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Aims The role of uncoupling protein 2 (UCP2) in cardiac adaptation to pressure overload remains unclear. In a classical
model of left ventricular pressure overload genetic deletion of UCP2 (UCP2-/-) protected against cardiac hypertro-
phy and failure. However, in UCP2-/- mice increased proliferation of pulmonary arterial smooth muscle cells induces
mild pulmonary hypertension, right ventricular (RV) hypertrophy, and reduced cardiac output. This suggests a differ-
ent role for UCP2 in RV and left ventricular adaptation to pressure overload. To clarify this situation in more detail
UCP2-/- and wild-type mice were exposed to pulmonary arterial banding (PAB).

....................................................................................................................................................................................................
Methods
and results

Mice were analysed (haemodynamics, morphometry, and echocardiography) 3 weeks after PAB or sham surgery.
Myocytes and non-myocytes were isolated and analysed separately. Cell shortening of myocytes and fura-2 loading
of cardiomyocytes were used to characterize their function. Brd assay was performed to study fibroblast prolifera-
tion. Isolated mitochondria were analysed to investigate the role of UCP2 for reactive oxygen species (ROS) pro-
duction. UCP2 mRNA was 2.7-fold stronger expressed in RV myocytes than in left ventricular myocytes and stron-
ger expressed in non-myocytes compared with myocytes. Three weeks after PAB, cardiac output was reduced in
wild type but preserved in UCP2-/- mice. UCP2-/- had increased RV wall thickness, but lower RV internal diameters
and displayed a significant stronger fibrosis. Cardiac fibroblasts from UCP2-/- had reduced proliferation rates but
higher collagen-1 expression. Myocytes isolated from mice after PAB banding showed preserved function that was
further improved by UCP2-/-. Mitochondrial ROS production and respiration was similar between UCP2-/- or wild-
type hearts.

....................................................................................................................................................................................................
Conclusion Despite a mild pulmonary hypertension in UCP2-/- mice, hearts from these mice are well preserved against addi-

tional pressure overload (severe pulmonary hypertension). This—at least in part—depends on different behaviour
of non-myocytes (fibroblasts).
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1. Introduction

Uncoupling proteins (UCP) represent a family of molecules that are lo-
cated at the inner membrane of mitochondria. In mammalians, three
main isoforms are expressed: UCP1, UCP2, and UCP3. While the role
of UCP1, mainly located in the brown adipose tissue, is well known that
of the two other isoform remains to be defined.1,2 Based on the struc-
tural homology between the three isoforms, many researchers sug-
gested a similar role as for UCP1 but the heterogenous distribution as
well as functional measurements makes it unclear whether the three iso-
forms share common function.3 Furthermore, the specific function of
UCPs in different tissues may differ as well. UCP2 is constitutively
expressed in the heart where it seems to be involved in fine tuning of cell
metabolism as well as reactive oxygen species (ROS) defense.4,5 The
heart also expresses a second UCP isoform namely UCP3. The ratio be-
tween both isoforms in the heart may be different among species, but
this is not well investigated.6

Of note, a recent study on cardiac stem cell differentiation suggested
that UCP2 is mainly expressed during differentiation.7 This would sug-
gest that cardiac expression of UCP2 is strong in the foetal and neonatal
heart and reduced in adulthood. In line with these assumptions, cardiac
expression of UCP2 is induced during cardiac hypertrophy, i.e. in re-
sponse to pressure overload.8 The molecular adaptation of the heart to
pressure overload is characterized by the re-expression of foetal type
proteins, such as atrial natriuretic peptide, the b isoform of myosin heavy
chain, or the B isoform of creatine kinase to mention just a few of them.
Indeed, induction of UCP2 in the left ventricle (LV) upon heart failure
has been reported.9 Moreover, inhibition of UCP2 activity attenuates
the transition of hypertrophy to heart failure.10

There is growing evidence that the LV and right ventricle differ in their
ability to respond to pressure overload.11 Although not properly
worked out today, UCP2 may play a different role in both parts of the
heart. We recently reported that UCP2-/- mice develop pulmonary hy-
pertension, right heart hypertrophy, and a reduced cardiac output.12

This may suggest that unlike earlier reports on the LV, UCP2 silencing
will worsen the adaptation to pressure overload in the right heart.
Therefore, the present study aimed to clarify the role of UCP2 for the
response to an increase in right ventricular (RV) afterload.
Unexpectedly, the data will show that non-myocytes play an important
role in UCP2-/- mice during the adaptation to RV pressure overload.

2. Methods

2.1 Animals and ethic concerns
Adult male homozygous UCP2-/- mice (B6.129S4-Ucp2tmlLowl/J) were
purchased from Jackson Laboratory (Bar Harbor, USA) and bred up to
the 6th generation in our facility. Male C57BL/6J mice bought from
Charles River Laboratories (Sulzfeld, Germany) were used as controls.
All animal experiments conform to the guidelines from Directive 2010/
63/EU of the European Parliament on the protection of animals used
for scientific purposes. The experiments were registered under the
numbers GI20/2010 Nr. 86/2011, GI 20/10 Nr. 40/2011, and GI 20/1 Nr.
91/2017.

2.2 Induction of an acute increase in RV
afterload by pulmonary artery banding
Anaesthesia was initiated by isoflurane 3–4% and maintained by isoflur-
ane 1.5–2.5% supplemented with 100% oxygen. Afterwards, mice were

intubated and mechanically ventilated using a mouse ventilator MiniVent
type 845 (Hugo Sachs Elektronik, March-Hugstetten, Germany), while
placed on a heating surface. Analgesic buprenorphine hydrochloride
(TemgesicVR , 0.1 mg/kg, Sigma-Aldrich, Germany) was given subcutane-
ously. After left anterolateral thoracotomy via the second left intercostal
space, a small titanium clip (HemoclipVR , Edward Weck& Co., Inc.,
Research Triangle Park, NC, USA) with a width of 0.35 mm was placed
around the pulmonary trunk with a special hemoclip applier in order to
produce 65–70% constriction of the pulmonary artery. The chest and af-
terwards the skin were closed with 6.0 prolene sutures. Sham operated
mice underwent the same procedure without applying the hemoclip. In
total, 18 wild type and 18 UCP2-/- mice were banded for this study.
Mortality was 1/18 in wild-type mice and 0/18 in UCP2-/- mice.

2.3 Echocardiography
Vevo770 high-resolution imaging system equipped by 30-MHz trans-
ducer (VisualSonics, Toronto, Canada) was used to perform transtho-
racic echocardiography 3 weeks after operation. For in vivo heart
function evaluation, the RV wall thickness (RVWT), RV internal diameter
(RVID), tricuspid annular plane systolic excursion (TAPSE), and cardiac
output (CO) were measured as described before.13

2.4 Invasive haemodynamic measurement
A series of pressure–volume loops was recorded with a micropressure
conductance catheter (Millar instruments, Houston, USA). RV systolic
pressure (RVSP) was measured through catheterization under anaesthe-
sia 3 weeks after pulmonary arterial banding (PAB) or sham operation.

The animals were anaesthetized with 3–4% isoflurane supplemented
with oxygen and ventilated with a rodent ventilator (Harvard Apparatus,
Holiston, MA, USA). Maintenance of anaesthesia was done with 2–3%
isoflurane supplemented with oxygen. The mice were laid supine on a
heating platform with three legs taped to electrocardiogram electrodes
for monitoring of heart rate. A rectal thermometer (Indus Instruments,
Houston, TX, USA) was used to control the body temperature.
The heating pad helped to keep the body temperature at 36.5–37.5�C
.The right jugular vein was cannulated for measurement of RVSP.

2.5 Tissue sampling, RV hypertrophy
assessment
Separation of RV wall from left ventricular wall and ventricular septum (S)
was done. After heart hypertrophy measurements the RV wall, left ventric-
ular wall, and S were fixed in formalin (3.5–3.7%), dehydrated and finally
paraffin embedded for histological analysis. Collagen staining was performed
by Picro Sirius Red staining. A total amount of 0.2 g Sirius Red was dissolved
in 200 mL of picric acid, the solution was filtered and finally the pH was ad-
justed to pH 2.0. After staining the slices were measured using Leica QWin
standard imaging software. Forty to 90 pictures were taken per ventricle
and red stained collagen was normalized to the total tissue amount.

2.6 Isolation and culture of adult mouse
ventricular cardiomyocytes
Ventricular cardiomyocytes were isolated from wild-type and UCP2-/-

mice as described in detail elsewhere.14 After deep anaesthesia with iso-
flurane (1.5–2.5%), hearts were excised from the chest cavity, trans-
ferred rapidly to ice-cold saline, and immediately mounted on the
cannula of Langendorff perfusion system for isolation.
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2.7 Load-free cell shortening
Cell contraction determination was carried out at room temperature and
analysed using a cell-edge-detection system as previously described.15

2.8 Calcium transient quantification
The fluorescent dye fura-2 AM was used to measure cytosolic calcium
transients as described before.16

2.9 Cell spreading
Quantification of cell spreading (building of pseudopodia-like structures
from cultured mice cardiomyocytes) was analysed by light microscopy
as described before in detail.17 Mouse myocytes were cultured in a modi-
fied medium containing the following additions: 20% foetal calf serum, mM:

NaCl 118, KH2PO4 1.2, KCl 4.7, Glucose 5, MgSO4 0.8, HEPES 10, CaCl2
2.5, and pyruvate 1.9, gassed with carbogen. The pH was adjusted to 7.4.

2.10 RNA isolation and real-time PCR
Total RNA was extracted from RV and LV by RNeasy Micro Kit (Qiagen
N.V., Hilden, Germany) and the extracted mRNA was reverse-
transcribed to cDNA using the iScript cDNA Synthesis Kit (Bio-Rad,
Berkeley, CA, USA). The mRNA expression of UCP2 and UCP3 was
quantified by master mix for RT PCR (iTaq SYBR Green supermix
withROX, Bio-Rad, Berkeley, CA, USA) and Mx3000P QPCR Systems
(AgilentTechnologies, Santa Clara, USA). Primer efficiency for UCP2 and
UCP3 was 78% and 79%, respectively. Hypoxanthine phosphoribosyl-
transferase (HPRT) was used as housekeeping gene. The used reaction
condition was 1� (95�C, 10 min) followed by 45� (95�C, 5 s; 60�C, 5 s,
72�C, 10 s) and the extension phase was done at 72�C. Measurement of

Figure 1 Distribution of UCP2 and UCP3 mRNA expression in left and right ventricle (A), myocytes and non-myocytes (B), and UCP2 protein expression
in myocyes and non-myocytes (C). Data are from n = 4 mice and subsequent cell preparations and they are expressed as 25%, 50%, and 75% quartiles with
whiskers representing the total range. The dots represent the individual data points. Data were analysed by a Shapiro–Wilk test to check whether data
points are normally distributed and Levene test for equal variance. Subsequently, data were tested with an unpaired t-test. In C an original western blot is
given with staining for UCP2 and actin.
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each gene was carried out as duplicate. Confirmation of the desired
products formation was done by dissociation curves. The calculation of
DCt values was done by subtracting the Ct values of the target gene from
the endogenous control [DCt = Ct (endogenous control) - Ct (target)],
and the fold change according 2DDCt formula was calculated.

2.11 Proliferation assay
The non-myocyte fraction of the isolated cells was used to separate car-
diac fibroblasts. Non-myocytes were placed on a culture dish and the
dishes were washed after 30 min to eliminate non-attached cells (mainly
endothelial cells). Proliferation was quantified by bromo-uridine incorpo-
ration. Cells were lysed after 12 and 48 h and stained with a fluorescence

antibody. Quantification was subsequently performed via ELISA
(5-Bromo-20-deoxy-uridine Labeling and Detection Kit I; Merck,
Darmstadt, Germany).

2.12 Western blot
Western blots were performed with protein samples as indicated. After
transfer to a nitrocellulose membrane samples were incubated with ei-
ther an antibody directed against UCP2 and subsequently with an anti-
body directed against actin or voltage-dependent anion exchanger
(VDAC) or GAPDH. Signals were detected by a fluorescence coupled
secondary antibody (Abcam, ab6940). Western blots dealing with UCP2
expression were performed with an antibody evaluated before.18

Figure 2 Pressure overload, hypertrophy, and UCP2 expression in mice 3 weeks after pulmonary artery banding (PAB; n = 14 wild type; n = 14 UCP2-/-)
or sham surgery (n = 8 wild type; n = 15 UCP2-/-). (A) Right ventricular systolic pressure (RVSP in mmHg), (B) systemic arterial pressure (SAP, in mmHg), (C)
right ventricular weight normalized to body weight (RV/BW, in mg/g), and (D) right ventricular weight normalized to the left ventricle and septum weight
[RV/(LV þ S)]. Data are given for sham surgery and PAB banding of each genotype. A one-way ANOVA with a subsequent Student–Newman–Keuls test
for post hoc analysis was performed. Normal distribution was tested with a Shapiro–Wilk test. (E) Original blot of RV samples from wild-type mice 3 weeks
after banding (PAB; lane 5–7), sham (lane 1–4), or UCP-/- mice (lane 8). (F) Quantification of UCP2 expression (after normalization to GAPDH). Data are
expressed as % of sham (n = 3–4 as indicated in E). They are expressed as 25%, 50%, and 75% quartiles with whiskers representing the total range. Data in F
were analysed by a Shapiro–Wilk test to check whether data points are normally distributed and Levene test for equal variance. Subsequently, data were
tested with an unpaired t-test. *P<0.05.
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..Specificity was tested in tissue samples from spleens of UCP2-/- mice and
wild-type mice, respectively (Supplementary material online, Figure S1).
Control peptide for UCP2 was a recombinant human UCP2.19

2.13 Amplex ultra red measurements of
mitochondria
The isolation of cardiac mitochondria from mice hearts has been de-
scribed before.20,21

2.14 Statistical analysis
Data were expressed as boxes representing the 25%, 50%, and 75%
quartile with whiskers indicating the range of all data. Where indicated
data were plotted as individual spots of individual data points with means
± SEM in addition. Statistical analysis was performed using SPSS22.0. The
different experimental groups were statistically analysed by one-way

ANOVA and Newman–Keuls post hoc test for multiple comparisons.
P-values of <0.05 were considered as statistically significant.

3. Results

3.1 Expression of UCP2/3 in mouse hearts
At first, we investigated the mRNA expression of UCP2 and UCP3 in
mouse hearts. In the right ventricle, UCP2 mRNA expression was nearly
double of that measured in the LV. However, expression of UCP3 did not
differ between both ventricles (Figure 1A). Next, we investigated the expres-
sion between myocytes and non-myocytes. To reach this aim we isolated
ventricular myocytes and separated them from the non-myocytes of the
right ventricle. The data show that UCP2 mRNA is constitutively expressed
in both cell preparations but much stronger in non-myocytes, whereas

Figure 3 Cardiac function in mice 3 weeks after pulmonary artery banding (PAB). (A) Cardiac output (CO, in mL/min), (B) tricuspid annular plane
systolic excursion (TAPSE, in mm); (C) right ventricular wall thickness (RVWT, in mm), (D) right ventricular internal diameter (RVID, in mm), and (E)
representative images of echo analysis. Data are given for sham surgery and PAB banding of each genotype. A one-way ANOVA with a subsequent
Student–Newman–Keuls test for post hoc analysis was performed. Normal distribution was tested with a Shapiro–Wilk test. The number of mice in the indi-
vidual groups corresponds to Figure 2A–D. *P<0.05.
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UCP3 is predominantly expressed in myocytes and only to a minor propor-
tion in non-myocytes (Figure 1B). We confirmed these data using a UCP2
specific antibody. As indicated in the representative western blot (Figure 1C)
UCP2 protein is stronger expressed in the non-myocyte fraction than in
the myocyte fraction. Data are normalized to actin expression.

3.2 Effect of PAB on RV hypertrophy
PAB was performed on wild-type and UCP2-/- mice to clarify the role of
UCP2 in the RV adaptation to pressure overload. As expected, RV pres-
sure increased in mice under PAB but systemic blood pressure remained
constant (Figure 2A and B). There were no differences between both
mouse strains. Similarly, RV hypertrophy normalized to body weight
(Figure 2C) or left ventricle and septum (Figure 2D) increased under PAB
but without any differences between both strains. Furthermore, 3 weeks
after surgery, RV expression of UCP2 was increased (Figure 2E and F).
However, cardiac output decreased in wild-type mice 3 weeks after PAB
but remained stable in UCP2-/- mice (Figure 3A). Similarly, TAPSE—a
standard parameter of RV diastolic function—remained stable in
UCP2-/- mice but was reduced in wild-type mice (Figure 3B). RVWT in-
creased more stronger in UCP2-/- in comparison to wild-type mice un-
der PAB (Figure 3C), whereas RV internal diameter remained smaller
(Figure 3D). Representative figures are given in Figure 3E. Collectively, the
data support the picture of mal-adaptive type of hypertrophy in wild-
type mice but adaptive RV hypertrophy in UCP2-/- mice.

3.3 Fibrosis and cardiac fibroblasts with
UCP2 deficiency
In mice hearts non-myocytes express more UCP2 than myocytes (Figure
1B and C). Therefore, we were first interested to investigate the effect of
UCP2 deficiency in cardiac fibroblasts. We observed two genotype-
specific differences in the behaviour of cultured cardiac fibroblasts
between wild-type and UCP2-/- mice. First, proliferation of fibroblasts
isolated from UCP2-/- was less than that of fibroblasts isolated from
wild-type mice (Figure 4A). Second, fibroblasts from UCP2-/- mice dis-
played a higher endogenous expression of collagen-1 mRNA (Figure 4B).
These in vitro data let us speculate that fibroblasts from both genotypes
react different during the RV adaptation to pressure overload. Indeed,
collagen content was increased in the PAB mice and significantly more el-
evated in UCP2-/- mice (Figure 5A and B). Thus, non-myocytes from wild-
type mice express a large amount of UCP2 and depletion of UCP2 leads
to a more differentiated cell phenotype allowing the generation of more
extracellular matrix upon mechanical overload of the right ventricle.

3.4 Function of myocytes with UCP2�/�

The aforementioned experiments on fibrosis support the suggestion
that cardiac fibroblasts are involved in the RV adaptation of UCP2-/-

hearts to pressure overload. Next, we investigated whether additional
differences occur for myocytes as well. RV myocytes from both strains
were isolated from sham or PAB mice 3 weeks after onset of pressure
overload and the load-free cell shortening was analysed. Myocytes iso-
lated from the right ventricle of wild-type mice after PAB showed an im-
proved load-free cell shortening, maximal contraction velocity, and
maximal relaxation velocity when compared with those isolated from
sham operated mice (Figure 6A). Similarly, myocytes isolated from
UCP2-/- had an improved function (Figure 6A). In a second series of
experiments calcium transients were quantified by fura-2 fluorescence.
Here, myocytes from UCP2-/- had greater calcium transients compared
with wild-type myocytes under PAB and greater time to basal calcium
levels than myocytes from sham wild-type mice (Figure 6B). In conclu-
sion, cardiomyocytes from wild type and UCP2-/- do not develop intrin-
sic failure within 3 weeks of PAB. Next, we analysed the ability of
myocytes to adapt to culture conditions. Myocytes isolated from a
three-dimensional tissue have to adapt to the two-dimensional surface
of culture dishes. This process mimics some of the aspects required to
cardiac adaptation and can be monitored by the formation of
pseudopodia-like structures a process known as spreading (Figure 7A).
Myocytes from both strains showed a rapid adaptation (Figure 7B) with
no differences among strains (Figure 7C).

3.5 UCP2�/� and ROS
Currently, the precise function of UCP2 in cardiac cells is not clear.
There are suggestions that UCP2 may modify the amount of ROS pro-
duced within the electron transport chain but current data are inconclu-
sive. To clarify the point whether UCP2 modifies basal mitochondrial
function, we first verified its expression in mitochondria. As indicated in
the representative western blot shown in Supplementary material on-
line, Figure S1A, UCP2 is constitutively expressed in subsarcolemmal and
interfibrillar mitochondria. Purification was verified by co-staining with
VDAC and specificity of the antibody by co-staining with a control pep-
tide and whole tissue samples from the spleen of wild-type and UCP2-/-

mice. Spleen is the tissue with the highest expression of UCP2.
Respiration rate was not different between mitochondria isolated from
wild-type and UCP2-/- mice. This holds for complex I and complex II

Figure 4 Analysis of cardiac fibroblasts in vitro. (A) Proliferation of
fibroblasts isolated from wild-type mice (WT) or UCP2-/- mice was
quantified by Brd-incorporation and subsequent determination of opti-
cal densities (O.D.) in the cultures dishes. Data are from n = 24 samples
each (six mice). (B) Quantification of collagen-1 mRNA expression in
isolated fibroblasts from WT and UCP2-/- mice (n = 4 each). Data were
analysed by a Shapiro–Wilk test to check whether data points are nor-
mally distributed and Levene test for equal variance. Subsequently, data
were tested with an unpaired t-test. *P<0.05.
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.substrates under basal and ADP-dependent forced respiration (supple-
mentaryentary material online, Figure S1B). In isolated mitochondria
from wild type and UCP2-/- mice ROS formation did also not differ be-
tween mitochondria from both genotypes (Supplementary material on-
line, Figure S2), neither at baseline nor during ADP administration; in
accordance with these findings, in isolated mitochondria application of
genipin—a pharmacological UCP inhibitor—did not affect ROS forma-
tion either (Supplementary material online, Figure S2).

4. Discussion

The main finding of our study is that UCP2 deficiency attenuates a loss of
RV function upon pressure overload as quantified by cardiac output.
Our data suggest that cardiac fibroblasts are mainly responsible for this
finding. This conclusion is based on the following results that were
obtained in our study: First, in mice hearts non-myocytes express signifi-
cantly more UCP2 than myocytes. Secondly, deficiency of UCP2 leads to
alterations in fibroblast proliferation and collagen expression. Third, un-
der pressure overload right ventricle in UCP2-/- mice produced more
collagen than the right ventricle in wild-type mice. Fourth, in contrast to
fibroblasts and collagen production, no major functional differences
were observed between myocytes isolated from both strains when

analysed 3 weeks after PAB. In summary, these genotype-specific differ-
ences lead to preserved right heart function in UCP2-/- mice.

Adaption of cardiac tissue to pressure overload is characterized by re-
induction of foetal-type proteins such as atrial natriuretic peptide, the b
isoform of myosin heavy chain, and the B-type isoform of creatine kinase
to name just a few of them. UCP2 induction in cardiac hypertrophy
might be another example for this rule. It is generally assumed that pres-
sure overload leads to an induction of UCP2 supporting the idea that
UCP2 participates in the transition of myocardial hypertrophy to heart
failure.8–10 It is in line with these assumptions that UCP2 expression is
high in differentiating myocytes and declines later in terminal differenti-
ated myocytes.7,22 Looking carefully in the literature, data suggest even
no expression of UCP2 in the heart or stable expression of UCP2
mRNA.8,23 Here, we found a significant increase in right ventricle UCP2
protein expression 3 weeks after PAB. Conflicting data about the ex-
pression of UCP2 in heart tissue may come from specificity of antibodies.
Specificity of the antibody used here was carefully confirmed. It shows
that a protein band was detected that is in the right molecular size (see
control peptide, a recombinant human UCP2 peptide) and that the anti-
body detects a protein band in the spleen from wild-type mice but not
from UCP2-/- mice. The antibody was previously characterized.18

Therefore, we have strong evidence that UCP2 expression is induced in
response to pressure overload of the right ventricle.

Figure 5 Right ventricular fibrosis in mice 3 weeks after pulmonary artery banding (PAB). (A) Collagen staining quantified as percent PircoSirius Red stain-
ing. Data are from n = 7 mice (sham, wild type), n = 7 mice (PAB wild type); n = 5 (sham UCP2-/-), and n = 5 (PAB UCP2-/-). (B) Representative images. Data
are given for sham surgery and PAB banding of each genotype. A one-way ANOVA with a subsequent Student–Newman–Keuls test for post hoc analysis
was performed. Normal distribution was tested with a Shapiro–Wilk test. *P<0.05.
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..UCP2 has been described as an UCP and may affect respiration and
ROS formation in mitochondria. However, our own experiments do not
support such a role for UCP2 in cardiac mitochondria. Alternatively, si-
lencing of UCP2 may favour the use of glucose by cells. Furthermore, si-
lencing of UCP2 in pancreatic adenocarcinoma cells activated the Akt/
mTOR pathway that is normally linked to cell proliferation.24 Pulmonary
artery smooth muscle cells show an accelerated proliferation rate under
UCP2 silencing as well.12 Thus, there are alternative pathways by which
UCP2 may affect cell behaviour. Our experiments with isolated fibro-
blasts show that UCP2 modifies fibroblast activity. Fibroblasts isolated
from UCP2-/- mice showed less proliferation but more collagen-1
mRNA expression suggesting a more differentiated cell phenotype.
These data suggest that the increased fibrosis in hearts from UCP2-/- un-
der PAB may be based on direct fibroblast activation.

Reactive fibrosis is an interstitial deposition of collagens surrounding
cardiomyocytes and perivascular areas,25,26 while replacement fibrosis

develops following cardiomyocyte damage and is evident if cardiomyo-
cyte loss occurs.26 RV myocardial stiffness is increased with mild and se-
vere RV dysfunction. While in mild RV dysfunction (fibrosis in between
5% and 10%) stiffness is mainly determined by increased myofibril stiff-
ness27 in severe RV dysfunction (fibrosis >10%), both myofibril- and fi-
brosis-mediated stiffness contribute to increased RV myocardial
stiffness.27,28 Based on these assumptions a massive RV fibrosis may in-
crease RV stiffness that then contributes to functional impairment28.
However, a certain level of fibrosis might be beneficial because it pro-
vides mechanical support to cardiomyocytes surrounding and prevents
excessive RV dilation and deformation due to pressure overload.29,30

Indeed, in patients with severe RV pressure overload often less than 10%
of ventricular volume is fibrosis and fibrosis is often limited to the RV
septal insertion points. These patients may also display severe RV failure
their ventricular function recovers after lung transplantation (for review,
see ref.29).

Figure 6 Cell shortening and calcium transients of isolated right ventricular myocytes. (A) Data show the normalized cell shortening (DL/L, %), maximal
contraction velocity (Con-Vel, mm/s), and the maximal relaxation velocity (Rel-Max, mm/s). Data are from n = 90 to 122 cells (eight mice) and they are
expressed as 25%, 50%, and 75% quartiles with whiskers representing the total range. (B) Data show the amplitude of calcium transients (Fura-2 ratio), of
the time to reach 50% of the maximal peak (Time-to-Peak 50%), and the time to reach 50% of the basal level of intracellular calcium (Time-to-Basal 50%).
Data are from n = 18 to 26 cells and they are expressed as 25%, 50%, and 75% quartiles with whiskers representing the total range. A one-way ANOVA
with a subsequent Student–Newman–Keuls test for post hoc analysis was performed. Normal distribution was tested with a Shapiro–Wilk test. *P<0.05.
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.In accordance with these studies, in the present study RV internal di-
ameter was lower in UCP2-/- mice compared with wild-type mice and
RVWT is increased. As a consequence pulmonary hypertension left–
right asynchrony occurs, cardiac oxygen delivery and energy metabolism
changes, and neurohumoral activation is observed. All these alterations
contribute to the loss of pump function,31 and a better adaptation in
UCP2-/- mice compared with wild-type mice helps to preserve cardiac
output. The different responsiveness of UCP2-deficient fibroblasts may
support this better adaptation.

Besides their contribution to changes in mechanical properties of the
tissue, fibroblasts can actively influence cardiomyocyte function by re-
lease of paracrine factors contributing to hypertrophy.32 In rats, RV hy-
pertrophy due to pulmonary artery banding is associated with increased
RV contractility as assessed by the slope of the end-systolic pressure–
volume relationship (EES), although RV failure with decreased ejection
fraction and cardiac output is measured.33 Our study confirmed these
findings on EES in mice as isolated cardiomyocytes were not functionally
depressed.

Whether, there exists a ‘threshold’ level of RV fibrosis, above which the
fibrosis becomes detrimental and drives RV failure, is not clear. The corre-
lation between increased fibrosis on the one hand and stabilized function
on the other hand was not expected. However, pressure overload
requires increased force production from myocytes but this needs to be

transferred to the extracellular matrix. In the light of the functional out-
come of the in vivo part of our study the data suggest that the increase in fi-
brosis is insufficient in wild-type mice and that the heart benefits from a
slightly stronger fibrosis as given in UCP2-/- mice. In line with these
assumptions, we could not detect any malfunction on the cellular level of
myocytes isolated from wild-type mice or UCP2-/- mice. The only statisti-
cal significant difference in myocytes between both genotypes was an ac-
celerated rate of restoration of intracellular calcium levels during the
diastolic phase in myocytes from UCP2-/-. This suggests an improved
SERCA activity leading to higher calcium transients as we could indeed
measure. Previously, over-expression of UCP2 in cardiomyocytes was
shown to have the opposite.34 We could not observe any indication for
reduced SERCA activity in myocytes isolated from wild-type mice, in ac-
cordance with previous data with a mild form of PAB in a canine model.35

Load-free cell shortening as the sum of calcium transients and intrinsic
elastic performance of myocytes was not different between myocytes iso-
lated from both strains. Therefore, differences between myocytes from
both strains seem not to be the dominant effect to explain the strong dif-
ference in cardiac output between them. Despite the preserved RV func-
tion under pressure overload in UCP2-/- but not wild-type mice, cardiac
output and TAPSE were slightly lower in UCP2-/- mice compared with
wild-type mice confirming an earlier study.12 The reason for this difference
remains unclear but the results from the present study rule out that

Figure 7 Cellular adaptation to culture conditions. (A) The phalloidin-TRITC stained myocytes indicate the native shape (Day 0) and the adaptation by
performing pseudopodia-like structures (spreading, Day 3). (B) Representative time relationship of the ability of mouse myocytes to adapt to the culture
dish by spreading. (C) Quantitative analysis of the percent of cells that respond to cultivation by spreading. Data are from n = 4 preparations/mice each and
they are expressed as 25%, 50%, and 75% quartiles with whiskers representing the total range. Data in C were analysed by a Shapiro–Wilk test to check
whether data points are normally distributed and Levene test for equal variance. Subsequently, data were tested with an unpaired t-test (P > 0.05).
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..cardiomyocytes per se have an impaired function. In the previous study,
the authors argued that the lower basal RV functions in UCP2-/- mice are
responsible for the small increase in pulmonary artery pressure despite
vascular remodelling. This would, again, be mainly confirmed by non-
myocytes due to our additional experiments in the present study.

5. Conclusion

UCP2 deficiency in mice significantly preserves the right heart function
under pressure overload. This is associated with a stronger fibrosis.
It should be pointed out that mice cardiac fibroblasts express more
UCP2 than myocytes and that UCP2 is by far the most dominant UCP
isoform in this cell type. Since cardiomyocytes function was preserved in
wild-type and UCP2-/- mice during pressure overload, the increased fi-
brosis might contribute to the preservation of right heart function during
pulmonary artery banding in UCP2-/- mice.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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