vitro oxidative stress model was established
with hydrogen peroxide (100 μM, 1 h). Hydrogen peroxide passes across membranes using
aquaporin-3 [40]. Hydrogen peroxide significantly reduced cell viability by around 32%
compared to no extract cells. However, pretreatments with 5, 10 and 25 μg/mL significantly
increased the viability of cells by over 25–30% compared to hydrogen peroxide-treated
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cells, as shown in Figure 1B. Moreover, hydrogen peroxide modified morphology towards
round cells. Moringa oleifera extracts prevented these alterations in neuroblastoma cells mor-
phology (Figure 1C). Previous studies demonstrated that the aqueous extract of moringa
protected cell viability and ameliorated cytotoxicity against cadmium in colon and kidney
cells [41].

(A) 

(B) 

Figure 1. Cont.
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(C) 

Figure 1. Effect of methanol extracts of Moringa oleifera leaf powder on cell viability and cell morphology. (A) Effect of
moringa on SH-SY5Y cell viability. Cells were treated with moringa from 5 to 500 μg/mL for 24 h. (B) Protective effect of
moringa in a hydrogen peroxide-induced oxidative stress model. Cells were pretreated with moringa from 5 to 100 μg/mL
for 24 h before 100 μM H2O2 for 1 h. (C) Effect of moringa on SH-SY5Y cell morphology. * p < 0.05 versus no extract,
# p < 0.05 versus H2O2.

3.4. Effect on Intracellular ROS Production

The most cytoprotective and non-toxic concentrations (5, 10 and 25 μg/mL) of Moringa
oleifera methanol extracts were selected for subsequent experiments. Hydrogen peroxide
can be converted into hydroxyl radical (HO•) via Fenton reaction [42]. The intracellular
production of ROS was measured using the DCFHA-DA assay. As shown in Figure 2,
hydrogen peroxide significantly increased by 56% compared to no extract cells. However,
pretreatments with the three assayed concentrations of Moringa oleifera significantly re-
duced hydrogen peroxide-induced ROS overproduction. Similar results were observed for
moringa leaf flavonoids in bovine mammary epithelial cells against hydrogen peroxide
and the compound 1-O-(4-hydroxymethylphenyl)-α-L-rhamnopyranoside from Moringa
oleifera seeds against carbon against CCl4 [43,44].

Moringa oleifera

Figure 2. Effect of methanol extracts of Moringa oleifera leaf powder on intracellular ROS overproduc-
tion. Cells were pretreated with moringa (5, 10 and 25 μg/mL) for 24 h before 100 μM H2O2 for 1 h.
* p < 0.05 versus no extract, # p < 0.05 versus H2O2.
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3.5. Effect on Oxidative Stress Markers

An overproduction of ROS to the detriment of endogenous antioxidants leads to oxida-
tive damage to biomolecules. Lipid peroxidation and GSH content are clinically significant
biomarkers of oxidative stress in humans [45]. The double bonds of polyunsaturated
fatty acids are highly vulnerable to ROS attack and consequently to lipid peroxidation.
Malondialdehyde (MDA) is one the most investigated end product of lipid oxidation [42].
As shown in Figure 3A, hydrogen peroxide significantly increased the peroxidation of
lipids by 229%. However, pretreatments with methanol extract of moringa leaf powder at
25 μg/mL significantly reduced TBARS levels (160% compared to 229% of hydrogen perox-
ide). Therefore, moringa leaf extract has a potent preventive effect against the peroxidation
of lipids. As shown above, the methanol extract of moringa has scavenging capacity, so the
effect on lipid peroxidation can be attributed to a direct action on free radicals process [33].

 

 

(A) (B) 

Moringa oleifera Moringa oleifera

Figure 3. Effect of methanol extracts of Moringa oleifera leaf powder on (A) lipid peroxidation and (B) Index Redox
(GSH/GSSG). Cells were pretreated with moringa (5, 10 and 25 μg/mL) for 24 h before 100 μM H2O2 for 1 h. * p < 0.05
versus no extract, # p < 0.05 versus H2O2.

Reduced glutathione is the major antioxidant compound in mammalian cells. The
index redox (GSH/GSSG) was significantly decreased in hydrogen peroxide (IR = 0.41)
compared to no extract cells (IR = 0.74). On the other hand, methanol extract of moringa at
25 μg/mL significantly increased IR to 0.578 compared to hydrogen peroxide-treated cells.

3.6. Effect on Antioxidant Enzymes Activities

The antioxidant enzymatic defense system plays a key role against free radicals.
The enzymes catalase (CAT), superoxide dismutase (SOD) and glutathione peroxidase
(GPx) constitute the first defense system against oxidative stress. Superoxide dismutase
(SOD) converts the superoxide anion radical into hydrogen peroxide. Catalase (CAT) and
glutathione peroxidase (GPx) catalyze the decomposition of hydrogen peroxide to water
(GPx) and to water and oxygen (CAT) [46]. In Figure 4, our study demonstrated that there
is a significant decrease in the activity of these antioxidant enzymes by 53% for CAT, 51%
for SOD and 65% for GPx compared to no extract cells (100%). However, pretreatments
with moringa extracts reversed this impairment in the defensive system. For catalase, there
was a significant increase at 10 and 25 μg/mL (82.9% and 81.2%). For SOD and GPx, the
three assayed concentrations markedly improved the activity of these enzymes. The ability
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of moringa to increase antioxidant enzymatic activity suggests that their polyphenols have
a direct antioxidant effect [33].

Figure 4. Effect of methanol extracts of Moringa oleifera leaf powder on antioxidant enzyme activity. Cells were pretreated
with moringa (5, 10 and 25 μg/mL) for 24 h before 100 μM H2O2 for 1 h. * p < 0.05 versus extract, # p < 0.05 versus H2O2.

3.7. Effect on Mitochondrial Regulation

Mitochondria are double membrane-bound cell organelles presented in almost all
cell eukaryotes. Mitochondria are involved in energy production [47]. The increased
ROS generation can be associated with mitochondrial dysfunction. Mitochondria is a key
target for the prevention and treatment of those oxidative stress-related neurodegenerative
diseases [48]. As shown in Figure 5A, hydrogen peroxide reduced significantly mitochon-
drial membrane potential (MMP) by 55% compared to no extract cells (100%). However,
pretreatments with 10 μg/mL and 25 μg/mL significantly increased MMP to 76% and
88%, respectively. Regarding calcium cytosolic, there was a significant increase (357 nM)
after hydrogen peroxide-treated cells compared to no extract cells (88 nM). However, the
pretreatment with 25 μg/mL almost reduced cytosolic calcium levels to no extract levels
(95 nM) (Figure 5B). Furthermore, hydrogen peroxide significantly increased mitochondrial
calcium level (1.18 relative to no extract). This increase in mitochondrial calcium level was
markedly reduced after pretreatments with 10 μg/mL and 25 μg/mL of moringa extracts
(1.01 and 1.03 relative to no extract, respectively) (Figure 5C). Hydrogen peroxide interacts
with mitochondrial structure and function, leading to an impaired calcium level and a
mitochondrial potential deficiency [49]. Altered calcium levels can affect mitochondrial
function and integrity (i.e., depletion of mitochondrial DNA, release of cytochrome C,
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ultrastructural lesions, morphological changes) as well as to promote the production of
more ROS (i.e., peroxidation of cardiolipin), contributing to the pathogenesis of many
common neurodegenerative diseases [50]. The methanol extract of moringa leaves exerts a
mitochondrial protective role in neurons, showing for the first time that the mitochondria
is the target of action for this medicinal plant.

 

 
(A) (B) 

 
(C) 

Moringa oleifera

Moringa oleifera Moringa oleifera

Figure 5. Effect of methanol extracts of Moringa oleifera leaf powder on (A) mitochondrial membrane potential (B) levels of
cytosolic calcium and (C) levels of mitochondrial calcium. Cells were pretreated with moringa (5, 10 and 25 μg/mL) for
24 h before 100 μM H2O2 for 1 h. * p < 0.05 versus no extract, # p < 0.05 versus H2O2.

The major polyphenols identified in methanolic extract of leaves of Moringa oleifera
include quercetin, kaempferol, apigenin and gallic acid [8]. Previous studies have demon-
strated that, after intestinal absorption, polyphenols can reach bloodstream concentration
to exert their action [51]. Particularly, these polyphenols presented in moringa have been
detected and quantified in blood (quercetin at a concentration of 0.0723 ± 0.0810 μM;
kaempferol at a concentration of 0.0579 ± 0.0609 μM; apigenin at a concentration of

203



Nutrients 2021, 13, 2203

0.0106 ± 0.0123 μM and gallic acid at a concentration of 0.007 ± 0.003 μM) [52–54]. Ad-
ditionally, Nair et al. (2020) have recently demonstrated that compounds presented in
moringa extracts are able to pass across Blood-brain-barrier (BBB) and to reach its phar-
macological target [55]. Regarding the safe toxicological profile of moringa, doses of up to
2000 mg/kg of methanol and aqueous leaf extract were safe in animal studies [56,57].

Conversely, gallic acid is one of the most abundant phenolic compounds identified
in the leaf extract [58]. Previous studies demonstrated that pretreatments with gallic
acid protected SH-SY5Y cells against 6-Hydroxydopamine (6-OHDA) induced damage by
attenuating mitochondrial dysfunction, reducing intracellular ROS level, and inhibiting
apoptotic cell death [59]. Moreover, pretreatments with gallic acid also exerted a potent
protection in a hydrogen peroxide-induced oxidative stress model in SH-SY5Y cells by
decreasing intracellular ROS production, increasing REDOX activity, and inhibiting caspase-
3 activation [60]. Apart from its neuroprotective effect in oxidative stress models in SH-
SY5Y cells, gallic acid and its derivatives have shown to inhibit the aggregation of several
amyloid proteins associated with the pathological process of many neurodegenerative
diseases. Hence, the oral administration of gallic acid improved memory in an APP/PS1
transgenic mouse model by reducing Aβ1-42 aggregation [61]. Moreover, gallic acid also
inhibited the insulin amyloid fibril formation in an in-vitro model [62]. Studies on the
relationship between structure and inhibitors of amyloid formation have revealed that
gallic acid owes its activity to both aromatic and hydroxyl groups and the presence of
galloyl moiety [62,63]. In addition to gallic acid, epigallocatechin-3-gallate has shown to
reduce Abeta generation in murine neuron-like cells (N2a) transfected with the human
“Swedish” mutant amyloid precursor protein (APP) and in primary neurons derived from
Swedish mutant APP-overexpressing mice (Tg APPsw line 2576) as well as to reduce the
intensity of pancreatic amyloid fibrils in human islet amyloid polypeptide (hIAPP) in
trasgenic mice [64,65]. Epigallocatechin-3-gallate exerts its action by binding transthyretin
(TTR) and maintaining it in a non-aggregated soluble form [65–68]. Therefore, in our study,
the neuroprotective effect of the methanol extract of moringa may be partly due to gallic
acid and its derivatives.

4. Conclusions

In conclusion, the current work provides preliminary evidence of the antioxidant-
mediated neuroprotective effects of the methanol extract of Moringa oleifera leaf powder.
Moringa has shown to exert a protective effect against hydrogen peroxide in neuroblastoma
cells by reducing ROS overproduction and lipid peroxidation levels, by increasing GSH
content and antioxidant enzymes activity and by avoiding mitochondrial dysfunction. The
most active concentration was 25 μg/mL. This work supports and deepens the therapeutic
properties of a nutritionally rich plant. Particularly, this research delves into the molecular
mechanisms by which Moringa oleifera methanol extract exerts its neuroprotective effect.
These promising results create the need for in-vivo studies and even clinical trials to
validate the physiological relevance of our in-vitro data.
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Abstract: The dietary supplement, trans-resveratrol and hesperetin combination (tRES-HESP), in-
duces expression of glyoxalase 1, countering the accumulation of reactive dicarbonyl glycating
agent, methylglyoxal (MG), in overweight and obese subjects. tRES-HESP produced reversal of
insulin resistance, improving dysglycemia and low-grade inflammation in a randomized, double-
blind, placebo-controlled crossover study. Herein, we report further analysis of study variables.
MG metabolism-related variables correlated with BMI, dysglycemia, vascular inflammation, blood
pressure, and dyslipidemia. With tRES-HESP treatment, plasma MG correlated negatively with
endothelial independent arterial dilatation (r = −0.48, p < 0.05) and negatively with peripheral
blood mononuclear cell (PBMC) quinone reductase activity (r = −0.68, p < 0.05)—a marker of the
activation status of transcription factor Nrf2. For change from baseline of PBMC gene expression
with tRES-HESP treatment, Glo1 expression correlated negatively with change in the oral glucose
tolerance test area-under-the-curve plasma glucose (ΔAUGg) (r = −0.56, p < 0.05) and thioredoxin
interacting protein (TXNIP) correlated positively with ΔAUGg (r = 0.59, p < 0.05). Tumor necrosis
factor-α (TNFα) correlated positively with change in fasting plasma glucose (r = 0.70, p < 0.001) and
negatively with change in insulin sensitivity (r = −0.68, p < 0.01). These correlations were not present
with placebo. tRES-HESP decreased low-grade inflammation, characterized by decreased expression
of CCL2, COX-2, IL-8, and RAGE. Changes in CCL2, IL-8, and RAGE were intercorrelated and all
correlated positively with changes in MLXIP, MAFF, MAFG, NCF1, and FTH1, and negatively with
changes in HMOX1 and TKT; changes in IL-8 also correlated positively with change in COX-2. Total
urinary excretion of tRES and HESP metabolites were strongly correlated. These findings suggest
tRES-HESP counters MG accumulation and protein glycation, decreasing activation of the unfolded
protein response and expression of TXNIP and TNFα, producing reversal of insulin resistance.
tRES-HESP is suitable for further evaluation for treatment of insulin resistance and related disorders.

Keywords: polyphenol; insulin resistance; methylglyoxal; obesity; glyoxalase; low-grade inflammation

1. Introduction

Epidemiological studies suggest a diet rich in polyphenols decreases the risk of
developing type 2 diabetes mellitus (T2DM) [1]. This has led to the evaluation of polyphenol
dietary supplements for improvement of metabolic health and improved prevention of
T2DM. trans-Resveratrol (tRES), a polyphenolic stilbenoid, improved metabolic health and
survival of mice on a high-calorie diet [2]. Similar effects have been difficult to translate
clinically with meta-analysis of intervention studies concluding that tRES does not affect
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glycemic status in overweight and obese human subjects [3]. A barrier to effective clinical
translation of expected health benefits of polyphenols is limited clinical potency when
given individually [4]. We therefore explored synergistic combination of tRES with other
polyphenols and targeted insulin resistance for treatment—the driver of development of
T2DM [5].

Preclinical and clinical studies suggest a role of increased protein glycation by the
endogenous reactive dicarbonyl metabolite, methylglyoxal (MG), in the development
of insulin resistance and T2DM [6]. MG modifies proteins to form the major advanced
glycation endproduct (AGE), arginine-derived hydroimidazolone, MG-H1 [7,8]. MG-
modified proteins are misfolded and activate the unfolded protein response (UPR) and
downstream inflammatory signaling [9,10]. MG is metabolized by glyoxalase 1 (Glo1),
the first enzyme of the glyoxalase pathway which metabolizes MG, to D-lactate [11]
(Figure 1). Plasma D-lactate concentration is a surrogate indicator of flux of formation of
MG [6,9,12]. Decrease of MG concentration, related protein glycation and alleviation of
the UPR-linked inflammation may offer a route to novel insulin sensitizing agents [13].
Inducers of expression of Glo1, Glo1 inducers, may support this by suppressing MG
concentration [6]. We developed a pharmacological strategy to induce Glo1 expression,
through activation of transcriptional factor Nrf2 and its binding of a functional antioxidant
response element (ARE) in the GLO1 gene [14]. In a screen of dietary bioactive compounds
that activate Nrf2, we found the synergistic combination of tRES and hesperetin (HESP),
tRES-HESP, was the most effective Glo1 inducer [15]. In a randomized, placebo-controlled
crossover study in overweight and obese subjects—the Healthy Aging Through Functional
Food (HATFF) study—treatment with tRES-HESP reversed insulin resistance, with an
improvement of insulin sensitivity in obese subjects comparable to outcomes of metabolic
surgery. The placebo had no effect. There were also improvements in dysglycemia and low-
grade inflammation [15]. The aim of this study was to explore evidence for association of
target pharmacology of Glo1 inducer, tRES-HESP, to clinical variables of insulin resistance,
dysglycemia, blood pressure, dyslipidemia, and low-grade inflammation assessed in
the HATFF study—including established mediators of insulin resistance, thioredoxin
interacting protein (TXNIP), and tumor necrosis factor-α.

Figure 1. Metabolism of methylglyoxal by the glyoxalase pathway.

Herein, we present further analysis of clinical and biochemical variables of the HATFF
study, particularly correlation analysis of glyoxalase pathway, clinical variables and pe-
ripheral blood mononuclear cell (PBMC) gene expression. The outcome reveals, for the
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first time, a link of target pharmacology to insulin resistance, dysglycemia, blood pressure,
dyslipidemia, and low-grade inflammation—including key mediators of insulin resistance,
TXNIP, and TNFα.

2. Materials and Methods

2.1. HATFF Study Design and Methods

HATFF is a randomized, double-blind, placebo-controlled crossover study evaluating
treatment with tRES-HESP against insulin resistance in healthy overweight and obese
subjects. Subject recruitment, including inclusion and exclusion criteria, power analysis,
and pharmacological target validation (increase of Glo1 activity and decrease of plasma
MG and MG-mediated protein glycation) have been described previously [15]. tRES-HESP
was evaluated in 29 subjects with impaired metabolic health; 9 subjects meeting criteria of
prediabetes. Twenty participants were highly overweight and obese (BMI ≥ 27.5 kg/m2)
and 11 were obese (BMI ≥ 30 kg/m2). Subjects made 4 study visits for clinical assessments;
one visit at the start and end of each treatment period. Treatment was by daily oral capsule
before breakfast, containing with tRES-HESP (90 mg tRES, 120 mg HESP) or placebo, for
8 weeks, with 6 weeks washout between crossover treatment periods [15]. The study was
approved by the National Research Ethics Service Committee West Midlands—Coventry &
Warwickshire, U.K. (project number 13/WM/0368) and registered on the Clinicaltrials.gov
(identifier: NCT02095873). The procedures followed were in accordance with institutional
guidelines and the Declaration of Helsinki.

The primary endpoint was insulin sensitivity measured by oral glucose insulin sen-
sitivity (OGIS) index in oral glucose tolerance tests (OGTTs) at the start and end of each
treatment period. The OGIS index correlates very strongly with reference method assess-
ment of insulin resistance by the hyperinsulinemic glucose clamp method [16]. Secondary
endpoints were brachial artery flow-mediated dilatation response, also including brachial
artery dilatation response to a sub-therapeutic dose of glyceryl trinitrate (FMD-GTN). Vari-
ables characterizing clinical status, glyoxalase pathway-linked metabolism, dysglycemia—
including fasting plasma glucose (FPG), area-under-the-curve of the OGTT (AUCg), fasting
insulin, and 90 min OGTT plasma insulin (plasma insulin OGTT)—vascular inflammation,
blood pressure, and dyslipidemia were recorded and determined, as described [15]. Gene
expression in PBMCs was assessed in a custom focussed 50-gene array, including 47 re-
sponse and 3 reference genes, by the Nanostring method assessing relative mRNA copy
number; RNA was extracted and quantified in-house with sample analysis out-sourced to
the Nanostring Facility Service, University College, London, UK [15]. All sample analysis
was performed with the investigator blinded to the subject and study group origin.

2.2. Target Pharmacology of Glyoxalase 1 Inducer

Glo1 activity and mRNA of PBMCs were assayed by spectrophotometric and Nanos-
tring methods, respectively [17,18]. The plasma concentration of MG and plasma protein
and urine content of MG-derived AGE, MG-H1, were measured by stable isotopic dilution
analysis liquid chromatography-tandem mass spectrometry [19,20]. Plasma D-lactate was
assayed by endpoint enzymatic assay by microplate fluorimetry [21]. Total tRES and HESP
urinary metabolites were determined by stable isotopic LC-MS/MS after deconjugation of
glucuronides and sulfates, as described [15].

2.3. Correlation Analysis

For glyoxalase pathway and clinical variables, we assessed the correlation between
variables: (i) throughout the study, combining data from all time points and different treat-
ments; and (ii) within treatment periods, tRES-HESP and placebo—exploring correlations of
the established hypothesis linking MG metabolism to BMI, dysglycemia, insulin resistance,
vascular inflammation, blood pressure, and dyslipidemia. We also assessed correlations
of gene expression in PBMCs in treatment periods wherein we explored correlations with
statistically significant major changes of gene expression in the tRES-HESP treatment:
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namely, for monocyte chemoattractant protein-1 (MCP-1, gene CCL2), interleukin-8 (IL-8),
cyclo-oxygenase-2—also known as prostaglandin synthase-2 (COX-2, gene PTGS2), and
the receptor for advanced glycation endproducts (RAGE, gene AGER). Analysis was made
for two study groups: all subjects, and highly overweight and obese subject groups—as
previously described [15].

2.4. Statistical Analysis

Correlation analysis was by the non-parametric Spearman method. For correlations
of gene expression in PBMCs in treatment periods without prior established hypothesis,
a Bonferroni correction of 47 was applied. Where change in variable was analyzed, this
referred to change from the start to the end of the 8-week treatment period. Statistical
analysis was performed using IBM SPSS Statistics for Windows, version 24 (IBM Corp.,
Armonk, NY, USA).

3. Results

3.1. Correlation Analysis of Glyoxalase Pathway and Clinical Variables throughout the Study

The outcomes of the HATFF study were found in highly overweight and obese subjects
where the following changes were recorded in the tRES-HESP treatment period: target
pharmacology—increased in PBMC activity of Glo1 (+27%, p < 0.05) and decreased plasma
MG concentration (−37%, p < 0.05); clinical endpoint-related variables—decreased FPG
(−5%, p < 0.010), decreased AUCg (−8%, p < 0.05) and increased OGIS (+54 mlmin−1m−2,
p < 0.05); and other—decreased expression of MCP-1, IL-8, COX-2, and RAGE in PBMCs.
The placebo had no effect [15]. tRES-HESP treatment increased urinary excretion of tRES
and HESP metabolites by > 2000- and > 100-fold, respectively, compared to the placebo.

Induction of expression and activity of Glo1 with related change in target pharma-
cology provided the opportunity to explore the association by correlation analysis of
glyoxalase system-linked variables with clinical characteristics of dysglycemia and insulin
resistance, vascular inflammation, blood pressure, and dyslipidemia. Statistics were maxi-
mized by assessing correlation analysis throughout the intervention study, including data
from the 4 study visits for clinical assessment. For all subjects throughout the study, there
were negative correlations of PBMC Glo1 activity with plasma protein MG-H1 and plasma
D-lactate, suggesting that the increase of Glo1 may suppress both protein glycation by MG
and, after improvement in metabolic health, flux of formation of MG as well. For clinical
variables, BMI and AUCg correlated positively with plasma D-lactate, and the OGIS index
correlated negatively with plasma D-lactate. This suggests that flux of MG is positively
associated with dysglycemia, insulin resistance, and BMI.

For vascular inflammation markers, plasma MCP-1, sVCAM1, and sICAM1 correlated
negatively with PBMC Glo1 activity and plasma soluble E-selectin (sE-selectin) correlated
positively with plasma D-lactate. For blood pressure, systolic and diastolic blood pres-
sure correlated positively with plasma MG concentration. Diastolic blood pressure and
plasma endothelin-1 (ET-1) correlated negatively to PBMC Glo1 activity and positively
with plasma D-lactate. For variables of clinical dyslipidemia, HDL correlated negatively
and LDL-VLDL and TG positively with urinary MG-H1—a measure of total body MG
glycation [15]; and plasma D-lactate correlated positively with TC, LDL-VLDL, and TG and
negatively with HDL. This suggests increasing Glo1 expression may have health benefits
through decreasing vascular inflammation and improving hemodynamics and dyslipi-
demia (Table 1). There was also a strong positive correlation of total urinary metabolites of
tRES and total urinary metabolites of HESP (r = 0.84, p = 2 × 10−7).

3.2. Correlation Analysis of Changes from Baseline of Glyoxalase Pathway and Clinical Variables
in tRES-HESP and Placebo Treatment Periods

To assess clinical variables linked to pharmacological responses of tRES-HESP, we
performed correlation analysis of glyoxalase pathway and clinical variables significantly
changed from baseline in tRES-HESP treatment period, comparing these changes with
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placebo. In the tRES-HESP treatment period only, change in plasma MG correlated nega-
tively with change in FMD-GTN and change in PBMC quinone reductase (NQO1) activity
in highly overweight and obese subjects. This suggests decrease of plasma MG is associated
with improved arterial dilatation response and increased NQO1 activity—a marker of Nrf2
activation [22]. For dysglycemia/insulin resistance linked variables, there were negative
correlations of OGIS index with FPG, AUCg, and plasma insulin OGTT in all and the highly
overweight and obese subject group. For change in AUCg, there was a positive correlation
with change in sE-selectin in all subjects. In highly overweight and obese subjects, there
was also a positive correlation of OGIS with urinary pentosidine. There was also a negative
correlation of change in FPG with change in PBMC NQO1 in all subjects; and in highly
overweight and obese subjects, there was a negative correlation of change in FPG with
change in urinary pentosidine.

Several correlations between OGIS index, AUCg, and plasma insulin OGTT were
found in both tRES-HESP treatment and placebo periods, as expected for the inverse rela-
tionship of insulin sensitivity to dysglycemia and hyperinsulinemia in subjects independent
of treatment (Table 2).

Table 1. Correlation of variables throughout the HATFF study in all subjects.

Variable Class Correlate PBMC Glo1 MGPlasma MG-H1urine D-LactatePlasma

Glyoxalase pathway Plasma protein MG-H1 −0.21 *
Plasma D-lactate −0.34 ***

Anthropometric BMI 0.38 ***
Dysglycemia/

insulin resistance
AUCg 0.25 **
OGIS −0.23 *

Vascular inflammation

Plasma MCP-1 −0.28 **
Plasma sVCAM1 −0.18 *
Plasma sICAM1 −0.22 *

Plasma sE-selectin 0.24 **

Blood pressure Systolic BP 0.26 **
Diastolic BP −0.24 ** 0.23 * 0.23 *
Plasma ET-1 −0.24 ** 0.25 **

Dyslipidemia

TC 0.19 *
HDL −0.20 * −0.19 *

LDL-VLDL 0.39 *** 0.26 **
TG 0.28* 0.20 *

Spearman correlation coefficients; n = 116. Significance: *, p < 0.05; **, p < 0.01, and ***, p < 0.001. Estimates of variables at all four study
visits and both tRES-HESP and placebo treatments were included in the analysis.

3.3. Correlation Analysis of PBMC Gene Expression Changed in tRES-HESP and Placebo
Treatment Periods

To assess PBMC gene expression changes linked to pharmacological responses of tRES-
HESP, we performed correlation analysis of genes with expression changed from baseline
in tRES-HESP treatment period with other gene expression assessed in the Nanostring
expression array, comparing these to the placebo. In the tRES-HESP treatment period, most
significant changes in PBMC gene expression were found in the highly overweight and
obese subjects. Exploring the correlation of change in PBMC gene expression with clinical
and metabolic variables, we found change in Glo1 expression correlated negatively with
change in AUGg (r = −0.56, p < 0.05) and change in thioredoxin interacting protein (TXNIP)
correlated positively with change in AUGg (r = 0.59, p < 0.05); and change in expression
of tumor necrosis factor-α (TNFα) correlated positively with change in FPG (r = 0.70,
p < 0.001) and negatively with change in OGIS (r = −0.68, p < 0.01). These correlations
were not present with the placebo (Figure 2).
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Table 2. Correlation of changes of glyoxalase and dysglycemia/insulin resistance-related variables in the tRES-HESP and
placebo treatment periods of the HATFF study.

Variable Class Variable Study Group Correlate

Glyoxalase pathway Plasma MG Highly overweight
and obese FMD-GTN (−0.48 *), PBMC NQO1 (−0.68 **)

Dysglycemia/insulin
resistance

OGIS index
All FPG (−0.79 ***), AUCg (−0.50 **), plasma insulin OGTT (−0.63 ***)

Highly overweight
and obese

FPG (−0.80 ***), AUCg (−0.57 **), plasma insulin OGTT (−0.57 **),
urinary pentosidine (0.54 *)

FPG
All OGIS index (−0.79 ***), PBMC NQO1 (−0.50 *)

Highly overweight
and obese OGIS index (−0.80 ***), urinary pentosidine (−0.56 *)

AUCg All OGIS (−0.46 **), sE-selectin (0.47 *)
Highly overweight

and obese OGIS (−0.57 **)

Spearman correlation coefficients; n = 20 (highly overweight and obese) and n = 29 (all). Significance: *, p < 0.05; **, p < 0.01 and ***, p < 0.001.
Underlined correlates indicate correlation is also found in both tRES-HESP and placebo treatment periods of the HATFF study.

Figure 2. Correlation of variables of metabolic health with change in PBMC gene expression in highly overweight and obese
subjects of the HATFF study during treatment with tRES-HESP. (a) Change of AUCg (ΔAUCg) on change expression of
Glo1 (ΔGLO1); r = −0.56, p < 0.05. Regression equation: ΔAUCg = (−8.8 × ΔGLO1) + 10.3. (b) Change of AUCg (ΔAUCg)
on change in expression of TXNIP (ΔTXNIP); r = 0.59, p < 0.05. Regression equation: ΔAUCg = (4.1 × ΔTXNIP) + 9.7.
(c) Change in FPG (ΔFPG) on change in expression of TNFα (ΔTNFα); r = 0.70, p < 0.001. Regression equation: ΔFPG =
(0.94 × ΔTNFα) − 0.20. (d) Change in OGIS (ΔOGIS) on ΔTNFα; r = −0.68, p < 0.01. Regression equation: ΔOGIS = (−119
× ΔTNFα) + 39. n = 20.
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Major changes in gene expression in the tRES-HESP treatment period were: CCL2,
−49%; IL-8, −39%; COX-2, −31%; and RAGE, −37%—as reported previously [15]. Change
in expression of COX-2 correlated positively with change in expression of IL-8. Change
in expression of CCL2, IL-8, and RAGE were intercorrelated and also all correlated with
change in expression of the following genes: positive correlation—Mondo A (MLXIP),
small maf protein, isoforms F and G (MAFF and MAFG), neutrophil cytosol factor-1 (NCF1,
p47phox), and ferritin (FTH1); and negative correlation—heme oxygenase-1 (HMOX1) and
transketolase (TKT). Change in expression of CCL2 correlated positively with change in ex-
pression of a further 11 genes: aldoketo reductase 1C1 (AKR1C1), glucose-6-phosphate de-
hydrogenase (G6PD), γ-glutamylcysteine ligase-modulatory subunit (GCLM), glutathione
peroxidases, isoforms 1 and 4 (GPX1 and GPX4), glutathione reductase (GSR), interleukin-6
(IL-6), transcription factor Nrf2 (NFE2L2), NF-κB inhibitor-alpha (NFKBIA), NQO1 and
superoxide dismutase-1 (SOD1); and correlated negatively with glutathione S-transferase
P1 (GSTP1). Change in expression of IL-8 correlated positively with change in expression
of a further 3 genes: AKR1C1, NQO1, and SOD1. Change in expression of RAGE correlated
positively with change in expression of a further 7 genes: catalase (CAT), G6PD, GCLM,
GPX4, Kelch-like ECH-associated protein 1 (KEAP1), NFKBIA, and SOD1; and correlated
negatively with change in expression of CCL2 receptor (CCR2). Several of these correlations
were found in the placebo arm of the study (Table 3).

Table 3. Correlation of changes of peripheral blood mononuclear gene expression in highly overweight and obese subjects
in the tRES-HESP and placebo treatment periods of the HATFF study.

Gene Gene Correlate (Correlation Coefficient)

COX-2 IL-8 (0.74 *)

CCL2
AKR1C1 (0.80 **), CCR2 (−0.83***), FTH1 (0.89 ***), G6PD (0.77 **), GCLM (0.93 ***), GPX1 (0.77 **), GPX4 (0.85 ***), GSR
(0.70 *), GSTP1 (−0.69 *), HMOX1 (−0.88 ***), IL-6 (0.79 **), IL-8 (0.74 *), MAFF (0.76 **), MAFG (0.81 **), MLXIP (0.92 ***),

NCF1 (0.74 *), NFE2L2 (0.75 *), NFKBIA (0.70 *), NQO1 (0.79 **), RAGE (0.87 ***), SOD1 (0.86 ***), TKT (−0.88 ***).

IL-8 AKR1C1 (0.73 *), CCL2 (0.74 *), COX-2 (0.74 *), FTH1 (0.88 ***), MAFG (0.71 *), MLXIP (0.69 *), NCF1 (0.72 *), NQO1 (0.76
**), RAGE (0.70 *), SOD1 (0.73 *).

RAGE
CAT (−0.71 *), CCL2 (0.87 *), CCR2 (−0.74 *), FTH1 (0.84 ***), G6PD (0.86 ***), GCLM (0.76 **), GPX4 (0.71*), HMOX1 (−0.80
**), IL-8 (0.70 *), KEAP1 (0.69 *), MAFF (0.83 ***), MAFG (0.91 ***), NFKBIA (0.75 **), MLXIP (0.92 ***), NCF1 (0.88 ***), SOD1

(0.86 ***), TKT (−0.81 **).

Spearman correlation coefficients; n = 20. Significance: * p < 0.05; ** p < 0.01; and *** p < 0.001 (Bonferroni correction of 47 applied). Gene
name correlates underlined had changes correlated similarly in the placebo arm. Gene expression assessed was: AGER, AKR1B1, AKR1C1,
AKR1C3, CAT, CBR1, CCL2, CCR2, CD36, FTH1, G6PD, GCLC, GCLM, GPX1, GPX4, GSR, GSTA4, GSTP1, HIF1A, HMOX1, IL-6, IL-8,
KEAP1, MAFF, MAFG, MAFK, MIF, MLX, MLXIP, NCF1, NFE2L2, NFKB1, NFKBIA, NQO1, PRDX1, PSMA1, PSMB5, PTGS2, SOD1,
SQSTM1, SREBF1, TALDO1, TKT, TNFA, TXN, TXNIP, TXNRD1. Housekeeping reference genes: ACTB, CLTC, and GUSB.

4. Discussions

Reversal of insulin resistance in overweight and obese subjects with tRES-HESP treat-
ment in the HATFF study was associated with decreased dysglycemia, blood pressure,
vascular inflammation, and dyslipidemia—a remarkable multiplicity of pathogenic pro-
cesses. Moreover, health improvement was linked to two established mediators of insulin
resistance: TXNIP and TNFα. TXNIP is a mediator of insulin resistance in liver, skeletal
muscle and adipose tissue, and impaired pancreatic beta-cell insulin secretion [23–25] and
TNFα decreases insulin receptor signaling in adipose tissue and skeletal muscle, particu-
larly prior to development of T2DM [26–28]. tRES-HESP treatment produced a decrease of
PBMC TNFα expression in the obese subject subgroup of the HATFF study [15]. Reversal
of insulin resistance by tRES-HESP was not achieved by tRES and HESP individually in
clinical evaluation [3,29], suggesting pharmacological synergism of tRES-HESP. The dose
of HESP given was likely sufficient to inhibit intestinal glucuronosyl transferase and facili-
tate uptake of unconjugated tRES and HESP [6]. The outcomes of the HATFF study may
provide a pointer to effective synergistic combinations of dietary polyphenols to counter
insulin resistance.
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In consideration of the correlation analysis of glyoxalase pathway and clinical vari-
ables throughout the HATFF study, increased Glo1 activity decreases the cellular and
extracellular concentration of MG in in vitro studies [9,14]. Hence, increased Glo1 expres-
sion in PBMCs and other cells in response to tRES-HESP treatment in vivo is expected
to decrease plasma MG and plasma protein glycation by MG. Consistent with this, we
found a negative correlation of PBMC Glo1 activity to plasma protein MG-H1. PBMC
Glo1 activity also correlated negatively with markers of vascular inflammation and blood
pressure. A hypertensive effect of increased MG glycation may be mediated through
activation of the UPR by MG-modified proteins and associated inflammatory signaling
through the heat shock factor-1 and NF-κB pathways, with increased expression and se-
cretion of ET-1 [9,30]. Hypertension in obesity was linked to enhanced vascular activity
of endogenous ET-1 [31]. tRES decreased ET-1 expression in endothelial cells in vitro [32].
Increased peripheral resistance to blood flow may also contribute to a hypertensive re-
sponse. The negative correlation of change in plasma MG with FMD-GTN, an indicator
of nitric oxide-independent arterial dilatation, suggests increased MG may support this.
Indeed, plasma MG was an independent risk factor of increased arterial intimal-medial
thickness, pulse-wave velocity and systolic blood pressure in patients with T2DM [33].
Urinary excretion of MG-H1 correlated positively with LDL-VLDL and TG and negatively
with HDL. Urinary flux of MG-H1 reflects total body flux of protein glycation by MG,
with a contribution from MG-H1 free adduct absorbed from digested glycated proteins
in food [15,34]. These associations are consistent with formation of pro-atherogenic small,
dense TG-rich LDL by MG modification of LDL, and decreased stability and half-life of
HDL when modified by MG [35,36].

For changes from the baseline of clinical variables in the tRES-HESP treatment period,
the positive correlation of change in the OGIS index with change in urinary pentosidine may
reflect formation of pentosidine as a marker of pentosephosphate pathway metabolism [37].
Induction of the ARE-linked gene, G6PD, by tRES-HESP increases the flux through the
pentosephosphate pathway and may thereby increase formation of pentose precursors of
pentosidine; this also decreases glucose-6-phosphate-dependent carbohydrate response
element/Mondo A (MLXIP) transcriptional response [9], which may contribute to reversal
of insulin resistance [38].

For changes in gene expression of PBMCs, there was a strong anti-inflammatory
response induced by tRES-HESP—characterized by decreased expression of COX-2, MCP-
1, IL-8, and RAGE [15]. This anti-inflammatory effect has not been achieved in clinical
studies with tRES alone: for example, 150 mg tRES daily for 4 weeks in obese men had
no effect on IL-8 [39] and 500 mg tRES daily for 4 weeks in obese men had no effect on
MCP-1 [40]. Change in expression of MCP-1, IL-8 and RAGE correlated strongly with
change in expression of Mondo A. Increased expression of Mondo A in skeletal muscle
is linked to lipid accumulation and insulin resistance [38]. A similar positive correlation
with FTH1 and a negative correlation with HMOX1 suggested there may be decreased
availability of iron and increased metabolism of heme iron during treatment with tRES-
HESP. Iron metabolism has an important role in immunity [41], increasing inflammatory
activity of macrophages and correlating with BMI increase in the healthy population [42].
The positive correlation with expression of NCF-1 of the NADPH oxidase system may
relate to its regulation by MCP-1 and priming of NADPH oxidase by IL-8 [43], contributing
to systemic oxidative stress in clinical obesity [44]. Several genes with positive correlations
to MCP-1, IL-8, and RAGE—AKR1C1, G6PD, GCLM, GPX1, GPX4, GSR, MAFFF, MAFG,
NFE2L2, and NQO1 are cytoprotective genes regulated by Nrf2—including autoregulation
of Nrf2 itself [45]. This may reflect a host counter-response to low-grade inflammation
sustained by these inflammatory mediators.

Decrease of MCP-1 and IL-8 by tRES-HESP may be a downstream effect of improved
insulin sensitivity rather than an upstream mediator of it. Plasma MCP-1 concentration
was not associated with insulin resistance clinically and overexpression of MCP-1 in mice
induced inflammation without insulin resistance or dysglycemia [46,47]. However, adipose
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tissue levels of MCP-1 and IL-8 were increased by hyperinsulinemic clamp [48]. If the anti-
inflammatory effects of tRES-HESP on gene expression in PBMCs translate to tissues, there
may be additional health benefits through a decrease of insulin resistance-associated low-
grade inflammation in development of non-alcoholic fatty liver disease [49–51], chronic
kidney disease [52,53], decline of respiratory function [54–56], cardiovascular disease,
and aging [57–59]. COX-2 may be decreased through its regulation by MCP-1 [60]; and
decreased expression and in situ activity of RAGE through decrease of MG-H1 which is a
ligand for RAGE [61].

Upstream signaling of MCP-1, IL-8, RAGE, and COX-2 may be linked to activation
of the UPR by increased MG-modified misfolded proteins [9,10] (Figure 3). In UPR acti-
vation, IRE1α stabilizes TXNIP mRNA to increase its expression and activity [62]. TXNIP
decreases glucose uptake by skeletal muscle and pancreatic beta-cell mass and insulin
secretion and increases hepatic gluconeogenesis [23,63,64]. Inflammatory signaling may be
mediated through X box-binding protein 1 (XBP1), increasing histone H3 lysine 4 methyl-
transferase, SET7/9, increasing expression of p65 of the NF-κB system and inflammatory
mediators [65,66], including TNFα as key contributor to insulin resistance in skeletal mus-
cle [13,67]. Treatment with tRES-HESP alleviates these UPR-mediated responses [9,10];
tRES-HESP may also decrease expression of TXNIP directly via Nrf2 and ARE-linked sup-
pression [68]. tRES-HESP may thereby be a potent inducer of reversal of insulin resistance
with applications for both prevention and treatment of T2DM.

Figure 3. Proposed mechanism of action of Glo1 inducer, tRES-HESP, through suppression of the
unfolded protein response. Key: yellow filled arrows—mechanism of health improvement; red filled
arrows—damaging processes suppressed. See text for details.
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Interestingly, since conducting the HATFF study, studies with human aortal endothe-
lial cells and periodontal ligand fibroblasts in primary culture and model hyperglycemia
have indicated that tRES-HESP may correct endothelial dysfunction and periodontal
ligament dysfunction associated with hyperglycemia in prediabetes and diabetes [9,10].
tRES-HESP also corrected dysfunction of bone marrow progenitor cell in experimental
diabetes, improving wound closure and angiogenesis in diabetic mice [69]. Suppression of
activation of the UPR was implicated in these responses.

In conclusion, correlation analysis of data from the HATFF study indicates that the
responses of optimised Glo1 inducer, tRES-HESP, are linked to improvements in dysg-
lycemia, blood pressure, dyslipidemia, and low-grade inflammation. The reversal of insulin
resistance induced by tRES-HESP was related inversely to expression of TNFα and TXNIP
and may reflect countering of MG accumulation and protein glycation, with consequent
decreased activation of the UPR [70].
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