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UCP3 (Uncoupling Protein 3) Insufficiency
Exacerbates Left Ventricular Diastolic
Dysfunction During Angiotensin ll-Induced
Hypertension
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BACKGROUND: Left ventricular diastolic dysfunction, an early stage in the pathogenesis of heart failure with preserved ejection
fraction, is exacerbated by joint exposure to hypertension and obesity; however, the molecular mechanisms involved remain
uncertain. The mitochondrial UCP3 (uncoupling protein 3) is downregulated in the heart with obesity. Here, we used a rat
model of UCP3 haploinsufficiency (ucp3*) to test the hypothesis that decreased UCP3 promotes left ventricular diastolic
dysfunction during hypertension.

METHODS AND RESULTS: Ucp3* rats and ucp3** littermates fed a high-salt diet (HS; 2% NaCl) and treated with angiotensin ||
(190 ng/kg per min for 28 days) experienced a similar rise in blood pressure (158+4 versus 155+7 mm Hg). However, UCP3
insufficiency worsened diastolic dysfunction according to echocardiographic assessment of left ventricular filling pressures
(E/e’; 18.8+1.0 versus 14.9+0.6; P<0.05) and the isovolumic relaxation time (24.7+0.6 versus 21.3+0.5 ms; P<0.05), as well
as invasive monitoring of the diastolic time constant (Tau; 15.5+0.8 versus 12.7+0.2 ms; P<0.05). Exercise tolerance on a
treadmill also decreased for HS/angiotensin ll-treated ucp3*- rats. Histological and molecular analyses further revealed that
UCPS insufficiency accelerated left ventricular concentric remodeling, detrimental interstitial matrix remodeling, and fetal gene
reprogramming during hypertension. Moreover, UCP3 insufficiency increased oxidative stress and led to greater impairment
of protein kinase G signaling.

CONCLUSIONS: Our findings identified UCP3 insufficiency as a cause for increased incidence of left ventricular diastolic dys-
function during hypertension. The results add further support to the use of antioxidants targeting mitochondrial reactive
oxygen species as an adjuvant therapy for preventing heart failure with preserved ejection fraction in individuals with obesity.
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(HFpEF) accounts for more than half of all heart

failure cases and bears unacceptably high 5-year
hospital readmission and mortality rates." Left ventricu-
lar diastolic dysfunction (LVDD) is an early but underin-
vestigated stage in the pathogenesis of HFpEF.? Along
with hypertension, obesity and obesity-related meta-
bolic disorders represent major preventable causes for
LVDD.3# Thus the prevalence of LVDD ranges between
20% to 30% in the general adult population but can go

Heart failure with preserved ejection fraction

as high as 65% in elderly individuals with hypertension,
obesity, and diabetes.? Although there is some clinical
evidence to support a role for an interaction between
hypertension and obesity-related metabolic derange-
ments in the exacerbation of LVDD,>® the nature of the
molecular mechanisms at play remains uncertain.
UCP3 (uncoupling protein 3) is a mitochondrial anion
carrier protein predominantly expressed in brown adi-
pose tissue, skeletal muscle, and the heart.” While the
physiological functions of the protein have not been
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CLINICAL PERSPECTIVE

What Is New?

e UCPS3 (uncoupling protein 3) insufficiency exac-
erbates development of left ventricular diastolic
dysfunction during hypertension.

e The dysfunction is linked to increased left ven-
tricular wall thickening, detrimental molecular
remodeling of the extracellular matrix and car-
diomyocytes, and impairment of protein kinase
G signaling.

e All those alterations can be traced back to a
worsening of myocardial oxidative stress.

What Are the Clinical Implications?

e The results may help explain how obesity and
type 2 diabetes lead to a greater incidence of
left ventricular diastolic dysfunction in individu-
als with hypertension.

e The findings add further support to the use of
antioxidants targeting mitochondrial oxidative
stress as an adjuvant therapy for preventing
heart failure with preserved ejection fraction in
individuals with obesity.

Nonstandard Abbreviations and Acronyms

ECM extracellular matrix

HFpEF heart failure with preserved
ejection fraction

HS/Ang Il high dietary salt intake combined
with angiotensin Il infusion

LVDD left ventricular diastolic dysfunction

clearly delineated, muscle mitochondria lacking UCP3
have been shown to generate more superoxide an-
ions under stimulated respiration.® Hearts from UCP3
knockout mice also generate more reactive oxygen
species (ROS) in response to ischemia/reperfusion,
leading to further deterioration of contractile function
following myocardial infarction.® Using a rat model of
UCP3 haploinsufficiency (ucp3*") we demonstrated
that, similar to the knockout experiments, partial loss
of UCPS is associated with a greater generation of
mitochondrial ROS in cardiomyocytes and the exac-
erbation of left ventricular contractile dysfunction at
reperfusion following ischemia.’® All together, these
observations support the notion that UCP3 deficiency
exacerbates myocardial cell injury in pathological con-
ditions associated with enhanced mitochondrial ROS
production.”°

Oxidative stress plays a key role in the develop-
ment of diastolic dysfunction and the pathogenesis
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of HFpEF."" Obesity-induced hypertension is charac-
terized by activation of the sympathetic nervous and
renin-angiotensin-aldosterone systems. On the one
hand, increased myocardial energy demand driven by
the increases in workload and B-adrenergic receptor
activation stimulates mitochondrial ROS production.'?
On the other hand, angiotensin Il (Ang Il) directly sig-
nals through the Ang Il receptor type 1 to increase
ROS generation from both nicotinamide adenine di-
nucleotide phosphate (NADPH) oxidases and mito-
chondrial sources.”® We and others have previously
reported that UCP3 is down-regulated with obesity
and type 2 diabetes.'®'*'® Therefore, we propose that
UCPS3 insufficiency is 1 of the mechanisms linking
obesity to accelerated development of LVDD during
hypertension through exacerbation of myocardial ox-
idative stress.

To test our hypothesis, non-obese and metabolically
normal male ucp3*" rats were subjected to chronic el-
evation in blood pressure by slow-pressor angioten-
sin Il infusion under high dietary salt intake (HS/Ang
ll), a well-established method for induction of neuro-
genic hypertension.'® Cardiac function was evaluated
with transthoracic echocardiography and invasive left
ventricular (LV) pressure measurements. Mechanistic
causes for LV dysfunction were further sought by his-
tology and through targeted analyses of cardiac pri-
mary transcripts and proteins.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Animals and Diets

Generation of the Sprague Dawley rat model of UCP3
haploinsufficiency has been reported previously.”®
Because lack of UCP3 has no impact on adiposity or
insulin sensitivity in rats maintained under conventional
housing conditions,” the model allowed testing of the
present hypothesis independently from the confound-
ing effects of obesity and diabetes. Male UCP3 insuffi-
cient rats (ucp3*) and wild-type controls (ucp3++) were
obtained from same litters by non-brother-sister mating
of heterozygous knockout rats. Animals were housed
in the animal facilities of the Center for Comparative
Research from the University of Mississippi Medical
Center on a 12-hours light/12-hours dark cycle at a
temperature of 22 °C +2 °C and 40%—-60% humidity.
Rats (n=45 ucp3*" and 39 ucp3**) were fed a non-
purified standard laboratory rodent diet (22/5 rodent
diet no. 8640; 0.4% NaCl; Teklad, Madison, WI) until
8 weeks of age, after which approximately half of the
rats (n=24 ucp3*" and 24 ucp3**) were randomly
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selected to be fed a high-salt purified diet (D17030;
2% NaCl; Research Diets, New Brunswick, NJ) while
the other half (=21 ucp3*~ and 15 ucp3**) were fed
a matched low salt control diet (D17019; 0.4% NaCl;
Research Diets). Drinking water was supplied ad li-
bitum until end of the study protocol (Figure 1). The
study complied with the Guide for the Care and Use
of Laboratory Animals and was approved by the
Institutional Animal Care and Use Committee (proto-
col #1436A). All efforts were made to minimize animal
suffering and to reduce the number of animals used.
Four rats in the HS/Ang Il treatment groups (2 ucp3**
rats and 2 ucp3*- rats) died before the end of the pro-
tocol and the partial data on these animals were not
included in the analyses.

Ang Il Treatment

After 2 weeks on purified diets, 0.9% saline or Ang I
(Bachem, Torrance, CA) was administered at a rate of
190 ng/kg per minute (nominal infusion rate: 2.42 pL/h)
for 28 days via Alzet osmotic pump implanted sub-
cutaneously (model 2ML4; DURECT Corporation,
Cupertino, CA). Animals were anesthetized with isoflu-
rane (2.5% isoflurane in 100% O2) and injected sub-
cutaneously with buprenorphine sustained-release
(1 mg/kg) before pump implantation.

Low UCP3 and Cardiac Dysfunction in Hypertension

Blood Pressure and Heart Rate
Measurements

Mean arterial blood pressure and heart rate were meas-
ured in conscious rats using the CODA non-invasive
blood pressure system (Kent Scientific, Torrington, CT).
Animals were subjected to tail-cuff measurements for
5 consecutive days for baseline values before osmaotic
pump implantation, and then for 2 consecutive days
every week following initiation of Ang Il or 0.9% saline
treatment. Mean values of blood pressure and heart
rate were calculated for each time point and used for
statistical analyses.

Transthoracic Echocardiography

Echocardiographic exams were performed under iso-
flurane anesthesia using a Vevo 3100 Imaging System
(FUJIFILM VisualSonics, Toronto, Ont). The amount
of isoflurane dispensed (1%-2% isoflurane in 100%
02) was individually adjusted to maintain similar heart
rate between rats. Body temperature was maintained
within physiological range (36.0 °C-37.5 °C) through-
out the procedure using a dedicated heating pad. B-
Mode and M-Mode images were obtained from the
parasternal long-axis view and used to calculate aortic
root diameter, left ventricular anterior wall thickness
at end-diastole, LV internal diameter at end-diastole,

Low salt diet MAP
(0.4% NaCl) chzo .
0.9% saline (2.42 pl/h) MAP
MAP Echo
ExT MAP Echo MAP ExT
L ¢ ¢ LVP (n=6/group)
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5 <« g I T T T T T T Histology (n=6/group)
: = Day -14 7 0 7 14 21 28 Western blot (n=9-15/group)
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ucp3*- (n=15/6)
High salt diet ';'P;IP
(2% NaCl) cho .
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Figure 1.
and functional remodeling during hypertension.

Study protocol used to determine the impact of UCP3 (uncoupling protein 3) insufficiency on cardiac structural

A first cohort of ucp3*- and ucp3** rats (red; n=9-16 per group) was used to assess in vivo the evolution of the mean arterial blood
pressure (weekly measurements) as well as cardiac structure and function (transthoracic echocardiography; bi-weekly measurements)
over the course of a combination treatment consisting in high dietary salt intake (2% NaCl) and chronic Ang Il infusion (190 ng/kg
per min; Bottom panel). Control animals were maintained on a low-salt diet and infused with 0.9% saline (Top panel). Cardiac tissue
was collected after euthanasia for further molecular analyses. The protocol was repeated on a second cohort of ucp3*- and ucp3*+*
rats (blue; n=6 per group) to determine the impact of the treatment on exercise tolerance on a treadmill and left ventricular pressure.
Numbers only include rats that completed the experimental protocol. Ang Il indicates angiotensin II; EXT, exercise tolerance on a
treadmill; MAP, mean arterial pressure; gPCR, quantitative polymerase chain reaction; and UCP3, uncoupling protein 3.
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LV posterior wall thickness at end-diastole, corrected
LV mass, LV ejection fraction, and LV fractional short-
ening. Peak velocity blood flow from LV relaxation
in early diastole (E wave), early diastolic mitral annu-
lar velocity (g'), isovolumic relaxation time, isovolumic
contraction time, left ventricular ejection time, and LV
myocardial performance index ([isovolumic relaxation
time+isovolumic contraction time]/left ventricular ejec-
tion time) were derived from Doppler analyses per-
formed in the apical 4-chamber view.

Exercise Tolerance Test

Maximal tolerance to exercise was determined on
a Exer-6 animal treadmill (Columbus Instruments,
Columbus, OH) using a graded maximal exercise test.
Briefly, after 3 spaced training sessions for acclimati-
zation, maximal exercise capacity was determined by
changing treadmill settings (speed, duration, inclina-
tion) until exhaustion as follows: (0 m/min, 3 min, 0°),
(6 m/min, 2 min, 0°), (9 m/min, 2 min, 5°), (12 m/min,
2 min, 10°), (15 m/min, 2 min, 15°), (18, 21, 23, 24 m/
min, 1 min, 15°), and (+1 m/min, each 1 min thereafter,
15°). The maximum running speed (Vpeak) is defined
as the treadmill speed (in m/min) at which exhaustion
is reached.

Invasive Hemodynamic Monitoring

Invasive monitoring of left ventricular diastolic func-
tion was conducted with a 2-French Mikro-Tip cath-
eter transducer (Millar, Houston, TX) connected to a
PowerlLab data acquisition system (ADInstruments,
Colorado Springs, CO). In brief, rats were anesthe-
tized with isoflurane and the amount of isoflurane
dispensed (1%-2% isoflurane in 100% O2) was in-
dividually adjusted to maintain similar heart rate be-
tween animals. A small incision was made through
the diaphragm of the rats to insert the tip of the cath-
eter into the LV through the apex of the heart. The
left ventricular diastolic time constant, Tau, was cal-
culated with LabChart 8 software (ADInstruments)
following the Weiss method.

Real-time Polymerase Chain Reaction

Total RNAs were extracted using RNeasy Fibrous
Tissue Kit and their integrity checked on QlAxcel
Advanced System (QIAGEN, Germantown, MD). One
microgram of total RNA was reverse-transcribed with
RevertAid reverse transcriptase using random hex-
amers as per manufacturer’s instructions (Thermo
Fisher Scientific, Waltham, MA). TagMan gene ex-
pression assays were used to perform relative
quantification of mMRNAs encoding atrial natriuretic
peptide (Nppa); myosin heavy chain alpha, Myhg;
myosin heavy chain beta, Myh7; and sarcoplasmic/
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endoplasmic reticulum Ca2+ ATPase 2 (SERCAZ;
Atp2a2) with the standard curve method. Gene ex-
pression levels were normalized with quantification
of peptidylprolyl isomerase A (Cyclophilin A; Ppia) as
the housekeeping gene.

Histology and Immunofluorescence
Formalin-fixed tissue samples were embedded in
paraffin, serially cut into 5-pum-thick sections and
processed for Masson Trichrome staining at AML
Laboratories (Jacksonville, FL). Separate tissue sec-
tions were incubated with fluorescein-labeled wheat
germ agglutinin  (Vector Laboratories, Burlingame,
CA) for 1 hour before staining of cell nuclei with
4’ 6-diamidino-2-phenylindole. Sections were imaged
on a Lionheart FX Automated Microscope and ana-
lyzed with Genb data collection and analysis software
(BioTek Instruments, Winooski, VT).

Transmission Electron Microscopy

Left ventricular tissue samples (=1 mm®) were quickly
dissected following euthanasia and immediately fixed
in glutaraldehyde. After thin sectioning (70 nm in thick-
ness) and application on copper grids, the stained
samples were loaded in a JEM-1400Plus transmission
electron microscope (JEOL USA, Peabody, MA) for
data acquisition. The entire tissue sections were thor-
oughly viewed at low magnification (x300) to ensure
integrity and quality of stained tissues before image
acquisition. At least five randomly picked fields per
sample were examined at higher magnifications.

Western Blotting

Frozen heart tissue samples were homogenized with a
Bio-Gen PRO200 Homogenizer (PRO Scientific, Oxford,
CT) in protein lysis buffer containing 2.5 mmol/L EGTA,
2.5 mmol/L EDTA, 20 mmol/L KCI, 40 mmol/L beta-
glycerophosphate, 40 mmol/L NaF, 4 mmol/LNaPPi, 10%
(v/v) glycerol, 0.1% (v/v) Nonidet-P40, cOmplete protease
inhibitor cocktail and phosphatase inhibitor cocktails 2
and 3 (MilliporeSigma, Burlington, MA). Tissue homoge-
nates were subsequently centrifuged at 16 000xg for
5 minutes at 4 °C and protein concentration of the super-
natant determined by bicinchoninic acid assay. Proteins
were separated by polyacrylamide gel electrophoresis in
reducing sample buffer and transferred to 0.45 pm pore
size polyvinylidene difluoride membranes. Membranes
were blocked for 1 hour with 5% (w/v) milk in 1x Tris-
buffered saline, 0.4% (/v) Tween 20, at room tem-
perature and incubated overnight at 4 °C with primary
antibodies diluted in blocking solution. Antibodies used
to detect cardiac troponin | (cTnl; #13083), cInl phos-
phorylation at Ser23/24 (#4004), vasodilator-stimulated
phosphoprotein phosphorylation at Ser239 #3114) and
HSP 60 (heat shock protein 60; #12165) were from Cell
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Signaling Technology (Danvers, MA). Antibodies rec-
ognizing UCP3 (ab193470), cInl phosphorylation at
Ser150 (ab169867) and 4-hydroxynonenal-protein ad-
ducts (@b46545) were from Abcam (Cambridge, MA).
The anti-cysteine sulfenic acid antibody was purchased
from MilliporeSigma (Catalog No. 07-2139). Protein de-
tection was performed on the following day using horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse
secondary antibodies and chemiluminescent substrate
(Thermo Fisher Scientific). Densitometry band quan-
tifications were performed with Imaged version 1.53g
(National Institutes of Health, Bethesda, MD).

Statistical Analysis

Data are expressed as mean+SEM. GraphPad Prism
Software (ver 9.0; La Jolla, CA) was used for the sta-
tistical analysis. Blood pressure and heart rate were
statistically analyzed with use of a 2-way repeated
measures ANOVA followed by the Tukey test using
time and treatment group as the main factors, and with
inclusion of the interaction between these 2 factors. Al
other multiple comparisons were performed with use
of a 2-way ANOVA followed by the Tukey test using
genotype and treatment as the main factors. Pairwise
comparisons were performed using a 2-tailed paired
t-test. P<0.05 was considered significant.

RESULTS

Blood Pressure Response to HS/Ang
Il Treatment Is Not Affected by UCP3
Insufficiency
Non-invasive tail-cuff measurements demonstrated
that mean arterial pressure of 10-week-old male ucp3*-
rats maintained on a low-salt diet (124+3 mm Hg;
n=15) was comparable with that of the ucp3** controls
(12124 mm Hg; n=9), and the values remained unaf-
fected by 4 weeks of saline infusion. While high dietary
salt intake alone didn’t have any impact on blood pres-
sure either, mean arterial pressure started to increase
similarly in both genotypes after beginning of Ang Il in-
fusion (Figure 2A). Blood pressure rose sharply by an
average of 29 mm Hg (P<0.01) at the end of the first
week of HS/Ang Il treatment before reaching a plateau
at the end of the second week. At the end of the fourth
week of treatment, blood pressure in the ucp3*” rats
(158+4 mm Hg) was still comparable with that of the
ucp3** rats (155+7 mm Hg; Figure 2B). Heart rate was
stable over time and remained unaffected by treat-
ments until end of the experiment (Figure 2C). Aortic
root size increased to the same extent in ucp3** and
ucp3*” rats at completion of the HS/Ang Il treatment
(Figure 2D). As expected, UPCS3 levels were decreased
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by ~50% in hearts of ucp3* rats. Interestingly, HS/Ang
Il treatment further decreased cardiac UCP3 levels in
ucp3* rats (Figure 2E).

UCP3 Insufficiency Increases LV Wall
Thickness in Hypertensive Rats
The decrease in UCP3 levels had no impact on the
body weight of adult rats maintained on low-salt diet
and infused with saline (Figure 3A). Rats from both
genotypes also maintained normal body weight when
subjected to HS/Ang Il but experienced a similar in-
crease in total heart weight (Figures 3B and 3C). While
transthoracic echocardiography confirmed the com-
parable increase in LV mass on HS/Ang Il the analy-
sis revealed greater thickening of the LV anterior and
posterior walls and a trend toward greater reduction in
LV internal diameter (P=0.06) for the ucp3*" rats when
compared with their respective non-treated controls ().
This observation was supported at the cellular level by
a greater increase in myocyte width (+24% for ucp3*~
versus +10% for ucp3**; P<0.01). Conversely, the
length of ventricular myocytes was not further affected
by UCP3 insufficiency (Figure 3D).

UCP3 Insufficiency Exacerbates
Development of LVDD Associated With
HS/Ang llI-Induced Hypertension

In consistence with our previous study,'® all baseline
LV functional parameters were normal for ucp3*- rats
(Table). While indices of systolic function remained unaf-
fected over the whole duration of the experimental proto-
col, the diastolic function parameters describing LV filling
pressure (E/e’) and LV relaxation (isovolumic relaxation
time) increased after 2 weeks of HS/Ang Il treatment for
the ucp3** rats. This increase was maintained until the
end of the protocol and coincided with impairment of
global LV function as determined by increased myocar-
dial performance index. The ucp3*- rats experienced a
similar rise in E/e’, isovolumic relaxation time, and myo-
cardial performance index values after 2 weeks on HS/
Ang Il. However, those indices continued to deteriorate
to become more elevated than that of the ucp3** rats at
completion of the protocol (Figure 4). Invasive monitor-
ing of LV pressure also revealed a greater increase in
Tau for ucp3*~ rats subjected to HS/Ang Il (Table and
Figure 4E).

UCP3 Insufficiency Promotes Exercise
Intolerance in Hypertensive Rats

Decreased diastolic function is the strongest echo-
cardiographic predictor of impaired exercise tol-
erance.'® Baseline exercise capacity was similar



Chen et al Low UCP3 and Cardiac Dysfunction in Hypertension

A B
= 250
= — (=2
:E) 180 :IE: ® ucp3** %1t
£ E 3+- [ J
< 160 o A ucp *t
g 5 200+ °
£ 140+ a P M
- 5 150 _i_ =
] Ay
£ 120 t AA
: : €& ®
ﬁ © A °
) 2 [
= 100 T T T T T = 100 T T
0 1 2 3 4 Ls/Saline HS/Ang Il
Treatment duration (weeks)
-@-=- LS/Saline ucp3** —@— HS/Ang Il ucp3**
—-A-- LS/Saline ucp3*- —aA— HS/Ang Il ucp3+*-
C D
3.5
450 - * 7T
£ A
£ *T
T 400 g
2
> 8 304
£ 350- 5 3 ..i z L4
t g Py
© = .0 ™
£ 300- £ °
2
250 T T T T T 2.5 T T
0 1 2 3 4 LS/Saline HS/Ang I
Treatment duration (weeks)
E
2.5
LS/Saline HS/Ang Il t
ucp3+* ucp3*- ucp3+* ucp3*-  kDa 2.0 °
37 3 ™
- o 159 e
& @ oe® °
o A D e - G W — o T
> 2104 o s
25 S ’ o0 * i :
*
3 75 0.5 % !
‘I:IL, R N —— 50 [ ] %
T
0.0 I I
LS/Saline HS/Ang I

Figure 2. Increased mean arterial pressure in response to high dietary salt intake and Ang Il
infusion.

A, Weekly mean arterial pressure value of ucp3*- and ucp3** rats subjected to a combination of high
dietary salt intake and Ang Il infusion for 4 weeks (HS/Ang l; solid lines). Control animals were fed a low-
salt diet and infused with saline (LS/Saline; dashed lines). B, Individual blood pressure values at end of
treatments. C, Weekly heart rate values. D, Aortic root diameter values and (E) UCP3 levels in the LV at the
end of the study protocol. Protein amounts were normalized to heat shock protein 60 (HSP60) levels. Data
are expressed as mean+SEM. Data were analyzed by 2-way repeated measures ANOVA (A and C) or 2-way
ANOVA (B, D, and E) with Tukey test. HS/Ang Il indicates high dietary salt intake and Ang Il infusion; LS/
Saline, low-salt diet and infused with saline; and UCP3, uncoupling protein 3. P<0.05 vs "LS/Saline ucp3*/+,
fLS/Saline ucp3+*-, and *HS/Ang Il ucp3++.

between all 4 experimental groups. In addition, control groups and for HS/Ang ll-treated ucp3*/*
exercise capacity remained unchanged at the end rats. Conversely, ucp3*" rats on HS/Ang Il experi-
of the experimental protocol for animals in the enced a decrease in maximum running speed from
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Figure 3. Exacerbation of cardiomyocytes hypertrophy in the left ventricle of ucp3* rats during hypertension.

A, Body weight, (B) heart-to-body weight ratio, and (C) heart weight to tibia length ratio in rats after 4 weeks of a combination treatment
with high dietary salt intake and Ang Il infusion (HS/Ang Il) and control animals fed a low-salt diet and infused with saline (LS/Saline). D,
Cell membranes and nuclei were visualized in the LV at end of treatment with wheat germ agglutinin and 4’,6-diamidino-2-phenylindole
staining, respectively, and the captured images used to determine cardiomyocytes length and width. A total of 50 cardiomyocytes
taken over 5 different fields were measured per animal. Data are expressed as mean+SEM. Data were analyzed by 2-way ANOVA with
Tukey test. HS/Ang Il indicates high dietary salt intake and Ang Il infusion; LS/Saline, low-salt diet and infused with saline; and UCP3,
uncoupling protein 3. P<0.05 vs ‘LS/Saline ucp3**, ILS/Saline ucp3*-, and ¥HS/Ang Il ucp3+*.

baseline values and became exhausted more rap-
idly (Figures 5A and 5B).

UCP3 Insufficiency Promotes Detrimental
Cardiac Remodeling in Response to
Hypertension

There was a greater increase in collagen deposi-
tion in hearts from HS/Ang lI-treated ucp3*" rats
when compared with control animals from both
genotypes (+170%) or the HS/Ang ll-treated ucp3+/+
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rats (+40%; Figure 6A). In addition, a closer exami-
nation of the coronary microvasculature pointed to
greater expansion of the perivascular interstitium
that was for the most part filled with ground sub-
stance (Figure 6B).

Common markers of the fetal gene program include
an increase in natriuretic peptides expression, a de-
crease in sarcoendoplasmic reticulum calcium trans-
port ATPase isoform 2 (SERCA2) mRNA, and myosin
heavy chain switching from a to 3 isoform. All those
markers were identified by real-time PCR in the hearts
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Figure 4. UCP3 (uncoupling protein 3) insufficiency amplifies left ventricular diastolic dysfunction associated with

hypertension.

Cardiac functional parameters including left ventricular ejection fraction (A), left ventricular fractional shortening (B), the ratio of E
velocity to early diastolic mitral annulus velocity (E/e’) (C), the isovolumic relaxation time (D), the diastolic time constant (Tau Weiss)
(E), and the myocardial performance index (F) were determined in rats after 4 weeks of a combination treatment with high dietary salt
intake and Ang Il infusion and in control animals fed a low-salt diet and infused with saline. Data are expressed as mean+SEM. Data
were analyzed by 2-way ANOVA with Tukey test. E/e’ indicates ratio of E velocity to early diastolic mitral annulus velocity; HS/Ang I,
high dietary salt intake and Ang Il infusion; IVRT, isovolumic relaxation time; LS/Saline, low-salt diet and infused with saline; LVEF, left
ventricular ejection fraction; LVFS, left ventricular fractional shortening; and MPI, myocardial performance index. P<0.05 vs "LS/Saline

ucp3*+, ILS/Saline ucp3*-, and ¥*HS/Ang Il ucp3+~.

of ucp3* rats subjected to hypertension (Figure 7A
through 7E).

UCP3 Insufficiency Amplifies the Oxidative
Stress and Impairment of Protein Kinase G
Signaling Associated With Hypertension

4-hydroxynonenal-mediated protein modification is a
ROS-induced toxic process occurring when lipid per-
oxides react with amino acid side chains.'® Interestingly,
while hypertension increased hydroxynonenal-mediated
modification of a ~20 kDa protein to a similar level in
all animals, the ucp3*" genotype specifically led to
hydroxynonenal-mediated modification of another protein
with a molecular weight exceeding 250 kDa (Figure 8A).
Cysteine sulfenation of proteins also increased 2-fold in
hearts of hypertensive ucp3*” rats (Figure 8B).

Oxidative stress predisposes to low myocardial protein
kinase G (PKG) activity.?® Accordingly, higher oxidative

J Am Heart Assoc. 2021;10:e022556. DOI: 10.1161/JAHA.121.022556

stress in hearts of the hypertensive ucp3*" rats was ac-
companied by decreased phosphorylation of the PKG
target site Ser23/24 on cardiac troponin | (cTnl), a post-
translational modification that has been linked to im-
paired relaxation of cardiomyocytes.?! Conversely, the
phosphorylation of cTnl at Ser150 which is independent
from PKG signaling was not affected by UCP3 insuf-
ficiency nor the presence of hypertension (Figure 8C).
Because Ser23/24 can also be phosphorylated by
protein kinase A,>' PKG-specific phosphorylation of
vasodilator-stimulated phosphoprotein on Ser239 was
also quantified and found to be decreased specifically
in hearts of HS/Ang ll-treated ucp3*” rats (Figure 8D).

DISCUSSION

Impaired ventricular diastolic function is exceedingly
common in hypertensive patients with obesity and
diabetes,®® yet the reasons for this negative synergy
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Figure 5. Decreased tolerance to exercise for ucp3*- rats during hypertension.

A, The maximum running speed on a treadmill (Vpeak) and (B) time until exhaustion was reached were determined for ucp3*- and
ucp3*++ rats before (baseline) and after 4 weeks of a combination treatment with high dietary salt intake and Ang Il infusion (HS/Ang
I). Control animals were fed a low-salt diet and infused with 0.9% saline. Data are expressed as mean+SEM. Data were analyzed with
2-tailed paired t-test. HS/Ang Il indicates high dietary salt intake and Ang Il infusion; LS/Saline, low-salt diet and infused with saline;

and UCP3, uncoupling protein 3. P<0.05 was considered significant.

remain incompletely understood. In the present study
we demonstrate that a partial loss in UCP3, such as
has been observed with obesity and type 2 diabetes,
is sufficient to exacerbate per se the development of
LVDD and exercise intolerance during hypertension.
Mechanistically, UCP3 insufficiency led to the ampilifi-
cation of detrimental remodeling events that have been
linked to increased myocardial stiffness and impaired
LV relaxation. Those events included excess LV wall
thickening, alterations in the composition and expan-
sion of the extracellular matrix (ECM), reactivation of
the fetal gene program and impairment of PKG signal-
ing. Based on our previously published data and work
from others,®'% we propose increased oxidative stress
as the root cause for exacerbation of this adverse myo-
cardial remodeling.

Intrinsic LV abnormalities such as LV hypertrophy
play a key role in the development of diastolic dys-
function. It is well established that increased LV wall
thickness is an independent predictor of diastolic
stiffness.?® Hence, a worsening of LV concentric hy-
pertrophy caused by a greater enlargement of car-
diomyocytes may be part of the mechanism by which
UCP3 insufficiency precipitates the impairment of dia-
stolic function in our experimental model. While com-
plete loss of UCP3 has previously been suggested to
stimulate cardiac hypertrophy through aggravation of
high-salt induced hypertension in mice,>®> UCP3 in-
sufficiency was not associated with increased blood
pressure response to HS/Ang Il. Although we cannot
rule out potential changes in the effects of sodium and

J Am Heart Assoc. 2021;10:e022556. DOI: 10.1161/JAHA.121.022556

Ang Il on cardiomyocytes, it is more likely that UCP3
insufficiency exerted an additive pro-hypertrophic ef-
fect through increased ROS generation. Indeed, ROS-
mediated stimulation of cardiomyocytes growth may
occur through inhibition of cGMP-PKG signaling and
through activation of the extracellular-signal regulated
kinases 1 and 2 (ERK1/2).?4%5 Even though the modu-
lation of ERK1/2 signaling was not investigated here,
our results clearly demonstrate that UCP3 insufficiency
contributed to impaired PKG activity in the pressure-
overloaded heart.

Changes in the myocardial ECM network, includ-
ing an increase in interstitial and perivascular fibrosis
and an expansion of the interstitial proteoglycan pool,
are other well-described causative factors in the im-
pairment of LV compliance and diastolic dysfunction
associated with pressure overload, and those detri-
mental alterations were clearly accelerated with UCP3
insufficiency.?® Because excess ROS generation has
been implicated in the activation of a fibrotic response
in the diseased and aging hearts,?®?" it is plausible that
increased oxidative stress induced by lack of UCP3
acted as a central mediator for accelerated remodeling
of the ECM in the pressure-overloaded heart. In ad-
dition to the exacerbated ECM remodeling, our gene
expression analyses also revealed enhanced reacti-
vation of the fetal gene program. Although return to
the fetal gene program may initially help the adult heart
adapt to a variety of stress conditions, its long-term ac-
tivation is detrimental to contractility, calcium handling
and myocardial energetics and eventually contribute
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Figure 6. Exacerbation of adverse remodeling in the left ventricle of ucp3*- rats during

hypertension.

A, Collagen quantification was performed on whole transverse cardiac sections stained with Masson’s
Trichrome. Representative photomicrographs are shown. B, Visualization of the extracellular matrix
around capillaries in the LV of rats at end of treatment. Representative photomicrographs are shown.
Data are expressed as mean+SEM. Data were analyzed by 2-way ANOVA with Tukey test. Col indicates
collagen; Ec, endothelial cell; GS, ground substance; HS/Ang Il, high dietary salt intake and Ang I
infusion; L, lumen; LS/Saline, low-salt diet and infused with saline; Mi, mitochondria; Rbc, red blood cell;
and UCP3, uncoupling protein 3. P<0.05 vs 'LS/Saline ucp3**, ILS/Saline ucp3*", and ¥HS/Ang Il ucp3++.

to heart failure.?® Thus while the transition from a- to
B-myosin heavy chain beta is energetically advanta-
geous, the shift lowers contribution of the atrial con-
traction to filling of the ventricle, which compromises
diastolic function at higher heart rates.?® Decreased
expression and activity of the SERCA pump could also

J Am Heart Assoc. 2021;10:e022556. DOI: 10.1161/JAHA.121.022556

lead to slowed rate of Ca®* reuptake by the sarcoen-
doplasmic reticulum and prolongation of muscle re-
laxation.° Moreover, elevated plasma atrial natriuretic
peptide levels have been associated with early LVDD
in patients with diabetes.®' This transcriptional remod-
eling has been associated with increased myocardial
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Figure 7. Increased return to the fetal gene program in the left ventricle of ucp3* rats during hypertension.

Quantitative changes in the expression of the individual markers (A) atrial natriuretic peptide, (B) sarcoplasmic/endoplasmic reticulum
Ca?* ATPase 2 (SERCA2), (C) myosin heavy chain alpha, (D) myosin heavy chain beta, and (E) the myosin heavy chain alpha-to-myosin
heavy chain beta, ratio were determined for all groups of animals by real-time polymerase chain reaction. Data are expressed as
mean+SEM. Data were analyzed by 2-way ANOVA with Tukey test. a-MHC indicates myosin heavy chain alpha; 3-MHC, myosin heavy
chain beta; ANP, atrial natriuretic peptide; HS/Ang Il, high dietary salt intake and Ang Il infusion; LS/Saline, low-salt diet and infused
with saline; and UCP3, uncoupling protein 3. P<0.05 vs 'LS/Saline ucp3**, and TLS/Saline ucp3*".

oxidative stress, and although causality is not clearly
established it is noteworthy that deletion of nuclear
factor erythroid 2-related factor 2, a master regulator
of the endogenous antioxidant defense system, is suf-
ficient to exacerbate return to the fetal gene program in
hearts of mice subjected to pressure overload by con-
striction of the transverse aorta.®?33 Therefore, accel-
erated return to the fetal gene program in hypertensive
ucp3*” rats may also be rooted in the excessive ROS
generation caused by partial loss of the mitochondrial
anion carrier.

Lastly, ROS can affect cardiomyocyte relaxation
through direct and indirect modification of certain
amino acids, thereby resulting in loss of protein func-
tions and interruption of normal regulatory signals.®*
Thus, an increase in protein-bound carbonyls driven
by the generation of lipid peroxides and subsequent
formation of lipid-protein adducts has been linked
to the modification of at least 167 proteins from the
cytoskeleton, ECM, cell adhesion and junction com-
ponents, and ion channels, including several reg-
ulators of cellular Ca® homeostasis.®® The mutual

J Am Heart Assoc. 2021;10:e022556. DOI: 10.1161/JAHA.121.022556

interplay between Ca? and ROS signaling systems
and its contribution to impairment of myocardial re-
laxation is particularly well described.®® For example,
irreversible oxidative sulfonation of Cys674 in SERCA
has been associated with decreased activity of the
protein in senescence- and diabetes-related condi-
tions.®”2® Another protein well known to be affected
by high oxidative stress in the myocardium is PKG,
and decreased phosphorylation of PKG targets lo-
cated in the sarcoplasmic reticulum (phospholamban)
and sarcomeres (titin, cTnl) has been consistently
associated with impaired diastolic calcium reuptake,
increased myocytes stiffening and decreased cell re-
laxation rate.?® Therefore, by showing that the LV of
ucp3*- rats exhibited greater ROS-mediated modifi-
cation of certain proteins as well as an impairment of
PKG-mediated regulation of cardiac contractile com-
ponents, our results unambiguously support a role
for UCP3 insufficiency in the pathogenesis of LVDD
during hypertension.

Because our experimental protocol was limited
to the study of male rats, whether UCP3 insufficiency

11
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differentially impacts myocardial remodeling during hy-
pertension in females still remains to be investigated.
Mounting clinical evidence suggests that a more

J Am Heart Assoc. 2021;10:e022556. DOI: 10.1161/JAHA.121.022556

pronounced diastolic dysfunction contributes to the
greater incidence of HFpEF in women compared with
men.®>4% While premenopausal women appear to be
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Figure 8. Exacerbation of oxidative stress and downregulation of protein kinase G signaling in the left ventricle of ucp3*-
rats during hypertension.

A, Quantification of 4-hydroxynonenal protein adducts, (B) total protein sulfenation amounts, (C) phosphorylation levels of cardiac
troponin | at Ser23/24 and Ser150, and (D) phosphorylation levels of vasodilator-stimulated phosphoprotein at Ser239 in the left
ventricle of ucp3*~ and ucp3** rats after 4 weeks of a combination treatment with high dietary salt intake and Ang Il infusion. Control
animals were fed a low-salt diet and infused with saline. Protein amounts were normalized to HSP60 (heat shock protein 60) or cardiac
troponin | protein levels. Data are expressed as mean+SEM. Data were analyzed by 2-way ANOVA with Tukey test. cTnl indicates
cardiac troponin I; HS/Ang I, high dietary salt intake and Ang Il infusion; HSP60, heat shock protein 60; LS/Saline, low-salt diet
and infused with saline; p-cTnl, phospho-cardiac troponin |; p-VASP, phospho-vasodilator-stimulated phosphoprotein; and UCP3,
uncoupling protein 3. P<0.05 vs 'LS/Saline ucp3**, fLS/Saline ucp3*~, and ¥HS/Ang Il ucp3+-.

less susceptible to oxidative stress,*'*? and although  and female ucp3*” rats,'® a role for UCP3 in the sex dif-
LV contractile recovery following myocardial ischemia/ ference in diastolic function during hypertension cannot
reperfusion was similarly impaired in hearts from male be ruled out at this time.

Table. Transthoracic Echocardiography and Hemodynamic Parameters

Day LS/Saline HS/Ang I
Parameter ucp3*+ ucp3+- ucp3++ ucp3+-

0 HR, bpm 39312 395+9 384+7 372+6
LV mass, mg 64125 732+18 669+22 66716
LVAWd, mm 1.47+0.04 1.48+0.04 1.44+0.05 1.49+0.04
LVIDd, mm 7.562+0.22 8.02+0.14 7.90+0.17 7.78+0.19
LVPWd, mm 1.60+0.05 1.64+0.04 1.54+0.04 1.51+0.04
LVEF (%) 73.6+1.2 72.9+0.8 71.5+0.8 72.5+0.5
LVFS (%) 44.0+141 43.6+0.8 42.3+0.7 43.1+£0.4
E/e’ 10.7+0.4 10.5+0.3 10.7+0.2 11.1+£0.5
IVRT, ms 16.2+0.4 14.7+0.4 16.4+0.5 16.0+£0.5
MPI 0.47+0.01 0.47+0.01 0.49+0.01 0.48+0.01

14 HR, bpm 387+10 387+4 372+6 3737
LV mass, mg 736+16 772413 788+20 839+33
LVAWd, mm 1.561+£0.06 1.65+0.05 1.73+0.03" 1.92+0.06"H+
LVIDd, mm 7.80+0.19 7.86+0.11 7.61+£0.14 7.41+0.11
LVPWd, mm 1.74+0.05 1.68+0.05 1.77+0.05 1.856+0.05
LVEF (%) 71.6+0.7 72.4+0.8 70.9+1.2 711+0.5
LVFS (%) 42.3+0.5 43.1+0.7 41.8+1.0 41.7+0.4
E/e’ 11.2+0.2 10.0+0.2 14.7£0.6"1# 14.8+0.8"
IVRT, ms 16.0+0.3 15.6+0.2 19.4+0.4°1 20.4+0.6"
MPI 0.49+0.01 0.49+0.01 0.58+0.01"" 0.61+0.01"H+

28 HR, bpm 382412 380+7 375+5 36916
LV mass, mg 797+20 845+22 925+26" 964+33"1
LVAWd, mm 1.74+0.06 1.83+0.06 2.01+0.08 2.21+0.06"
LVIDd, mm 7.49+0.16 7.69+0.14 7.42+0.19 7.15+0.12
LVPWd, mm 1.87+0.06 1.81+0.06 2.04+0.06" 2.10+0.06"
LVEF (%) 70.8+0.9 72.2+0.9 69.5+1.2 70.1+1.0
LVFS (%) 41.5+0.8 42.8+0.7 40.5+11 40.9+0.9
E/e’ 10.8+0.4 10.2+0.2 14.9+0.6" 18.8+1.0°1+
IVRT, ms 16.8+0.4 16.2+0.2 21.3+0.5"H* 24.7+0.6 1+
MPI 0.51+0.01 0.52+0.01 0.66+0.01" 0.76+0.01"1+
Tau Weiss, ms 11.3+0.4 11.1+0.7 12.7+0.2 15.5+0.8"1+

E/e’ indicates ratio of E velocity to early diastolic mitral annulus velocity; HR, heart rate; HS/Ang Il, high dietary salt intake and Ang Il infusion; IVRT, isovolumic
relaxation time; LV, left ventricular; LS/Saline, low-salt diet and infused with saline; LVAWd, left ventricular anterior wall thickness at end-diastole; LVEF, left
ventricular ejection fraction; LVFS, left ventricular fractional shortening; LVIDd, left ventricular internal diameter at end-diastole; LVPWAd, left ventricular posterior
wall thickness at end-diastole; MPI, myocardial performance index; and ucp3, uncoupling protein 3. Data were analyzed by 2-way ANOVA with Tukey test.
P<0.05 vs 'LS/Saline ucp3**, TL.S/Saline ucp3*-, and *HS/Ang Il ucp3*++. n=9-16 for all parameters except for Tau Weiss (n=6).
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CONCLUSIONS

Our findings shed light on mitochondrial oxidative
stress mediated by UCP3 insufficiency as a cause
for increased incidence of LVDD and exercise intol-
erance during hypertension. Considering previously
published observations that UCP3 insufficiency is a
pathological feature of myocytes in obesity, insulin re-
sistance, and type 2 diabetes,'®'*'® the new findings
provide an explanation as to how those metabolic
disorders synergize with high blood pressure to pre-
cipitate development of LVDD and progression toward
HFpEF. In addition, our results add further support to
the use of antioxidants targeting mitochondrial ROS
as an adjuvant therapy to antihypertensives for pre-
venting HFpEF progression in individuals with obesity.
Although we acknowledge that clinically improv-
ing heart failure symptoms with vitamins C or E has
yielded mixed results, the lack of specificity of those
antioxidants for mitochondrial ROS and their use at
a late stage of the disease could be the reason for
their inefficacy."” Conversely, there is strong preclini-
cal evidence that boosting mitochondrial antioxidant
defenses provides additional therapeutic benefits by
decreasing cardiac inflammation, improving LVDD,
and even lowering blood pressure.*344 Future studies
will aim to determine the efficacy of such treatment
regimens in animal models of hypertension associated
with UCP3 insufficiency and obesity.
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