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053-Dependent Mitochondrial
Compensation in Heart Failure With
Preserved Ejection Fraction
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BACKGROUND: Heart failure with preserved ejection fraction (HFpEF) accounts for 50% of patients with heart failure. Clinically,
HFpEF prevalence shows age and gender biases. Although the majority of patients with HFpEF are elderly, there is an emer-
gence of young patients with HFpEF. A better understanding of the underlying pathogenic mechanism is urgently needed.
Here, we aimed to determine the role of aging in the pathogenesis of HFpEF.

METHODS AND RESULTS: HFpEF dietary regimen (high-fat diet + Nw-Nitro-L-arginine methyl ester hydrochloride) was used to
induce HFpEF in wild type and telomerase RNA knockout mice (second-generation and third-generation telomerase RNA
component knockout), an aging murine model. First, both male and female animals develop HFpEF equally. Second, cardiac
wall thickening preceded diastolic dysfunction in all HFpEF animals. Third, accelerated HFpEF onset was observed in second-
generation telomerase RNA component knockout (at 6 weeks) and third-generation telomerase RNA component knockout
(at 4 weeks) compared with wild type (8 weeks). Fourth, we demonstrate that mitochondrial respiration transitioned from
compensatory state (normal basal yet loss of maximal respiratory capacity) to dysfunction (loss of both basal and maximal
respiratory capacity) in a p53 dosage dependent manner. Last, using myocardial-specific p53 knockout animals, we demon-
strate that loss of p53 activation delays the development of HFpEF.

CONCLUSIONS: Here we demonstrate that p53 activation plays a role in the pathogenesis of HFpEF. We show that short telomere
animals exhibit a basal level of p53 activation, mitochondria upregulate mtDNA encoded genes as a mean to compensate
for blocked mitochondrial biogenesis, and loss of myocardial p53 delays HFpEF onset in high fat diet + Nw-Nitro-L-arginine
methyl ester hydrochloride challenged murine model.
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(HFpEF), which accounts for 50% of patients

with heart failure,' is associated with poor quality
of life, substantial health care resource use, and pre-
mature mortality.> The prevalence of heart failure has
increased over the past 15 years due to the aging pop-
ulation.® Patients with HFpEF exhibit cardiac function
impairment but with left ventricular (LV) ejection fraction

Heart failure with preserved ejection fraction

>50%*%; currently there are no effective treatments for
HFpEF.8” Anatomically, HFpEF is accompanied with an
increase in LV wall thickness and/or an increased in
left atria resulting in impaired LV filling or suction ca-
pacity classified as diastolic dysfunction.*® There are
2 unresolved clinical observations with HFpEF: higher
prevalence in elderly® but not exclusive® and a differ-
ent distribution between men and women. Clinically,
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CLINICAL PERSPECTIVE
What Is New?

e Onset of heart failure with preserved ejection
fraction is telomere length dependent.

e Mid p53 activation results in mitochondrial
compensation whereas high p53 activation re-
sults in mitochondrial dysfunction.

e Myocardial p53 activation is a required step for
heart failure with preserved egjection fraction
pathogenesis.

What Are the Clinical Implications?
e p53 may act as a novel therapeutic target for
heart failure with preserved ejection fraction.

Nonstandard Abbreviations and Acronyms

AMVM adult mouse ventricular cardiomyocyte

HFD high-fat diet

HFpEF heart failure with preserved ejection
fraction

L-NAME Nw-Nitro-L-arginine methyl ester
hydrochloride

mTR®2 second-generation telomerase RNA
component knockout

mTR® third-generation telomerase RNA
component knockout

NMVM neonatal mouse ventricular
cardiomyocytes

OCR oxygen consumption rate

p53¢Ko cardiomyocyte-specific p53 knockout

PGC1-a proliferator-activated receptor gamma,
coactivator 1 alpha

PGC1-f3 proliferator-activated receptor gamma,
coactivator 1 beta

TERC telomerase RNA component

wWT wild type

male patients with HFpEF tend to be younger and
obese whereas female patients with HFpEF tend to be
older and often have a plethora of comorbidities such
as hypertension and atrial fibrillation.'® The underlying
mechanism remains unknown.

Mitochondria produce adenosine triphosphate that
fuels cardiac contraction and mitochondrial respiration
is a good measure of mitochondria function. Recent
studies have demonstrated the possibility of targeting
mitochondria in treating HFpEF.""2 Notably, patients
with HFpEF exhibit exercise intolerance' with a re-
duced peak exercise oxygen consumption.'*® In the
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heart, we and others have demonstrated that aging
(short telomeres) can drive the onset of mitochondrial
dysfunction through p53 activation.'®'” Mitochondrial
dysfunction is a classic hallmark of aging.'® However,
whether aging and mitochondrial dysfunction play
a role in the pathogenesis of HFpEF remains to be
tested.819.20

Using the recently established HFpEF murine
model,?" we asked if aging, mimicked by short telo-
meres, can accelerate the development of HFpEF.
Following the HFpEF dietary regimen, C57/B6J wild
type (WT) animals developed diastolic dysfunction
around 8 weeks of age in accord with previous reports.
Interestingly, onset of diastolic dysfunction in second-
(MTR%) and third (MTR®) generation telomerase RNA
component (TERC) knockout mice was observed at
6 and 4 weeks, respectively. Adult mouse ventricular
cardiomyocytes (AMVMs) isolated from HFpEF animals
showed p53 activation and decreased mitochondrial
biogenesis; however, transcriptome profiling showed
a compensatory upregulation of mitochondrial elec-
tron transport chain genes. This compensation was
reflected in mitochondrial respiration where HFpEF
AMVMs exhibit a decrease only in maximal respiration
but not basal respiration compared with chow AMVMs.
Using neonatal mouse cardiomyocyte as model, we
demonstrate that increasing p53 activation drives mi-
tochondria from compensatory state into dysfunction
in a dose-dependent manner. Cardiomyocyte-specific
P53 knockout (MYHB-Cre x p53": p53°K0) animals
did not develop HFpEF when subjected to the dietary
regimen, thus confirming p53 activation is required for
the development of HFpEF. Together, our data highlight
that aging lowers the threshold for p53 activation and
p53-dependent repression of proliferator-activated re-
ceptor gamma coactivator 1 alpha and beta (Pgc-Ta
and Pgc-16, also known as Ppargcla and Ppargcib,
respectively) drives the pathogenesis of HFpEF, which
offer new insights for future therapeutic interventions.

METHODS

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

Experimental Animals

The study was conducted in strict accordance with
the recommendations of the Guidelines for the Care
and Use of Laboratory Animals. All experiments were
approved by the Animal Experiment Ethics Committee
of Shanghai Ninth People’s Hospital (SH9H-2019-
A416-1). For adult mice, animals were anesthetized
by deep isoflurane (6%) anesthesia and euthanized by
cervical dislocation. For neonatal mice (within 36 hours)
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that are resistant to CO,, animals were euthanized by
decapitation. WT C57BL/6J adult mice were acquired
from GemPharmatech Co., Ltd. The C57BL/6J TERC
knockout (MTRXC) animals were a kind gift from Prof
Ming Lei. C57BL/6J Myh6-Cre and C57BL/6J p53"
were acquired from Cyagen China and used to gener-
ate p53°KC, All experimental mice (8 to 12 weeks old)
were maintained on a 12-hour light/dark cycle from
06:00 to 18:00 and had unrestricted access to regular
chow diet (1010001, Jiangsu Xietong Pharmaceutical
Co., Ltd, for chow groups) or 60% high-fat diet (HFD)
(XTHFB0, Jiangsu Xietong Pharmaceutical Co., Ltd,
for the HFpEF groups). Nw-Nitro-L-arginine methyl
ester hydrochloride (-NAME) (0.5 g I"!, Sigma-Aldrich,
Germany) was administered in the drinking water for
the indicated periods of time, after adjusting the pH to
7.4 as previously described.?!

Echocardiography and Doppler Imaging
For cardiac function, echocardiography was performed
once every 2 weeks. Animals were anesthetized and im-
aged using a VisualSonics Vevo 3100 system equipped
with MS400 transducer (Visual Sonics, FUJIFILM,
Japan). To induce anesthesia 2% isoflurane was used,
0.5% to 1.0% isoflurane was used to maintain a heart
rate in the range of 425 to 475 beats per minute to col-
lect systolic function, and 0.5% to 1.0% isoflurane was
used to maintain it. Systolic functions were measured
at the midventricular long-axis using M-mode scanning
while maintaining the heart rate at the range of 425 to
475 beats per minute. Diastolic functions were meas-
ured in the apical 4-chamber view using pulsed-wave
tissue Doppler of the mitral valve while maintaining the
heart rate at the range of 325 to 375 beats per minute.
The following cardiac function parameters were as-
sayed and calculated: heart rate, LV ejection fraction,
LV end-diastolic anterior wall, LV end-diastolic posterior
wall, LV global longitudinal strain, peak Doppler blood
inflow velocity across the mitral valve during early dias-
tole (E), peak Doppler blood inflow velocity across the
mitral valve during late diastole (A), peak tissue Doppler
of myocardial relaxation velocity at the mitral valve an-
nulus during early diastole (E’), and early filing decel-
eration time (A)). Speckle-tracking echocardiography
was analyzed using VevoStrain software (Visual Sonics)
by calculating global strain in longitudinal dimensions
(B-mode) acquired from the parasternal long-axis view.
Technical triplicates were averaged per animal and the
means were used for subsequent statistical analyses.

Tail-Cuff Blood Pressure Recordings

Blood pressure was measured noninvasively in conscious
mice using a CODA instrument (BP-2000, Visitech sys-
tem, USA). Before testing, all mice were preconditioned
to short-term restraint. The blood pressure was recorded
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for at least 3 consecutive days, and each reading was
averaged from at least 5 measurements.

Histology

For cardiomyocyte hypertrophy and fibrosis measure-
ments, murine hearts were surgically excised and fixed
in 4% paraformaldehyde in PBS overnight at 4 °C and
processed for routine paraffin embedding 5-pum sec-
tions were used for Masson’s trichrome and wheat
germ agglutinin staining. Masson’s trichrome staining
was performed by manufacturer’s instructions (G1343,
Solarbio, China) and degree of fibrosis (%) was quanti-
fied using Imaged software version 2.0 (5 microscopic
fields per heart). Wheat germ agglutinin staining was
conjugated to Alexa Fluor 488 (50 mg mL™", 1 hour,
room temperature) after antigen retrieval, visualized
with a Leica SP8 STED 3X upright photomicroscope,
and quantified using Imaged software version 2.0 (5
microscopic fields per heart).

For telomere quantitative fluorescence in situ
hybridization study, 4-pm sections were used and
quantitative fluorescence in situ hybridization staining
was carried out as previously described."” Next, the
sections were blocked with blocking buffer. Slides
were incubated with antimouse a-cardiac troponin
T (1:100, Abcam, Britain) and conjugated with Alexa
Fluor 488 (antimouse IgG fraction, Molecular Probes,
Invitrogen, America). DAPI was stained with 1 ug mL
" DAPI solution in PBS. Slices were mounted with an-
tifade reagent and images were obtained with Zeiss
LSM 880 upright confocal fluorescence microscope
and quantified with Imaris (Oxford Instruments,
Switzerland).

Neonatal Cardiomyocyte Isolation and
Measurements

Neonatal mice (within 36 hours) that are resistant
to CO, were euthanized by decapitation. In brief,
hearts were surgically isolated and immediately di-
gested in Trypsin-EDTA Solution (C0201, Beyotime
Biotechnology, China). After neutralization with DMEM
(12430054, Gibco, USA) supplemented with 10%
fetal bovine serum (10099-141, Gibco, USA), neona-
tal mouse ventricular cardiomyocytes (NMVMs) were
centrifuged at 200g for 5 minutes and resuspended
in DMEM supplemented with 10% fetal bovine serum.
The NMVMs were seeded onto a 10 cm dish for 1 hour
at 5% CO, incubator at 37 °C to remove endothelial
and fibroblast cells before being transferred to a new
tissue culture dish. To measure contractility, videos of
isolated NMVMs were acquired using a fluorescence
microscope (IX83, OLYMPUS, Japan) and contraction
speed and frequencies were determined as previ-
ously described using MATLAB (MathWorks, USA).??
For mitochondrial membrane potential measurement,
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1:1000 Mitotracker (M7514, Invitrogen, USA) was
added into medium and NMVMs were incubated for
30 minutes at 37 °C. Signal was acquired and quanti-
fied using a High Content Analysis Operetta CLSTM

(PerkinElmer, USA).

p53 Activation in HFpEF Murine Model

Langendorff Isolation

For AMVM Langendorff isolation, mice were induced
to a brief anesthesia by 5% isoflurane and were eu-
thanized by cervical dislocation. Thoracic cavity was
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Figure 1. WT and mTR®? animals develop HFpEF upon HFD+L-NAME challenge.

A, Experimental design. C57BL/6J and mTR® mice were maintained on HFpEF regimens and analyzed at 8 and 16 weeks. B,
Representative images of WGA and Masson’s trichrome (MT) staining in transversal sections of left ventricle from mice in different
experimental groups are shown. Scale bars, 100pm. C, Percentage of fibrotic area (n=3 per group). D, WGA quantification of
cardiomyocyte cross-sectional area (n=3 per group). E, Ratio of heart weight to tibia length (HW/TL, n=3 per group). F and G, Diastolic
blood pressure (DBP) and systolic blood pressure (SBP, n=6 per WT group; n=7 male chow mTR® group; n=6 male HFpEF mTR®?
group; n=5 female chow mTR® group; n=7 female HFpEF mTR® group). H and I, mRNA expression levels of Nppb and Myh7 in
isolated AMVMs (n=4 per group). Results are shown as mean+SEM. One-way ANOVA followed by lognormal processing and/or Tukey’s
multiple-comparisons test was used. “P<0.05, **P<0.01, ***P<0.001 compared with chow group in the same genotype. AMVM indicates
adult mouse ventricular cardiomyocyte; HFD, high-fat diet; HFpEF, heart failure with preserved ejection fraction; L-NAME, Nw-Nitro-L-
arginine methyl ester hydrochloride; mTR®?, second -generation telomerase RNA component knockout; WGA, wheat germ agglutinin

staining; and WT, wild type.

surgically exposed and the heart was surgically re-
moved and immediately placed in ice-cold cardiomyo-
cyte isolation buffer (120 mmol/L NaCl, 5.4 mmol/L KClI,
0.5 mmol/L MgSQ,, 0.33 mmol/L NaH,PO,, 25 mmol/L
NaHCQO,, and 22 mmol/L glucose, 25 mmol/L HEPES,
10 mmol/L BDM, 30 mmol/L taurine). Hearts were
cannulated via the ascending aorta and hooked onto
a Langendorff perfusion system. The hearts were per-
fused with cardiomyocyte isolation buffer at 37 °C for 2
to 3 minutes. AMVMs were digested in an enzyme car-
diomyocyte isolation buffer containing 1 mg/mL type
Il collagenase (17104015, Gibco, USA) and 0.6 mg/mL
type IV collagenase (17101019, Gibco, USA) for 15 min-
utes at 37 °C. The digested hearts were removed and
mechanically dissociated using tweezers, transferred
into a 50 mL tube, and gently mixed at 37 °C to fur-
ther release single AMVMs. AMVMs were purified with
100 mm filter and collected in 500 rpm.

For function measurement, isolated AMVMs were
seeded onto laminin (1:100 in dH,O, L2020, Sigma,
German) precoated confocal glass bottom dishes in
DMEM supplemented with 10% fetal bovine serum. Cells
were incubated for 30 minutes at 37 °C and cardiomyocyte
contractions were measured using an lonoptix HTC with
1 Hz pacing. For fluorescence live cell imaging, isolated
AMVMs were seeded onto black 96-well plates in DMEM
supplemented with 10% fetal bovine serum. Medium was
changed after 1 hour, and AMVMs were incubated for
30 minutes at 37 °C with Mitotracker Green FM (1:1000,
M7514, Invitrogen, USA). Mitochondrial amount was
measured and quantified using a High Content Analysis
Operetta CLSTM (PerkinElmer, USA).

RNA-seq

For sample collection and preparation, 3-4x10° AMVMs
from single hearts were isolated by Langendorff and
lysed in Trizol (15596-026, Invitrogen, USA) for extract
RNA. After RNA quantification and quality check (1%
agarose gels for RNA degradation and contamination;
the NanoPhotometer® spectrophotometer [IMPLEN,
CA, USA] for RNA purity; the RNA Nano 6000 Assay Kit
of the Bioanalyzer 2100 system [Agilent Technologies,
CA, USA] for RNA integrity), a total amount of 1 pg RNA
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per sample was used to generate sequencing librar-
ies using NEBNext® UltraTM RNA Library Prep Kit for
llumina® (NEB, USA). Before data analysis, the clus-
tering of the index-coded samples was performed on
a cBot Cluster Generation System using TruSeq PE
Cluster Kit v3-cBot-HS (lllumia) and the library prepara-
tions were sequenced on an lllumina Novaseq platform
and 150 bp paired-end reads were generated.

Raw data (raw reads) of fastq format were first pro-
cessed to obtain clean data (clean reads) by remov-
ing reads containing adapter and Q20, Q30, and GC
content. Reference genome and gene model annota-
tion files were downloaded from the genome website
directly and index of the reference genome was built
using Hisat2 v2.0.5 and paired-end clean reads were
aligned to the reference genome using Hisat2 v2.0.5.
For novel transcripts prediction, the mapped reads of
each sample were assembled by StringTie (v1.3.3b)in a
reference-based approach.?® featureCounts v1.5.0-p3
was used to count the reads numbers mapped to
each gene, and then fragments per kilobase of tran-
script per million of each gene were calculated based
on the length of the gene and reads count mapped
to this gene. Additionally, for each sequenced library,
the read counts were adjusted by edgeR program
package through 1 scaling normalized factor, and then
differential expression analysis of 2 conditions/groups
(3 biological replicates per condition) was performed
using the DESeq2 R package (1.16.1). Significance was
determined as P<0.05 using multiple hypothesis test
followed by Benjamini-Hochberg correction.

We used the clusterProfiler R package to implement
Gene ontology enrichment analysis of differentially ex-
pressed genes and used clusterProfiler R package to
test the statistical enrichment of differential expression
genes in KEGG pathways. On the other hand, GATK2
(v3.7) software was used to perform SNP calling; rMATS
(v3.2.5) software was used to analyze the alternative
splicing event and protein-protein interaction analysis of
differentially expressed genes was based on the STRING
database. Finally, weighted correlation network analy-
sis was used to describe the gene association modes
among different samples. All data are now deposited at
the GEO database (GEO accession: GSE195482).


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE195482
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Mitochondrial Respiration Measurement

For mitochondrial respiration measurements, 500 to 800
AMVMs/well or a density of 70% to 80% NMVMs were
seeded onto laminin-coated XFe96 Microplates (Agilent, USA)

p53 Activation in HFpEF Murine Model

for 30 minutes or 4 days, respectively. Just before experiment,
medium was replaced with XFe base medium supplemented
with 5 pmol/L glucose, 1 pmol/L pyruvate, and 10 pmol/L glu-
tamine and transferred into a CO,-free incubator at 37 °C for
another 0.5 hour to allow temperature and pH equilibration.
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Baseline oxygen consumption rate (OCR) was measured,
then followed by injections sequentially with oligomycin
3 pmol/L for AMVMs or 1 pumol/L for NMVMs) to measure
the adenosine triphosphate linked OCR, oxidative phospho-
rylation uncoupler FCCP (1 pmol/L for both AMVMs and
NMVMes) to determine maximal respiration, and rotenone and
antimycin A (10 pmol/L for AMVMs or 5 pumol/L for NMVMs)
to determine the nonmitochondrial respiration per manufac-
turer’s instructions. A minimum of 4 technical replicates of
AMVMs per mouse or technical triplicates for NMVMs were
measured and used for downstream analyses.

Mitochondrial Morphology Using
Transmission Electron Microscopy

The samples were separated and fixed overnight at 4 °C
in 2% glutaraldehyde with 1% tannic acid in 0.1 M sodium
cacodylate (pH=7.3). The samples were rinsed 3 times in
the sodium cacodylate buffer and then incubated in 2%
osmium tetroxide in the same buffer for 2 hours at room
temperature. The samples were then rinsed 3 times in
sodium cacodylate buffer and exposed to 1% uranylac-
etate in water for 15 minutes at room temperature. The
samples were rinsed twice in distilled water and spun
down into 3% agarose at 45°C. The agarose blocks were
dehydrated in graded steps of acetone and embedded
in Spurr’s low viscosity media. Following polymerization
overnight at 65 °C, 80-nm sections were cut.

The sections were observed in a Philips CM-10
TEM (FEI ltalia, 20122 Milan, Italy) and micrographs re-
corded on Kodak 4489 sheet film. Mitochondrial den-
sity, area, and perimeter were quantified using ImageJ
software version 2.0 (5 microscopic fields per heart)
(n=8, per group), and averages were presented as
number of mitochondria per 100 pm?.

Real-Time Quantitative Polymerase Chain

Reaction

For gene expression analysis, 1 ug total RNA was ex-
tracted using Trizol (15596-026, Invitrogen, USA) rea-
gent per manufacture’s protocol. HiScript Il Reverse
Transcriptase kit (R201-01/02, Vazyme, China) was
used to reverse transcribe and generate single stranded
cDNA. Gene expression for Tfam mouse gene (forward:
5-CAAGTCAGCTGATGGGTATGG-3 and reverse: 5-TT
TCCCTGAGCCGAATCATCC-3), Pgcl-a mouse gene
(forward: 5-CCCTGCCATTGTTAAGAC-3" and reverse:
5-GCTGCTGTTCCTGTTTTC-3) and Pgc?-f mouse

p53 Activation in HFpEF Murine Model

gene (forward: 5-GAGGGCTCCGGCACTTCC-3’ and
reverse: 5-CGTACTTGCTTTTCCCAGATG-3), Nppb
mouse gene (forward: 5-GAGGTCACTCCTATCCT
CTGG-3" and reverse: 5-GCCATTTCCTCCGACTT
TTCTC-3), Mhy7 mouse gene (forward: 5-ACTGTC
AACACTAAGAGGGTCA-3 and reverse: 5-TTGGATGA
TTTGATCTTCCAGGG-3), Mhy11l mouse gene (for-
ward: 5-AAGCTGCGGCTAGAGGTCA-3 and reverse:
5-CCCTCCCTTTGATGGCTGAG-3), Mhy7b  mouse
gene (forward: 5-CATGGGATGGTAAGAAACGGG-3" and
reverse: 5-TCCTCCAGTAAGTCGAAACGG-3), Kif4
mouse gene (forward: 5-GGCGAGTCTGACATGG
CTG-3 and reverse: 5-GCTGGACGCAGTGTCTTCT
C-3), mt-Atp mouse gene (forward: 5-CCTTCCACA
AGGAACTCCAA-3 and reverse: 5-GGTAGCTGTT
GGTGGGCTAA-3), mt-Cyte mouse gene (forward:
5-ATTCCTTCATGTCGGACGAG-3’ and reverse: 5-ACT
GAGAAGCCCCCTCAAAT-3), mt-Co3 mouse gene
(forward: 5-CCTTCCACAAGGAACTCCAA-3 and reverse:
5-GGTAGCTGTTGGTGGGCTAA-3), and mt-Nd4 mouse
gene (forward: 5’-TTCTTCAACCTCACCATAGCC-3 and
reverse: 5-GGCTGCGAAAACTAAGATGG-3) were used
as template. The -actin mouse gene (forward: 5-CC
AGTTGGTAACAATGCCATGT-3’ and reverse: 5-GAAG
AGCTATGAGCTGCCTGA-3') was used for normalization.
For mtDNA copy number assay, 100 ng total DNA was
isolated using the cardiac tissue or cells Genome DNA
Extractkit (D1700, Solarbio, China) according to the man-
ufacturer’sinstructions. Primers for mt-Cytb mouse gene
(forward: 5-GCTTTCCACTTCATCTTACCATTTA-3’
and reverse: 5-TGTTGGGTTGTTTGATCCTG-3) and
nuclear (B-actin copy number mouse gene (forward:
5-GGAAAAGAGCCTCAGGGCAT-3 and reverse:
5-GAAGAGCTATGAGCTGCCTGA-3) were used as
previously described. Real-time quantitative poly-
merase chain reactions were carried out on an Abi
QuantStudio™ 6 Flex machine (Applied Biosystem,
USA). Samples were assayed in technical duplicates
and averaged for final fold enrichment calculations.

Immunoblotting

Proteins were extracted from mouse AMVMs with ice-
cold modified radioimmunoprecipitation assaybuffer
(POO13C, Beyotime Biotechnology, China) containing
protease and phosphatase inhibitors. Lysates were cen-
trifugated at 14 000 rcf for 15 minutes at 4 °C and pro-
tein lysates were transferred to a new Eppendorf tube
for bovine serum albumen quantification. Protein was

Figure 2. p53-activation in HFpEF cardiomyocytes result in blocked mitochondrial biogenesis.

A, Representative images of p53, Pgci1-a, and Pgc1-3 expression in AMVMs assayed by immunoblotting. Histone H3 used as loading
control. (B through D) Densitometric quantifications of p53, PGC1-a, and PGC1-3 protein expression. Results are shown as mean+SEM
(n=6 per group). One-way ANOVA followed by Tukey’s multiple-comparisons test was used. *P<0.05, **P<0.01, ***P<0.001 compared
with chow group in the same genotype are shown. AMVM indicates adult mouse ventricular cardiomyocyte; HFpEF, heart failure with
preserved ejection fraction; mTR®2, second -generation telomerase RNA component knockout; PGC1-aq, proliferator-activated receptor
gamma, coactivator 1 alpha; PGC1-[3, proliferator-activated receptor gamma, coactivator 1 beta; and WT, wild type.

J Am Heart Assoc. 2022;11:e024582. DOI: 10.1161/JAHA.121.024582
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membranes were blocked for 2 hours with 5% DifcoTM

Skim Milk (BD10610, BD Biosciences, USA) and incu-
(4A8) (1:1000, sc-517380, Santa Cruz, USA), Pgcl-3

bated overnight at 4 °C with primary antibodies: Pgci-a

membranes. The

Germany)

Millipore,

separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis on 7.5% to 15% gradient gels (Bio-
Rad, USA) and transferred to polyvinylidene difluoride
J Am Heart Assoc. 2022;11:e024582. DOI: 10.1161/JAHA.121.024582
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Figure 3. Mitochondrial compensation in HFpEF cardiomyocytes.

A, mtDNA copy number was determined by real-time quantitative polymerase chain reaction and is shown as mean+SEM (n=6 per
group). B, Mitotracker intensity in AMVMs was determined by Mitotracker staining and is shown as mean+SD (n=6 per group; 15
AMVMs per mouse). C, Real-time mitochondrial respiration of isolated AMVMs (n=3 per group). D and E, Basal and maximal OCR of
AMVMs were quantified and are shown as mean+SEM (n=3 per group; 3 measurements per mouse). F, Representative micrographs
of heart tissue sections examined by transmission electron micrographs. Scale bar is 0.5 pm. (G through I) Mitochondrial area,
mitochondria number per area and mitochondria perimeter quantifications are shown as mean+SEM (n=3 per group). Kruskal-Wallis
test followed by Dunn’s multiple-comparisons test was used for panel B; 1-way ANOVA followed by lognormal processing and/or
Tukey’s multiple-comparisons test was used for remaining analyses. *P<0.05, **P<0.01, ***P<0.001 compared with chow group in the
same genotype. AMVM indicates adult mouse ventricular cardiomyocyte; HFpEF, heart failure with preserved ejection fraction; mTR®?,

second -generation telomerase RNA component knockout; OCR, oxygen consumption rate; and WT, wild type.

(E-9) (1:1000, sc-373771, Santa Cruz, USA), y-H2A.X
(1:500, 9718S, CST, USA), histone H3 (1:1000, CY6587,
Abways Technology, China), p53 (1:1000, 10442-1-AP,
Proteintech, USA), DRP1 (D6C7) (1:1000, 8570S, Cell
Signaling Technology, USA), and OPA1 (D6UGN) (1:1000,
80471S, Cell Signaling Technology, USA) followed by sec-
ondary antibody for 1 hour with a 1:10 000 dilution of IgG
Goat Anti-Mouse HRP (SA00001-1, Proteintech, USA)
or IgG Goat Anti-Rabbit HRP (SA0O0001-2, Proteintech,
USA). The results were visualized using an Amersham
Imager 600 (General Electric Company, USA).

Statistical Analysis

All data are shown as the mean+SEM or mean+SD
of multiple experiments as stated in figure legends.
Statistical analyses were calculated using 1-way
ANOVA with post hoc Tukey correction, Kruskal-Wallis
test with post hoc Dunn correction, 2-tailed Student’s
t test or Mann-Whitney test and are indicated in fig-
ure legends. Statistical significance was considered at
P<0.05. All statistical analyses were performed using
GraphPad Prism 8.0 software (GraphPad Software,
USA).

RESULTS

mTRS%2 Animals, With Marked Short
Telomeres, Exhibit Accelerated HFpEF
Pathogenesis

Following previously described protocol,>’ we sub-
jected WT animals to HFD+L-NAME dietary regimen
(HFpEF group) or regular chow controls. To study the
role of aging in HFpEF, we subjected second- and
third-generation (MTR®? and MTR®3) telomerase RNA
knockout mice (MTRX®) to HFpEF dietary regimen.
mTR® mice, which exhibit progressive telomere short-
ening per generation, are a model for studying aging.?
Although it has been demonstrated that mTR®* animals
exhibit dilated cardiomyopathy,?* we used mTR®? and
mMTRE animals, which have relatively shorter telomeres
compared with WT but are not predisposed with car-
diac dysfunction (Figure S1A through S1E). Compared

J Am Heart Assoc. 2022;11:e024582. DOI: 10.1161/JAHA.121.024582

with WT, mTR® AMVMs exhibit higher levels of y-
H2A.X, indicative of higher DNA damage response
baseline (Figure S1F). Cardiac function was monitored
using echocardiography every 2 weeks (Figure 1A). As
shown in Table 1, both WT male and female HFpEF
mice exhibited a decrease in global longitudinal strain,
an increase in E/E’, E/A, and as expected no change in
LV ejection fraction, which is in accordance with previ-
ous study.?" Interestingly, LV end-diastolic anterior walll
was increased in HFpEF animals at 6 weeks before the
onset of diastolic dysfunction at 8 weeks (Table 1 and
2). In mTR®? and mTR®2 animals, HFpEF dietary regimen
also induced LV end-diastolic anterior wall thickening
before diastolic dysfunction in male and female mTR*®
HFpEF mice; moreover, the onset of diastolic dysfunc-
tion in MTR® and mTR® HFpEF animals appeared at
6 and 4 weeks rather than at 8 weeks compared with
WT-HFpEF animals, respectively (Table 1 and 2). At
8 weeks, all HFpEF animals exhibited myocardial hy-
pertrophy, increase in heart weight, and increase in car-
diac fibrosis compared with chow animals (Figure 1B
through 1E). In accordance with clinical observations,
HFpEF animals exhibited elevated diastolic and sys-
tolic blood pressure (Figure 1F and 1G) and expressed
higher levels of cardiac failure and cardiac hypertrophy
genes compared with chow animals (Figure 1H and
11, Figure S1G). Together, these observations suggest
that short telomeres can accelerate the onset of HFpEF
upon HFD+L-NAME diet.

Next, single AMVMs from 8- and 16-week HFpEF and
chow animals were isolated using Langendorff perfusion
and assayed using an lonoptix HTS system paced at 1 Hz
(Figure S2). There was no consistent trend in contractile dys-
function between HFpEF and chow AMVMs isolated from
WT or mTR®? animals at 8 weeks (Figure S2A through S2G).
Given that the observed diastolic dysfunction stabilizes at 16
weeks, contractile functions in isolated AMVMSs were also ex-
amined (Figure S2H through S2N). We observed a significant
decrease in maximal diastolic velocity (Figure S2K), increase
in maximal systolic velocity (Figure S2L), increase in time to
maximal diastolic velocity (Figure S2M), and increase in time
to maximal systolic velocity (Figure S2N) in HFpEF AMVMSs
compared with AMVMs from chow animals. Similar findings
were also observed in MTREHFpEF AMVMSs (Figure S3).
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Together, these data support a model where short telomeres

drive the age of onset of HFpEF. As disease progresses, the Activation of p53-Pgct G/B Axis Reduces

contractile defects stabilize in both male and female WT
HFpEF animals at 16 weeks. In mTR%-and mTR%-HFpEF
animals, systolic and diastolic dysfunction appeared much
earlier in female mice, but with time, cardiac dysfunction sta-
bilizes for both sexes.

Mitochondrial Capacity in HFpEF
Cardiomyocytes

To capture the transcriptomic changes underlying
HFpEF, we performed RNA-seq on isolated AMVMs

J Am Heart Assoc. 2022;11:e024582. DOI: 10.1161/JAHA.121.024582 12
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Figure 4. Does-dependent p53 activation determines transition from mitochondrial compensation to mitochondrial
dysfunction.

A, Contractile speed of NMVMs determined by live cell imaging are shown as mean+SEM (n=20 cells per group). B, Representative
micrographs of p53, PGC1-a, and PGC1-B using immunoblotting are shown. Histone H3 used as loading control. (C through E)
Densitometric quantifications are shown as mean+SEM (n=3 per group). F, Mitochondrial amount assayed by Mitotracker staining
is shown as mean+SD (triplicates, n=30 NMVMs). G, Real-time mitochondrial respiration of NMVMs (n=3 per group). H and I,
Basal and maximal OCR of NMVMs were quantified and are shown as mean+SEM (n=3 per group; 3 measurements per group). J,
Representative micrographs of NMVMs examined by transmission electron micrographs. Scale bars are 2 ym and 0.4 pm at 5000 and
25000x magnification, respectively. Kruskal-Wallis test followed by Dunn’s multiple-comparisons test was used for panel F; 1-way
ANOVA followed by Tukey’s multiple-comparisons test was used for remaining analyses. *P<0.05, **P<0.01, ***P<0.001 compared with
vehicle group. HFpEF, heart failure with preserved ejection fraction; NMVM, neonatal mouse ventricular cardiomyocyte; OCR, oxygen
consumptio rate; p53°K°, cardiomyocyte-specific p53 knockout; PGC1-q, proliferator-activated receptor gamma, coactivator 1 alpha;

and PGC1-[3, proliferator-activated receptor gamma, coactivator 1 beta.

from 8-week animals and performed the following
comparisons: male WT-chow versus male WT-HFpEF,
male MTR® -chow versus male mTREHFpEF, fe-
male WT-chow versus female WT-HFpEF, and female
MTRCE2-chow versus mTR®-HFpEF female. Gene on-
tology analyses of differentially expressed genes show
a significant enrichment of genes in mitochondria func-
tion and muscle related pathways in all HFpEF-chow
comparisons (Figure S4). We and others have shown
that myocardial p53 activation can repress Pgcla/[3
and result in mitochondrial dysfunction.'®'” In accord-
ance, we observed a large number of p53 downstream
target genes being differentially expressed between
chow versus HFpEF in both WT and mTR®? AMVMs
(Figure S5A). To test if p53 is activated and represses
Pgcla/B in HFpEF, we isolated AMVMs and performed
immunoblotting for p53, Pgcia, and Pgci3 (Figure 2A).
As expected, we observed a significant increase in
p53 protein in HFpEF AMVMs compared with chow
AMVMs; furthermore, p53 basal levels were higher in
mMTRC? animals compared with WT animals (Figure 2B).
p53 activation resulted in a decrease in Pgcla and
Pgc1f3 proteins (Figure 2C and 2D, Figure S4B through
S4D) and with the basal p53 activation in mTRC?
AMVMSs, Pgcla, and PgclP proteins were further
downregulated in HFpEF AMVMs (Figure 2B through
2D).

Next, we evaluated if loss of Pgcia and Pgcif
would result in blocked mitochondrial biogenesis. To
determine mitochondrial content, we used real-time
quantitative polymerase chain reaction to measure
mtDNA copy number.?® In both sexes, 8-week HFpEF
AMVMs from WT and mTR®? animals showed a sig-
nificant decrease in mitochondrial DNA copy number
compared with chow AMVMs (Figure 3A). Interestingly,
using Mitotracker staining to quantify mitochondrial
amount, we observed a significant decrease in mito-
chondrial amount in HFpEF AMVMSs regardless of sex
or genetic background compared with chow AMVMs
(Figure 3B) but magnitude of decrease is lesser com-
pared with that of mtDNA copy number. Functionally,
OCR of Langendorff isolated AMVMs were measured
using a Seahorse XFe96 biocanalyzer. Compared with

J Am Heart Assoc. 2022;11:e024582. DOI: 10.1161/JAHA.121.024582

chow AMVMs, WT and mTR®?-HFpEF AMVMs showed
reduced maximal OCR capacity but no difference of
basal OCR at 8-weeks (Figure 3C through 3E) and 16-
weeks (Figure S6A through S6C). Notably, there was
a significant increase in mtDNA transcription in HFpEF
AMVMs compared with WT AMVMs suggestive of
compensatory cardioprotection (Figure S7A through
S7D). To evaluate mitochondrial homeostasis, we ex-
amined level of mitochondrial fission (Drp1) and mi-
tochondrial fusion (Opat) by immunoblotting. Among
the 4 groups examined, a significant increase in Opat
protein was observed in WT male and female HFpEF
AMVMs compared with WT chow controls; this up-
regulation of Opal was lost in mTR®? HFpEF AMVMs
(Figure S7E, S7D). Ultrastructurally, mitochondria
from 8-week HFpEF hearts exhibited loss of cristae
(Figure 3F), decrease in mitochondrial area (Figure 3G),
and decrease in mitochondrial density (Figure 3H)
compared with WT-chow and mTR®-chow controls,
but no difference in mitochondrial perimeter (Figure 3l).
Together, these data demonstrate that myocardial p53
activation results in the loss of mitochondrial maxi-
mal respiratory capacity through downregulation of
Pgcla/B during HFpEF pathogenesis.

p53 Activation Results in Contractile

and Mitochondrial Dysfunction in
Cardiomyocytes

To further verify if p53 activation is the cause of con-
tractile and mitochondrial dysfunction seen in HFpEF
cardiomyocytes, we treated NMVMs with p53 activa-
tor nutlin-3, a murine double minute 2 antagonist, at
2.5 and 10 pymol/L concentration. Upon p53 activa-
tion, we observed a significant decline in contractile
speed in NMVMs in a nutlin-3 dose-dependent fashion
(Figure 4A). At the protein level, p53 activation blocked
Pgciaand Pgcif3 protein expression (Figure 4B through
4E) and loss of mitochondrial amount (Figure 4F) in a
dosage-dependent manner similar to isolated HFpEF
AMVMs. At 2.5 pmol/L nutlin-3 stimulation, mild in-
crease in p53 activation did not affect basal OCR but
resulted in a decrease in maximal OCR (Figure 4G
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through 4l) mimicking what we observed in HFpEF
AMVMs; however, when stimulated with 10 pmol/L nut-
lin-3, NMVMs exhibited a significant decrease in both

p53 Activation in HFpEF Murine Model
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basal OCR as well as maximal OCR (Figure 4G through
4l), which is in accord with our previous observation in
AMVMs isolated from dilated cardiomyopathy mice.!”
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Figure 5. p53°X0 animals fail to develop HEpEF upon HFD+L-NAME challenge.

A and B, Representative immunoblots of p53, Pgc1-a, and Pgcl-3 expression in isolated AMVMs are shown. Histone H3 used as
loading control. C and D, Densitometric quantifications of Pgc1-a and Pgc1-[3 expression. Results are shown as mean+SEM (n=6
per male p53°%° group; n=5 per female p53°K° group). E, mtDNA copy number in AMVMs was determined by real-time quantitative
polymerase chain reaction and is shown as mean+SEM (n=6 per male p53°%° group; n=5 per female p53°X° group). F, Mitochondrial
amount was assayed using Mitotracker staining and is shown as mean+SD (n=6 per male p53°K° group; n=5 per female p53°° group;
15 AMVMs per mouse). G, Real-time mitochondrial respiration of AMVMs (n=3 per group). H and I, Basal and maximal OCR of AMVMs
were quantified and are shown as mean+SEM (n=3 per group; 3 measurements per mouse). Mann-Whitney test was used for panel F;
2-tailed unpaired Student’s t test was used for remaining analyses. *P<0.05, **P<0.01, ***P<0.001 compared with chow group. AMVM
indicates adult mouse ventricular cardiomyocyte; HFD, high-fat diet; HFpEF, heart failure with preserved ejection fraction; L-NAME, Nw-
Nitro-L-arginine methyl ester hydrochloride; OCR, oxygen consumption rate; p53°K°, cardiomyocyte-specific p53 knockout; PGC1-a,
proliferator-activated receptor gamma, coactivator 1 alpha; and PGC1-[3, proliferator-activated receptor gamma, coactivator 1 beta.

Further, loss of mitochondrial cristae was observed in a
nutlin-3 dose-dependent manner (Figure 4J). Together,
these data demonstrate that p53 activation drives con-
tractile dysfunction in cardiomyocytes through inhibi-
tion of mitochondrial biogenesis and function.

Loss of Myocardial p53 Delays the Onset
of HFpEF Upon HFD+L-NAME Challenge
To test if p53-Pgcia/B inhibition is key to the patho-
genesis of HFpEF in vivo, we knocked out p53 in
AMVMs by crossing p53”f with MYH6°™® to generate
P53°KO (Figure 5A). Unexpectedly, in the absence of
myocardial p53, induction of diastolic dysfunction in
P53°KC animals was delayed to 16 weeks compared
with 8 weeks (Table 3). At single cardiomyocyte level,
P53CKO-HFpEF AMVMs exhibited enhanced contrac-
tile function compared with p53°%°-chow AMVMs at
8 weeks (Figure S8) suggestive of cardioprotective com-
pensation is at play. Notably, p53°<C-HFpEF AMVMs
showed no significant difference in Pgcla/B protein
expression (Figure 5B through 5D) and no change in
mitochondrial DNA copy number (Figure 5E) and mi-
tochondrial amount (Figure 5F) at 8 weeks compared
with p53°KC-chow AMVMs. Moreover, we observed
no difference in mitochondrial respiration function be-
tween HFpEF and p53°°-chow AMVMSs (Figure 5G
through 5I). Together, these data demonstrate that p53
activation accelerates HFpEF development but is not
required, and the p53-Pgci1a/3 signaling axis is crucial
in maintaining mitochondrial respiratory compacity.

DISCUSSION

In this study, we asked if sex and aging play a role in
the pathogenesis of HFpEF using the new model de-
veloped by the Hill laboratory.?' Here we report no dif-
ference in diastolic dysfunction onset between male
and female mice similar to previous report.?® mTRE?
and mTR® animals, with progressive shorter telom-
eres, exhibit accelerated HFpEF development com-
pared with WT HFpEF animals. Molecularly, we found
that pb53 activation in cardiomyocytes is critical to

J Am Heart Assoc. 2022;11:e024582. DOI: 10.1161/JAHA.121.024582

HFpEF progression and at lower dosage, p53 is ca-
pable of suppressing mitochondrial biogenesis but not
sufficient to drive mitochondrial dysfunction. Using a
cardiomyocyte-specific p53 knockout mouse model
(p53°9), we demonstrate that p53 accelerates HFpEF
pathogenesis upon HFD+L-NAME challenge. The ob-
servation where at 16-weeks, p53°K° can still develop
diastolic dysfunction under HFD+L-NAME challenge is
intriguing and suggest myocardial p53 activation may
not be the only pathway responsible for diastolic dys-
function. Further experiments are warranted.

Here we recapitulate all the HFpEF phenotypes at
8-weeks (cardiac hypertrophy, upregulation of BNP,
and diastolic dysfunction) compared with 5 weeks
as previously reported.?’ This difference is likely due
to the mouse strains used: C57/B6N by the Hill lab-
oratory versus C57/B6J in this study. It is well known
that C57/B6J exhibits a mutation in mitochondrial Nint
gene and produces less mitochondrial reactive oxy-
gen species upon stimulation.?” The delayed onset of
HFpEF phenotype in C57/B6J suggests the possibil-
ity that mitochondrial reactive oxygen species partic-
ipates in but is not essential for the pathogenesis of
HFpEF. Compared with hypertensive heart failure rats
(onset at 20 months of age),?® diabetic mouse model,?®
transverse aortic constriction surgery model,*° and
subtotal nephrectomy model,®' our work here confirms
the robustness of the HFD+L-NAME HFpEF model on
C57/B6J background and is currently the most cost-
effective and complication-free HFpEF model available.

Cardiac hypertrophy is used to diagnose patients
with HFpEF.4% A recent report showed that LV myo-
cardial stiffness in patients with LV hypertrophy rep-
resents a transitional state from a normal healthy heart
to HFpEF,%? suggesting hypertrophy precedes HFpEF.
We too also observed LV diastolic anterior wall thick-
ening in the HFpEF treatment group before the onset
of diastolic dysfunction. With this knowledge, we spec-
ulate that compensatory metabolic changes promote
regional hypertrophic response, which is necessary for
the onset of diastolic dysfunction the development of
heart failure.3334 Impaired adaptation of energy metab-
olism during the hypertrophic response exacerbates
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pathological hypertrophy and increases cardiomyo-
cyte death. Further perturbations in mitochondrial me-
tabolism may directly worsen contractile function and
progress into heart failure.35:3%

Telomere shortening has been identified as a bio-
marker of lifetime stress, as early as in childhood,®” and
this stress-related telomere shortening could be re-
sponsible for accelerated biological aging.®® Previously
we have shown that telomere shortening coincides
with genetic cardiomyopathies3® and “humanizing”
the telomere lengths unmasks the dilated cardiomyop-
athy phenotype.'” Telomere attrition occurs passively
in dividing systems because of DNA end-replication
problems during cell division*®#'; however, in healthy
human cardiomyocytes telomeres do not shorten with
aging.®® Here we show that compared with WT mice,
mMTR®2 and MTR®® animals developed HFpEF pheno-
type 2 and 4 weeks earlier, respectively. Despite differ-
ent kinetics in reaching the HFpEF state, WT, mTR®,
and mTR® HFpEF animals all stabilized and did not
progress into heart failure. It has long been known that
the major risk factor for the vast majority of chronic dis-
eases is age itself.*? Here our findings support the no-
tion that critically aged systems (mTR®? and mTR®S) are
more prone to activate p53 and develop HFpEF.

Molecularly, we demonstrate that it is indeed the
slight increase in p53 activation that dampens mito-
chondrial biogenesis (Pgcia and Pgcif) but not to the
extent of mitochondrial dysfunction is key to the for-
mation of HFpEF. In the heart, critically short telomeres
alone can drive the development of dilated cardiomy-
opathy in mice in a p53-dependent manner through
Pgcia and PgciB repression.'®42 Mitochondria is re-
sponsible for producing the majority of adenosine tri-
phosphate consumed by the heart (=95%) and it has
been documented that patients with HFpEF exhibit
metabolic dysfunction and are exercise intolerant.44%
We show that mild p53 activation coincided with mito-
chondrial compensation in HFpEF murine cardiomyo-
cytes—a decrease in mitochondrial DNA copy number
and mitochondrial amount, loss of mitochondrial ultra-
structure, but a normal basal mitochondrial respiration
coupled with an increase in mtDNA transcription. This
observed mitochondrial compensation is nicely sup-
ported by the observed upregulation of mitochondrial
adenosine triphosphate synthesis pathways in patients
with HFpEF.#® Thus the question becomes when do pa-
tients with HFpEF worsen and end up with mitochon-
drial dysfunction? Clinically, peak oxygen consumption
reserve is an independent predictor of exercise intoler-
ance in patients with HFpEF'® and likely a good readout
of mitochondrial status. Given that adult cardiomy-
ocytes do not maintain sarcomeric structure under
prolong culture, we activated p53 in neonatal murine
cardiomyocytes using nutlin-3 to address our ques-
tion. Strikingly, only a decrease in maximal OCR was
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observed with mild p53 activation (2.5 pmol/L nutlin-3)
similar to HFpEF cardiomyocytes. When we induced
higher p53 activation (10 pmol/L Nutlin-3), a decrease
in both basal and maximal oOCR similar to dilated car-
diomyopathy cardiomyocytes'” was observed. Lastly,
using a myocardial-p53 knockout animal, p53°°, we
show that HFD+L-NAME induced HFpEF was delayed.

CONCLUSIONS

In summary, we show that HFpEF pathogenesis is multi-
factorial yet short telomeres can accelerate this process
via p53 activation. Here we provide in vivo and in vitro
functional characterization of HFpEF myocardium and
reveal that mitochondria can enter a compensatory state
before mitochondrial dysfunction and this phenomenon
is p53 dose dependent. Together, our data suggest that
interventions that limit p53 activation or restore mito-
chondrial biogenesis may delay the onset of HFpEF.
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SUPPLEMENTAL MATERIAL
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Figure S1. Functional and molecular characterization of WT and mTRG2 animals challenged with
HFD + L-NAME diet.

A and B, Representative left ventricular M-mode echocardiographic and pulsed-wave Doppler (left) and tissue
Doppler (right) tracings. C, Representative micrographs of quantitative fluorescence in situ hybridization
(Q-FISH) staining of left murine ventricles. Scale bar is Sum. D and E, Cardiomyocyte telomere length
distribution and average telomere lengths are shown (n = 3 mice per group; male WT-chow n = 691; male
mTR%-chow n = 849; male mTR%-chow n = 859; female WT-chow n = 782; female mTR%?-chow n = 915;
female mTR%-chow n = 920). F, Representative immunoblots of y-H2A.X are shown. Histone 3 used as
loading control. Densitometric quantifications are shown as mean £ SEM (n = 3 per group). (G through I),
mRNA expression levels of Myhll, Myh7b and KIf4 in isolated AMVMSs (n = 4 per group). Data are shown as
mean = SEM. Kruskal-Wallis test followed by Dunn's multiple-comparisons test was used for panel E;
One-way ANOVA followed by lognormal processing and/or Tukey's multiple-comparisons test was used for
remaining analyses. *P < 0.05, **P < 0.01, ***P < (0.001 compared to chow group in the same genotype are

shown.
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Figure S2. Evaluation of contractile function in WT- and mTR2-HFpEF cardiomyocytes.

A and H, Representative tracings of cardiomyocyte contraction—relaxation in different experimental groups at
8-weeks and 16-weeks. B and I, Baseline sarcomere length at 8-weeks and 16-weeks. C and J, Percentage of
cardiomyocyte shortening at 8-weeks and 16-weeks. D and K, Maximum diastolic velocity at 8-weeks and
16-weeks. E and L, Maximum systolic velocity at 8-weeks and 16-weeks. F and M, Time to maximum
diastolic velocity at 8-weeks and 16-weeks. G and N, Time to maximum systolic velocity at 8-weeks and
16-weeks. n = 6 mice per group; n = 30 cardiomyocytes per mouse were used. Data are shown as mean + SD.
Kruskal-Wallis test followed by Dunn's multiple-comparisons test was used. *P < 0.05, **P < 0.01, ***P <

0.001 compared to chow group in the same genotype are shown.
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Figure S3. Evaluation of contractile function in mTRS*-HFpEF cardiomyocytes.

A, lonoptix schematic diagram. B, Representative tracings of cardiomyocyte contraction—relaxation of each
experimental group at 8-weeks. (C through H), Baseline sarcomere length, percentage of cardiomyocyte
shortening, maximum systolic velocity, time to maximum systolic velocity, maximum diastolic velocity, and
time to maximum diastolic velocity at 8-weeks are shown (n = 4 mice per group; n = 30 cardiomyocytes per
mouse were used). Data are shown as mean £ SD. Mann-Whitney test was used. *P < 0.05, **P < 0.01, ***pP

<0.001 compared to chow group in the same genotype are shown.
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Figure S4. Gene ontology analysis of differentially expressed genes.
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Figure S5. Transcriptomic profiling of p53-mitochondrial related genes in HFpEF cardiomyocytes.

A, Heatmap of p53 downstream target genes are shown. (n = 3 per group). (B through D) mRNA levels of
Pgcl-a, Pgcl-f and Tfam measured by RT-qPCR are shown as mean =+ SEM (n = 6 per group). One-way
ANOVA followed by lognormal processing and/or Tukey's multiple-comparisons test was used. *P < 0.05,

*¥*P<0.01, ***P <0.001 compared to chow group in the same genotype are shown.
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Figure S6. Evaluation of mitochondrial respiration of 16-weeks mTR%2-HFpEF cardiomyocytes.

A, Real-time mitochondrial respiration of isolated AMVMs (n = 3 per group). B and C, Quantification of
basal and maximal OCR of AMVMs. Results are shown as mean = SEM (n = 3 per group). One-way ANOVA
followed by lognormal processing and/or Tukey's multiple-comparisons test was used. *P < 0.05, **P < 0.01,

*¥*%P <(0.001 compared to chow group in the same genotype.
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Figure S7. Upregulation of mitochondrial DNA-encoding genes in 8-weeks mTRG-HFpEF
cardiomyocytes.

A, Heatmap of mitochondrial DNA-encoding genes (n = 3 per group). (B through D), mRNA levels of
mt-Atp6, mt-Cyte and mt-Nd4 measured by RT-qPCR are shown as mean = SEM (n = 6 per group). E,
Representative images of OPA1 and DRP1 expression in AMVMs assayed by immunoblotting. Histone H3
used as loading control. F, Densitometric quantifications of OPA1 and DRP1 protein expression. Results are
shown as mean £ SEM (n = 3 per group). One-way ANOVA followed by Tukey's multiple-comparisons test

was used. *P <0.05, **P <0.01, ***P < 0.001 compared to chow group in the same genotype are shown.
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Figure S8. Evaluation of contractile function in pS3“XO-HFpEF cardiomyocytes.

A, Representative tracings of cardiomyocyte contraction—relaxation in different experimental groups. Results
are shown as mean + SEM. (B through G), Baseline sarcomere length, percentage of cardiomyocyte
shortening, maximum systolic velocity, time to maximum systolic velocity, maximum diastolic velocity, and
time to maximum diastolic velocity at 8-weeks are shown (n = 6 mice per male p53“K° group, n = 5 per
female p53°K© group; n = 30 cardiomyocytes per mouse were used). Mann-Whitney test was used. *P < 0.05,

*¥*P<0.01, ***P <0.001 compared to chow group are shown.
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