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Cardiac lipotoxicity and fibrosis underlie impaired
contractility in a mouse model of metabolic dysfunction-
associated steatotic liver disease
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tural alterations in the heart. Previously, we observed cardiac dysfunction in
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obesity and insulin resistance. The goal of the present study was to determine
mechanisms that underlie hepatic steatosis-induced cardiac dysfunction in

HepKO HepKO and

mice. Experiments were performed in 30-week-old Ppara
littermate control mice fed regular chow. We observed decreased cardiomyocyte
contractility (0.17+0.02 vs. 0.24 +0.02 um, p <0.05), increased cardiac triglycer-
ide content (0.96 +£0.13 vs. 0.68 +0.06 mM, p <0.05), collagen type 1 (4.65+0.25
vs. 0.31+0.01AU, p<0.001), and collagen type 3 deposition (1.32+0.46 Vvs.
0.05+0.03 AU, p <0.05). These changes were associated with increased apoptosis
as indicated by terminal deoxynucleotidyl transferase dUTP nick end labeling
staining (30.9 +4.7 vs. 13.1 +0.8%, p < 0.006) and western blots showing increased
cleaved caspase-3 (0.27+0.006 vs. 0.08+0.01 AU, p<0.003) and pro-caspase-3
(54+1.5 vs. 0.5+£0.3AU, p<0.02), B-cell lymphoma protein 2-associated X
(0.68+0.07 vs. 0.04+0.04 AU, p<0.001), and reduced B-cell lymphoma protein 2
(0.29+0.01 vs. 1.47 £0.54 AU, p <0.05). We further observed elevated circulating

Abbreviations: ANP, atrial natriuretic peptide; ATP, adenosine triphosphate; BAX, B-cell lymphoma protein 2-associated X; BCL-2, B-cell
lymphoma protein 2; BDH1, D-p-hydroxybutyrate dehydrogenase I; BHOB, beta hydroxybutyrate; BNP, B-type natriuretic peptide; cDNA,
complementary deoxyribonucleic acid; COL1A1, collagen type I alpha 1; COL3A1, collagen type III alpha 1; CVD, cardiovascular disease; HSP90,
heat shock protein 90; MASLD, metabolic dysfunction-associated steatotic liver disease; mRNA, messenger ribonucleic acid; PCR, polymerase chain
reaction; Pparaﬂ/ f hepatocyte-specific peroxisome proliferator-activated receptor alpha flox/flox; Ppara!ePKO, hepatocyte-specific peroxisome
proliferator-activated receptor alpha knockout; RER, respiratory exchange ratio; SEM, standard error of mean; TUNEL, terminal deoxynucleotidyl
transferase dUTP nick end labeling; VCO,, volume of carbon dioxide production; VO,,,,,, maximum volume of oxygen consumption.
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1 | INTRODUCTION

Cardiovascular disease (CVD) remains a serious com-
plication of nonalcoholic fatty liver disease (NAFLD)
accounting for more than 40% of mortality in NAFLD
patients.! NAFLD is associated with increased risk
of coronary artery disease, heart failure, and valvular
dysfunction.? The exact mechanism by which NAFLD
drives CVD is not fully understood given that NAFLD
is often coupled with obesity, insulin resistance, and
dyslipidemia; so that the contribution of NAFLD to
CVD is confounded by these accompanying risk factors.
In addition, due to the importance of increased inci-
dence of hepatic steatosis associated with obesity and
metabolic syndrome, a new nomenclature of metabolic
dysfunction-associated steatotic liver disease (MASLD)
was recently adopted.” Several mechanisms such as
inflammation, oxidative stress, insulin resistance, and
hypobilirubinemia have been described to link MASLD
with CVD.**

In MASLD patients, there is increased availability
of circulating triglyceride and free fatty acids, and this
can lead to ectopic lipid accumulation in non-adipose
tissues including the heart, kidney, and blood vessels.”®
Under normal circumstances, the heart consumes large
amount of fatty acids to constantly generate adenosine
triphosphate (ATP) to supply the high energy demand
of the heart. At the same time, lipid storage within the
myocardium is tightly regulated, and the physiologi-
cal balance between cardiac lipid uptake and fatty acid
oxidation prevents cardiac lipid overload in a healthy
heart.’ However, lipids become harmful when accumu-
lated in excess, contributing to altered cardiac structure
and function. There is growing evidence that diseased
conditions associated with disorders of lipid metabo-
lism can result in lipid accumulation in the heart.'®!
Excess cardiac lipid accumulation has been associated
with the initiation of apoptotic cascades in cardiomy-
ocytes, a pathophysiological progression called cardiac
lipotoxicity that can lead to myocardial dysfunction.'®!?
Notably, emerging findings have revealed that cardiac
lipotoxicity is a vital risk factor for development of heart

natriuretic peptides and exercise intolerance in Ppara

HePKO mice when compared

to controls. Our data demonstrated that lipotoxicity, and fibrosis underlie cardiac
dysfunction in MASLD.

cardiac apoptosis, cardiac fibrosis, cardiac lipid accumulation, cardiomyocyte contractility,
heart failure, hepatic steatosis, poor exercise tolerance

failure with preserved ejection fraction often observed
in patients with MASLD."

In a previous study from our lab, we characterized
the cardiovascular phenotype of hepatocyte-specific per-
oxisome proliferator-activated receptor alpha knockout
(Ppara™X©). These mice exhibit hepatic steatosis in the
absence of obesity, insulin resistance, and alterations in
plasma triglycerides and lipids."* We observed that the
Ppara™*© mice are also hypertensive, and exhibit left
ventricular remodeling with altered cardiac function and
vascular stiffness.”* Thus, this mouse model provides an
opportunity to examine the impact of MASLD on the car-
diovascular system, including the heart, in the absence
of confounding effects of obesity and obesity-associated
metabolic abnormalities. The present study was designed
to determine the mechanisms responsible for the alter-
ations in cardiac function in Ppara"P*° mice. We ob-
served in the current study that Ppara™P*° mice exhibit
increased cardiac steatosis, associated with increased
apoptosis, cardiomyocyte contractile dysfunction, excess
cardiac collagen deposition, elevated expression of natri-
uretic peptides, and decreased exercise capacity.

2 | RESEARCH DESIGN AND
METHODS

2.1 | Animals

The experimental procedures and protocols of this
study were approved by the Institutional Animal Care
and Use Committee of the University of Mississippi
Medical Center in accordance with the NIH Guide for
the Care and Use of Laboratory Animals. All procedures
conformed to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and. Animals
were housed in a temperature-controlled environment
with a 12-12h dark-light cycle under standard tempera-
tures between 24 and 25°C with free access to food and
water ad libitum. Ppara™P*° and hepatocyte-specific
peroxisome proliferator-activated receptor alpha flox/
flox (Ppara™™) mice were bred in our colony at the
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University of Mississippi Medical Center as previously
described.'®'* The standard mouse chow consisted
of 17% fat (Teklad diet, #8604, Harland Laboratories,
Inc., Indianapolis, IN). Studies were performed on
30-week-old male mice. Investigators were blinded to
the genotypes of the mice at the time of experimenta-
tion. Mice were fasted 8h from early morning to after-
noon prior to euthanasia via isoflurane anesthesia, and
blood and tissues were collected and stored at —80°C for
further analysis.

2.2 | Exercise tolerance test

At the end of experiments, the exercise capacity of mice
was tested. Mice were initially trained to acclimatize to
a 6-lane small animal treadmill (Columbus Instruments)
for 2days at 9m/min for 5min, before performing a
graded maximal exercise endurance test. On the third
day, mice were subjected to a graded exercise test on a
modular single lane treadmill (Columbus instrument)
connected to an OXYMAX/Comprehensive Lab Animal
Monitoring System setup, to measure maximal oxygen
consumption, volume of carbon dioxide production
(VCO,), and respiratory exchange ratio (RER) by indirect
calorimetry to assess their aerobic capacity. The treadmill
was set to an initial inclination of 5° and the following
protocol was used until exhaustion (speed, duration, and
grade): — (9m/min, 2min, and 5°), (12m/min, 2min, and
10°), (15m/min, 2min, and 15°), (18 m/min, 1 min, and
15°), (21 m/min, 1 min, and 15°), (23 m/min, 1min, and
15°), (24m/min, 1min, and 15°), and (+1m/min, each
min thereafter, and 15°). Exhaustion (endpoint of exer-
cise) was determined as an inability to maintain running
speed and the mouse is repeatedly maintaining contact
with the shock grid for ~5s. Once mice ran to exhaustion,
each mouse was immediately removed from the tread-
mill and blood lactate concentration was measured from
tail vein blood samples using a lactate strip and meter
(Nova Biomedical). Blood lactate concentration at rest
was measured 2 days before the exercise test.

2.3 | Plasma and cardiac triglyceride
measurements

Plasma and cardiac tissue triglyceride levels were meas-
ured using a colorimetric assay kit according to the man-
ufacturer's guidelines (Triglyceride Assay Kit, Abcam,
Cambridge, UK) as we have previously described.'*'3
Samples from individual mice were run in duplicate and
averaged, and the averages of individual mice were then
used to obtain group averages.
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2.4 | Histology

Cardiac lipid contents were measured by Oil Red O stain-
ing of frozen tissue sections as previously described.'*'®
Cardiac collagen content was determined by picrosirius
red staining of paraffin-embedded cardiac tissue sections
as previously described.'” Histological images of Oil Red O
and picrosirius red stains were taken at 40X magnification
of individual stained sections using a color brightfield cam-
era of the BioTek Lionheart FX automated microscope, and
their percentages were determined from each field using
NIH Image] software. Sixteen measurements from four
different sections per individual animal were averaged and
the averages of individual mice were then used to obtain
the group averages.

2.5 | TUNEL staining

Terminal deoxynucleotidyl transferase dUTP nick end la-
beling (TUNEL) staining was used to determine cardiac
apoptosis. Formalin-fixed transverse ventricular slices
were embedded in paraffin and cut into 4-um serial sec-
tions that were used for TUNEL staining. TUNEL was per-
formed with the In-Situ Cell Death Detection Kit (Roche
Molecular Biochemicals) according to the manufacturer's
instructions. After adding 50 ul of TUNEL reaction mix-
ture followed by 50pL of DAB substrate on sample, all
nuclei were counterstained with hematoxylin. For each
specimen, the number of TUNEL-positive myocytes and
the number of total myocytes were counted in high-power
brightfields using Mantra 2™ Quantitative Pathology
Workstation. Approximately 2000 total myocytes were ex-
amined per section. The percentage of total myocytes that
were TUNEL-positive (apoptotic index) was then calcu-
lated using the inForm analysis.

2.6 | Total RNA extraction, isolation, and
real-time PCR analysis

Total RNA was extracted from mouse hearts using RNeasy
Mini Kits (QIAGEN Inc., Austin, Texas) according to man-
ufacturer's protocol and complementary deoxyribonucleic
acid (cDNA)wassynthesized using high-capacity cDNA re-
verse transcription kit (Applied Biosystems). This was used
to assay the expressions of atrial natriuretic peptide (ANP)
and B-type natriuretic peptide (BNP). Polymerase chain
reaction (PCR) amplification of the cDNA was performed
by quantitative real-time PCR using TrueAmp SYBR
Green qPCR SuperMix (Alkali Scientific) for gene-specific
primers (ANP: Ar-TACAGTGCGGTGTCCAACACAG/
Br-TGCTTCCTCAGTCTGCTCACTC; BNP: Ar-TCCT
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AGCCAGTCTCCAGAGCAA/Br-GGTCCTTCAAGAG
CTGTCTCTG; Eurofins Genomics LLC., Louisville, KY).
Details of the thermocycling protocols used for this study
have been previously reported.’* Normalization was per-
formed in separate reactions with primers to GAPDH.

2.7 | Western blotting

Western blots were performed on cardiac and liver samples
(30pg) as we previously described.'*'*'® Membranes were
incubated overnight at 4°C with the following antibod-
ies: ANP (1:1000, Abcam, ab180649), BNP (1:1000, Santa
Cruz Biotechnology, sc-271185), cleaved anti-caspase-3
(1:1000, Cell Signaling Technology, #9661), Pro-caspase-3
(1:1000, NovusBio, B-6), B-cell lymphoma protein 2 (BCl-
2) (1:1000, Santa Cruz Biotechnology, sc-7382), B-cell lym-
phoma protein 2-associated X (BAX) (1:1000, Invitrogen,
YB3837921), D-p-hydroxybutyrate dehydrogenase I (BDH1)
(1:2000,15417, Thermofisher), and heat shock protein 90
(1:5000, Santa Cruz Biotechnology, sc-13119). After three
washes in TBS+0.1% Tween 20, the membrane was incu-
bated with an infrared donkey anti-goat (IRDye 800LI-COR
Biosciences, 926-32214) or donkey anti-rabbit (IRDye 800LI-
COR Biosciences, 926-32214) or goat anti-mouse (IRDye 680,
LI-COR Biosciences, 926-68020) secondary antibody (LI-
COR Biosciences) (1:2,000 dilution in TBS) for 2hrs at 4°C.
Immunoreactivity was visualized and quantified by infrared
scanning in the Odyssey system (LI-COR Biosciences).

2.8 | Cardiomyocyte isolation and
contractility measurement

Cardiac myocytes were isolated as previously described."
The hearts were excised, aortas were cannulated and
connected to a heart perfusion apparatus (Radnoti,
CA). The heart was perfused with a Ca2*-free based
buffer (pH7.2, 37°C) containing: 135mmol/L NaCl,
4mmol/L KCl, 1mmol/L MgCl2, 10mmol/L. HEPES,
0.33mmol/L NaH2PO4, 10mmol/L glucose, 10 mmol/L
2,3-butanedione monoxime (Sigma; B0753), and 5mmol/L
taurine (Sigma; T0625) and bubbled with 95% O,/5% CO.,.
After 3-5min of perfusion, the buffer was replaced with
similar buffer containing 0.3mg/g body weight colla-
genase D (Sigma Aldrich; 66505623), 0.4 mg/g body weight
collagenase B (Sigma Aldrich; 63603623), and 0.05mg/g
body weight protease type XIV (Sigma Aldrich; 9036-06-0)
dissolved in 25 mL perfusion buffer. After complete diges-
tion of the heart (6-8 min), the hearts were removed from
the apparatus, atria trimmed off, and ventricles gently
minced to release individual myocytes. Extracellular Ca2*
at different concentrations of (0.06 mmol/L, 0.24 mmol/L,
0.6mmol/L, and 1.2mmol/L) was gradually added back

to the cells at intervals of 15min. Cardiomyocyte dimen-
sions, contractile and relaxation function were measured
using SoftEdgeMyocam system (IonOptix, Westwood,
MA). Glass cover slips containing isolated cardiomyo-
cytes were mounted in a chamber and stimulated with a
supra-threshold voltage at a frequency oflHz. Changes
in sarcomere length and duration of shortening and re-
lengthening were recorded. Approximately 20 contractile
cycles were averaged for each cell. Data were analyzed
using IonOptix SoftEdge Software (IonOptix, Westwood,
MA, Ionoptix.com), and approximately 30 cardiomyo-
cytes were analyzed from each of three mice per group.

2.9 | Statistical analysis

Data were analyzed with Prism 10 (GraphPad Software, San
Diego, CA) using unpaired t-tests. Results are expressed as
mean +standard error of mean. Statistically significant dif-
ferences were accepted at p values of 0.05 or smaller.

3 | RESULTS

3.1 | Ppara™PX° mice exhibit increased
cardiac lipotoxicity, increased levels of
apoptosis, and increased fibrosis

Oil Red O staining of heart sections revealed increased
lipid accumulation in Ppara™PX© as compared to Ppara™®
mice (Figure 1A). The levels of triglycerides were also sig-
nificantly increased in the hearts of Ppara"*"*° as compared
to Ppara™™ mice (Figure 1B). On the contrary, plasma tri-
glycerides in Ppara™®° mice did not show any signifi-
cant changes compared to Pparaﬂ/ T mice (Figure 1C). It is
important to note that these are fasting measurements of
plasma triglycerides. Next, the levels of cardiac apoptosis
were determined with TUNEL staining of heart sections as
well as by measuring several proteins involved in apoptosis.
TUNEL staining of heart sections showed increased levels of
apoptosis in PparaHepKO versus Pparaﬂ/ T mice (30.9+4.7 vs.
13.1+0.8%, p<0.006) (Figure 2A). This was accompanied by
elevated levels of the proapoptotic proteins cleaved caspase-3
and pro-caspase-3 (Figure 2B) and BAX (Figure 2C), and re-
duced levels of the antiapoptotic protein BCL-2 (Figure 2D).
Ppara™° mice exhibited significantly increased picro-
sirius red staining compared to Pparaﬂ/ T mice (Figure 3A).
Western blot analysis revealed significantly elevated levels of
collagen type I (Figure 3B) and collagen type 3 (Figure 3C)
in hearts of Ppara™P*° compared with Pparaﬂ/ % mice. These
results demonstrate that Ppara™*° mice on a normal diet
develop cardiac lipotoxicity due to increased lipid accumula-
tion and exhibit increased levels of cardiomyocyte apoptosis
as well as increased fibrosis.


http://ionoptix.com

e FAS E B BioAdvonces_\/vI LEYJ;?’S

(A) ®)
1.5 *
= 2.5 =
= * =
o t :\; 2.0 ] ) -
o X o T 1.0
B, — Sopm 2 1.5+ § *
o 1 s | =
° » . 2104 o " S o5 °° .
X - <4 .9
: e N :
o “ i @
IN .-_4; ES b;,\... s o - Q 0.5 . _a
S - &> S
8 il — A S
o o - ~ 0.0 0.0
v o Ppara®f  Pparaterko Pparaff  Pparatepko
50 um
©)
7.0+
[
S
] -
2 6.5+
>~ -
o=
& £ 6.0
m N
E -
& 5.5- {
o .
5.0

Pparaf/l  PparaHerko

HepKO
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3.2 | Decreased cardlomoyocyte 3.3 | Elevated markers of heart

contractility in Ppara™?*? mice failure and decreased levels of D-f-
hydroyéybutyrate dehydrogenase I in

Cardiomyocytes were isolated from Ppara™® and Ppara mice

Ppara™®P*© mice to determine sarcomere length and con-

tractility. Figure 4A depicts a representative cardiac myo- ANP and brain natriuretic peptide (BNP) are proteins syn-

cyte contractile trace from both Pparaﬂ/ Tand Ppara™Pko thesized in the heart and used as markers of heart failure.

mice. Compared to the Pparaﬂ/ T mice, cardiac myocytes Cardiac messenger ribonucleic acid expression and pro-
from Ppara"P*© mice have significantly increased base- tein levels of ANP and BNP (Figure 5A-C) were signifi-
line sarcomere length (Figure 4B). In addition, cardio-  cantly elevated in Ppara"®P*° mice. Cardiac BDH1 protein
myocytes from Ppara™P*® mice show decreased peak  levels were significantly reduced in Ppara™*"*° mice com-
sarcomere shortening (Figure 4C) and contraction veloc- pared to the Pparaﬂ/ T mice (Figure 5D).

ity (Figure 4D), both reflective of decreased cardiomyo-

cyte contractility in Ppara™P*© mice. Furthermore, the

time from baseline to peak shortening (Figure 4E), and 3.4 | Reduced exercise tolerance and

time from peak to 50% relaxation (Figure 4F) were signifi- ~ aerobic capacity in Ppara™?*° mice

cantly increased in cardiomyocytes from Ppara™P*° mice

compared to the Ppara™™ mice, indicating diminished In order to determine the impact of the observed struc-
contractile function and slowed relaxation in Ppara"*P¥© tural and functional changes in hearts of Ppara"ePkO
mice. mice, we exposed Pparaﬂ/ T and PparaHepKO mice to an
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TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

exercise tolerance test to assess cardiovascular fitness.
We also measured blood lactate levels before and after
exercise as the lactate threshold is a good predictor of
submaximal fitness. There was an increase in resting
blood lactate levels in Ppara™P*® mice as compared
to Ppara™™ mice (Figure 6A), but no change in lactate
levels after exercise (Figure 6B). Time until exhaustion
during exercise (Figure 6C), as well as exercise perfor-
mance were significantly decreased in Ppara"*P*° mice
compared to Pparaﬂ/ 1 controls (Figure 6D). Also, maxi-
mum volume of oxygen consumption (VO,,,,) con-
sumed during exercise was reduced in Ppara"*?*° mice
(Figure 6E), and RER of Ppara"®P*© mice crossed the
1.0 mark at an earlier time point compared to Pparaﬂ/ i
mice, suggesting a more rapid shift from aerobic to an-
aerobic metabolism during exercise (Figure 6F).

4 | DISCUSSION

CVD is a significant complication of MASLD. Several
studies have demonstrated that patients with MASLD are
at increased risk of hypertension, atherosclerosis, myo-
cardial infarction, stroke, and chronic kidney disease.?>™*
However, the mechanism(s) by which MASLD drives the
development of CVD is(are) not known. Hepatic steato-
sis is often associated with a cluster of other metabolic
diseases such as obesity and Type II diabetes, thus, it has
been difficult to determine the specific effects of hepatic
steatosis on the development of CVD due to the confound-
ing effects of obesity and associated metabolic abnormali-
ties that often accompany MASLD. We have recently
described that hepatocyte-specific PPARa knockout mice
(Ppara™X®) develop hepatic steatosis and several signs
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of CVD even when fed a normal fat diet and maintaining
normal body weight and absence of Type II diabetes and
increased plasma triglycerides."’ These mice offer the op-
portunity to study the impact of hepatic steatosis on devel-
opment of CVD independent of other metabolic diseases
such as obesity and Type II diabetes. In the present study,
we observed increased cardiac lipid accumulation and cell
death in Ppara™X° mice. This was accompanied by up-
regulated cardiac production of ANP and BNP, increased
extracellular matrix remodeling, cardiomyocyte contrac-
tile dysfunction, downregulation of cardiac BDH1, and
poor exercise tolerance.

Ppara™® mice exhibited significantly increased
levels of cardiac steatosis and apoptosis, suggestive of li-
potoxicity. Excessive lipid uptake by the heart has been
linked to ventricular contractile dysfunction and impaired
regulation of cardiac output.*** Previous studies have
also demonstrated that patients with elevated cardiac lip-
ids exhibit systolic dysfunction similar to that observed in
Ppara™®P*© mice.**’ There is mounting evidence showing
that excessive cardiac lipid accumulation causes cardiac
cells to undergo programmed cell death and contribute to

heart failure.?® In the present study, we observed increased
expression of cleaved caspase 3 and pro-caspase-3, makers
of programmed cell death in hearts of Ppara™P*° mice.
Cleaved caspase-3 is a death-driving cysteine protease
that propagates apoptotic signals.” Likewise, we observed
an increase expression of BAX in the heart of Ppara"®PX©
mice. BAX is a proapoptotic protein that acts by causing
mitochondrial damage and release of cytochrome c. The
levels of the antiapoptotic protein, BCL-2, were decreased
in hearts of Ppara™*° mice suggesting a shift in the
balance of pro- and antiapoptotic proteins. These results
demonstrate that lipid-induced cardiomyocyte apopto-
sis may be a mechanism for the deterioration of cardiac
function observed in Ppara™*° mice. To the best of our
knowledge, these are the first data to demonstrate a link
between hepatic PPAR« deficiency, increased hepatic ste-
atosis, and cardiac lipotoxicity.

We previously showed that Ppara mice exhibit
cardiac remodeling, and this is associated with increased
dilation of the left ventricular chamber and wall thin-
ning."* Similarly, Pattar et al. reported that ventricular re-
modeling and worsening of heart function is associated

HepKO
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means +SEM; *p <0.05 versus Ppara '"; n=30 cardiomyocytes from three mice per group. Pparaﬂ/ m hepatocyte-specific peroxisome

proliferator-activated receptor alpha flox/flox; Ppara™ePX©

SEM, standard error of mean.

with myocardial fibrosis, wall thinning, and left ventric-
ular dilation in ischemic injury.*® Improper deposition of
collagen and extracellular matrix within the heart con-
tributes to the process of cardiac remodeling associated
with alteration in cardiac contractility and relaxation.*!
In the present study, we observed cardiac fibrosis as ev-
idenced by increased collagen type I and III in the heart
of Ppara™P*° mice. Collagen type I and III are the pri-
mary extracellular matrices providing structural support
to the heart.”* The increased deposition of extracellular
matrix within the interstitium leads to cardiac remodeling
and stiffening of the left ventricular wall, contributing to
left ventricular systolic and diastolic dysfunction.*® There
is mounting evidence that accumulation of extracellular
matrix within the myocardium is a good biomarker of
myocardial fibrosis.** Unfortunately, there are no current
therapies for slowing or reversing cardiac fibrosis. Our ob-
servations suggest that cardiac remodeling coupled with
ventricular diastolic dysfunction could be due to excess
collagen deposition in the heart of Ppara™*° mice. In
the present study, we also observed contractile dysfunc-
tion in isolated cardiomyocytes of Ppara™*° mice. We
identified increased time from baseline to peak sarcomere
shortening indicating not only impaired cardiomyocyte

, hepatocyte-specific peroxisome proliferator-activated receptor alpha knockout;

contractility in Ppara™PX° mice but also reduced velocity

of contraction when compared to Pparaﬂ/ T mice. Similarly,
we observed increased time from peak to 50% relaxation,
suggesting impaired cardiomyocyte relaxation. These re-
sults suggest that fibrosis of the myocardium is not the
only contributor of impaired contractile function in this
model, and that alterations in the contractile apparatus
itself may also contribute overall cardiac dysfunction ob-
served in Ppara™®P*° mice.

Natriuretic hormones (ANP and BNP) are secreted
from the heart in response to increased stretch. ANP is
mainly secreted from the right atrium in response to atrial
stretch but can also be secreted from the ventricles of pa-
tients with heart failure,>® whereas BNP is secreted from
the ventricles in response to hypervolemia and pressure
overload.*® In our earlier study," we found increased end-
diastolic volume in Ppara™*° mice, and the resulting
left ventricular overload could stretch ventricular muscles
promoting increased release of ANP and BNP as demon-
strated in the present study. The release of natriuretic
hormones are increased in hypertensive heart and heart
failure, and their elevated levels have been used as diag-
nostic biomarkers of heart failure.””*® Previous studies
suggest that synthesis of elevated natriuretic peptides in
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conditions of heart failure may exert a cardioprotective
role by increasing vasodilation and regulating sodium-
water excretion.”® ANP and BNP can also attenuate cardiac
fibrosis by regulating the renin-angiotensin-aldosterone
system.4° Thus, elevated levels of natriuretic hormones
observed in the present study may help mitigate some of
the increased cardiac fibrosis in Ppara™P*° mice.

Graded maximal exercise test remains a non-invasive
standard test to assess cardiovascular fitness,*' and the
VO,,.x utilized by the body during exercise is often used
as an indicator of cardiovascular fitness.*? At peak oxygen
consumption, VO,,, cannot increase further despite an
increase in workload resulting in less distribution of ox-
ygen to the tissues. Earlier studies have shown that low
VO,..x indicating poor cardiovascular fitness, has been
observed in subjects with heart failure, hypertension, and
diabetes.** RER, a ratio of the VCO, by VO, reflects sub-
strate utilization by the body. The value of RER during in-
tense exercise demonstrates whether the body is working
aerobically or anaerobically. Studies have shown resting
RER values between 0.7-0.8; however, during exercise or
stress test, RER gradually increases to about 1.2.** When

RER values cross the 1.0 mark, they indicate the body has
switched to anaerobic respiration (anaerobic threshold)
and the VCO, at that point begins to exceed VO, to reduce
blood acidity by getting rid of lactate accumulation.*” In the
present study, we observed reduced exercise performance
and reduced running time to reach exhaustion Ppara™*P*°
mice when compared to Pparaﬂ/ﬂ controls. Furthermore,
we observed low VO, max, and reduced time needed for
RER to surpass the 1.0 mark in Ppara™®*© compared
to Ppamﬂ/ﬂ mice. The reduced time needed for RER to
reach the anaerobic threshold in Ppara™*° mice reveals
the switch to the less effective anaerobic pathway earlier
during the exercise test than in Ppara™ mice. Resting
lactate levels were also significantly higher in Ppara™ePX©
mice compared to controls. An increase in blood lactate
levels has been observed in disease-induced pathophysio-
logical stress conditions such as liver failure and heart dis-
ease.’®"” Elevated lactate levels were documented at rest
in patients with heart failure and it has been used as an in-
dependent predictor of mortality in these patients.*®* It is
possible that reduced cardiac output previously observed
in Ppara™*© mice might underlie the development of
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hyperlactatemia as inadequate cardiac output would fail
to supply enough oxygen to the tissues resulting in hy-
poxia and lactate build-up through anaerobic respiration
via the pyruvic pathway. It has been previously demon-
strated that lactate is a fuel substrate for the failing heart,
and in the incidence of hyperlactatemia, lactate may sup-
ply up to 60% of fuel substrate to the heart.”® The heart,
which is one of the most energy demanding organs in the
body, normally uses fatty acid oxidation as the principal
source of ATP production but it can switch between other
substrates (glucose, lactate, and ketone) to generate ATP
when necessary. Usually, during pathological conditions,
the heart utilizes ketone as fuel substrate to maintain car-
diac energy metabolism.’® It is also possible that the ele-
vation in resting lactate levels observed in the Ppara=FX0
mice are due to suppression of pyruvate dehydrogenase
as a result of the Randle cycle; however, this hypothesis
needs to be further tested.”

In our previous work, we observed reduced circulating
beta hydroxybutyrate (BHOB), the most abundant ketone
body, in Ppara™P*° mice.!* BDH1 is the rate-limiting en-
zyme that converts acetoacetate to BHOB in the liver before
entering the circulation. Similarly, BDH1 in the heart cata-
lyzes the conversion of BHOB back to acetoacetate to sup-
ply the heart with ATP.>* Our present data revealed reduced
cardiac BDH1 in Ppara™*° mice, suggesting reduced

, hepatocyte-specific peroxisome proliferator-activated receptor alpha knockout; SEM, standard error of

ketones production in the liver and reduced ketones utili-
zation by the heart. While a shift in energy substrate from
fatty acid oxidation to ketones in failing heart has been de-
scribed, our data is the first to report that cardiac BHOB
utilization is reduced in animals lacking PPAR« in hepato-
cytes. Rosenstein and Hough®* reported that an increased
reliance of the failing heart on ketones can improve heart
function whereas failure to use ketones by a failing heart
is associated with worse outcomes. Taken together, our re-
sults in combination with these previous studies support
the hypothesis that the failing heart may be further com-
promised by reduced BHOB utilization. Our results also
suggest that due to reduced cardiac ketones utilization, the
heart may be reprogramed to increase utilization of lactate
as an energy substrate in Ppara"P*° mice.

Our results demonstrate that hepatic steatosis induced
by loss of hepatic PPAR« results in excess cardiac lipid ac-
cumulation, cardiomyocyte apoptosis, increased collagen
deposition, deficits in cardiac myocyte contractility, im-
paired VO,,,, during exercise, and reduced BDH1 levels
leading to impaired functionality of the heart. In addition,
we further demonstrate that the Ppara™° mouse model
may be an important tool to investigate the mechanisms by
which hepatic steatosis affects cardiac structure and func-
tion in the absence of other confounding factors associ-
ated with obese and metabolic syndrome and may also be
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a useful model for development of new therapeutic targets
for the cardiac complications of MASLD.
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