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Abstract

Background OPA1 is an inner mitochondrial membrane protein that mediates diverse signaling processes. OPAT is
important for cardiac function and protects against cardiac insults such as ischemia/reperfusion injury. We sought to
further assess OPA1 in cardiac pathologies, hypothesizing that OPA1 will function in a protective manner in chronic
heart failure.

Methods Integrated analyses of publicly available histological and transcriptomic data were used to identify
functional associations between OPA1 and other genes of interest. To experimentally assess these associations,
mice with a 1.5-fold whole body OPAT overexpression (OPA1-OE) were subjected to a modified transverse aortic
constriction surgery and underwent 2-dimensional and 4-dimensional echocardiography along with molecular
analyses including high-resolution respirometry, enzymatic activities, flow cytometry and transcript level analyses.

Results Bioinformatic analyses of histological and transcript data from the GTEx database indicated that OPA1
expression levels vary in the human heart, where elevated OPAT transcript levels were associated with fatty acid,
branch chain amino acid and cardiac contractile gene signatures. These functional associations were further
supported by in vivo findings showing that OPA1-OE mice displayed improved 2D ejection fraction, end systolic
volume, end diastolic volume and 4D cardiac functional parameters including global peak circumferential and surface
area strain compared to WT mice. As well, OPAT-OE mice displayed sustained transcript levels of fatty acid, branch
chain amino acid and contractile markers and no induction of fibrotic transcript markers.

Conclusion These results further demonstrate the important role of OPA1 in supporting optimal cardiac function
and highlight potentially protective contractile and metabolic signaling pathways.

Keywords Mitochondria, Optic atrophy protein-1, Mitochondrial fusion, Heart failure, 4-dimensional
echocardiography
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Background

Heart failure affects over 50 million people worldwide
with increasing rates attributable to complex etiologies
and risk factors [1, 2]. Many pharmacological approaches
exist for disease management which include the use
of ACE inhibitors, beta blockers, diuretics and SGLT2
inhibitors [3]. These therapies, combined with non-
pharmacological approaches such as diet and exercise,
require complex individualized management that is fur-
ther complicated by comorbidities. Given this landscape,
characterizing the underlying mechanisms that contrib-
ute to reduced cardiac function at each disease stage is
critical to enable the design of new and complementary
therapeutic approaches. Emerging evidence points to
the potential role of mitochondrial-targeted therapeu-
tics to treat heart failure [4, 5]. Changes in mitochondrial
metabolism are evident throughout the progression of
heart failure and largely include dysfunctional substrate
metabolism including impaired mitochondrial energet-
ics, reactive oxygen species overload, and an imbalance in
mitochondrial dynamics [6].

Mitochondria make up 30% of cardiomyocyte volume
and undergo cycles of fusion and fission in response
to altered energy status or cellular stressors [7]. This
dynamic process involves inner mitochondrial mem-
brane (IMM) and outer mitochondrial membrane
(OMM) proteins, as well as proteins that tether to adap-
tor proteins on the OMM [8]. Fission is largely driven
by this latter class of proteins, in which dynamin-related
protein 1 (DRP1) is recruited to the OMM and constricts
mitochondria, leading to mitochondrial fission. Fusion is
driven by three GTPases, mitofusin 1 and 2 on the OMM,
and optic atrophy protein-1 (OPA1) on the IMM. In addi-
tion to mediating mitochondrial fusion, OPA1 is linked
to oxidative phosphorylation efficiency, cristae morphol-
ogy, apoptotic signaling and calcium signaling [9, 10].

OPA1 undergoes alternative splicing, generating eight
isoforms in humans. After import into mitochondria,
OPA1l long forms (L-OPA1l), which are membrane-
anchored, can be further cleaved into short forms
(S-OPA1) by two mitochondrial inner membrane pro-
teases, YME1L and OMA1 [11]. L-OPA1 isoforms are
required for mitochondrial fusion, while S-OPA1 iso-
forms can maintain cristae structure, energetics and
mitochondria DNA independent of L-OPA1l [12, 13].
Both L-OPA1 and S-OPA1 are required for mitochon-
drial network morphology, involving a tight balance of
fusion and fission. OPA1l-dependent functions such as
the maintenance of cristae architecture are also essential
for mediating mitochondrial membrane potential, mini-
mizing cytochrome c release, and mitigating sensitivity
to mitochondrial permeability transition pore opening
[14-16].
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In both human and pre-clinical models of heart fail-
ure, OPA1 protein abundance in the heart is lower rela-
tive to healthy controls [17, 18]. OPA1l heterozygous
mice exhibit impairments in contraction, cardiac out-
put and contractile response when aged or subjected to
pressure-overload [19, 20]. Underlying these functional
changes are differential calcium handling within cardio-
myocytes, abnormal mitochondrial ultrastructure, and
altered electron transport chain activity. Conversely,
increased OPA1 protein levels have been shown to be
protective during acute myocardial injury by maintaining
cristae structure and minimizing apoptotic signaling [15].
In addition, OPA1 processing by the proteases YMEIL
and OMAL1 impacts cardiac function [21-23]. Mito-
chondrial substrate utilization is closely linked to mito-
chondrial dynamics, with evidence highlighting the role
of fatty acids in increasing YME1LL expression, limiting
L-OPAL1 cleavage and inhibiting mitochondrial fragmen-
tation [24]. Cysteine residues of OPA1 are also sensitive
to redox modifications in the myocardium which can
contribute to mitochondrial dysfunction [25]. Despite
knowing that decreased OPA1 worsens cardiac function,
it is unclear how a subtle increase in expression, one that
could be therapeutically achievable, would influence car-
diac function in a chronic heart failure state.

Given the evidence implicating OPAl-mediated
mechanisms in various heart failure models, we sought
to further assess the links between OPA1l and cardiac
pathologies. Using human and mouse in vivo data, we
confirm and extend the roles of OPA1 in supporting
cardiac function with links to metabolic and contractile
pathways.

Methods

GTEx bioinformatic analyses

All bioinformatic analyses were carried out using Python
(Version 3.8.18) with figures and plots generated via the
matplotlib [26] and seaborn [27] libraries. All statisti-
cal tests were performed through their respective Scipy
method [28]. All data and code for these analyses are
available in our Github repository: https://github.com/lk
enn012/OPA1_heart. GTEx.

GTEx gene expression analysis

Human left ventricle (LV) Genotype-Tissue Expres-
sion (GTEx) RNA-seq data were collected (TPM, v8)
via the GTEx Portal API to identify samples within top
and bottom quintiles of OPA1 expression. Samples with-
out expression data for OPA1 were first removed, and
then TPM values were normalized by trimmed mean
of M-values (TMM) [29] using the conorm library (htt
ps://pypi.org/project/conorm/). Samples were selected
irrespective of age with an equal number of males and
females selected. Initially, all RNA-seq samples were
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considered (n = 433), though after selecting top and bot-
tom quintiles by OPA1 expression it was observed that
top quintile data consisted exclusively of individuals clas-
sified as “Ventilator cases” within the Hardy scale cause
of death categorizations [30]. Although “Ventilator cases”
represents roughly half of all GTEx individuals, to avoid
possible confounding factors in the analysis quintiles
were again selected from just this subset of samples (n =
246). From this subgroup of GTEx samples, top and bot-
tom quintiles were selected by OPA1 expression (n = 48

per group).

Histology images pathology

LV histology images for individuals in bottom and top
OPAL1 quintiles were obtained from the National Cancer
Institute’s Biospecimen Research Database [31]. Histol-
ogy data were downloaded directly from the GTEx his-
tology viewer (https://gtexportal.org/home/histologyPag
e) for comparison of pathologies noted in OPA1 quintile
s. Occurrences of pathology categories of interest in each
group were compared by chi-squared tests.

Differential gene expression analysis

Differentially expressed genes between OPA1l quintile
groups were determined as those genes with TMM-nor-
malized expression values with absolute median log, fold
change values greater than 1.5 and false discovery rates
< 0.01 as computed by Wilcoxon’s rank sum test after
adjusting for multiple testing by Benjamini-Hochberg
correction (Statsmodels [32]). Genes with unusually large
log, fold changes (>8 or <-8) were also excluded as these
come from comparisons to samples with no expression of
the gene.

Supervised machine learning feature selection

Relevant genes associated with OPA1l expression were
determined by PLS-DA [33] for classifying top and bot-
tom quintile GTEx expressors, or as predictors of OPA1
expression across top and bottom quintiles by the multi-
round Relief-based approach, TuRF [34, 35]. The PLS-DA
algorithm was implemented using the scikit-learn [36]
“PLSRegression” function, with default parameters using
z-score normalized gene expression values as features
and quintile groups as targets. The multi-round TuRF
regression algorithm [35] was implemented via skrebate
[37] with default parameters (using all samples as neigh-
bours for computing weights) and the ReliefF algorithm
[38] as a base (single-round) estimator to predict OPA1
expression across top and bottom expressors.

Relevant features were selected according to peak
model performance over VIP score thresholds [39] for
PLS-DA (2.00) and according to a selected relevance
threshold >0 (0.100) for Relief features [40].
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Gene-set enrichment analysis

Enriched functional terms in important genes for OPA1
expression, defined as the overlapping gene set identified
by differential expression and feature selection methods,
were identified by ShinyGO [41] (version 0.80). All genes
expressed in GTEx LV samples were used as background
and an FDR cutoff of 0.01, and minimum pathway size of
10 were applied to gene ontology [42] term enrichment
analysis to identify the top 20 enriched terms and corre-
sponding values for each.

Interaction networks

The STRING database [43, 44] was used to construct
knowledge and literature based interaction networks
between the overlapping gene sets in our GTEx analysis.
Networks were constructed based on a high confidence
threshold defined by STRING using all interactions
sources, with edge thickness proportional to the level of
interaction evidence from the various sources.

Animal studies
All experiments involving mice were conducted in
accordance with the principles of the Canadian Coun-
cil of Animal Care and were approved by the Animal
Care Committee of the University of Ottawa (UOHI-
AUP-2909 and AUP-4381). OPA1-OE mice were a kind
gift from Dr. Luca Scorrano [15, 45]. Male animals were
housed in 12 h/12hr light cycle at 23 °C, with ad libitum
access to standard chow (Harlan Teklad 2019) and water.
Mice were euthanized by CO, inhalation.

OPA1-OE mice were genotyped using the following
primers:

Transgenic allele (expected size 1200 bp):

M_OPAITG_FWD: 5-GCA ATG ACG TGG TCC
TGT TTTG-3'

M_OPAITG_REV: 5-GAT AGG TCA GGT AAG
CAA GCA AC-3’

Wildtype allele (expected size 400 bp):

M_WT_FWD: 5-CTC CGG AAA GCA GTG AGG
TAA G-3'

M_WT_REV: 5-GAG GGA GAA AAA TGC GGA
GTG-3'

Transverse aortic constriction model

Pressure-overload was induced using a modified trans-
verse aortic constriction model. Mice were prepared
with three analgesics — buprenorphine (0.05 mg/kg
S.C. 60 min prior to surgery; Meloxicam, 1 mg/kg, S.C.
60 min prior to surgery and daily for 3 consecutive days;
Buprenorphine Slow Release (lasting 72 h), 1.2 mg/kg,
S.C. prior to start of surgery). Isoflurane (2-4%) was
used as the anesthetic throughout the surgical operation.
Mice were intubated using a 20-gauge intravenous cath-
eter attached to a ventilator set to 130—150 breaths/min
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with a tidal volume of 0.2mL. Once a sterile incision site
was prepared, a transverse incision was made and both
layers of the thoracic muscles were separated. The chest
cavity was opened at the level of the second intercostal
space and a chest retractor was used to spread the open-
ing. The descending aorta was bluntly dissected out visu-
ally and a 6 -0 silk was passed around the aorta using a
Surgipro needle. The silk was tightened around a blunted
26 g needle placed parallel to the aorta and secured
with two knots. The chest retractor was removed, and
the chest cavity was closed with a 6 -0 suture tie. Mice
remained on the ventilator until spontaneous breathing
and received a 0.5 mL saline (37 °C) injection S.C. Mice
were monitored in an incubator (30 °C) with supplemen-
tal oxygen (1-2 L/min) and then returned after recovery
to the standard housing rooms.

2D and 4D echocardiography
Cardiac function was measured using a Vevo3100 Sys-
tem with an MX400 transducer (FUJIFILM VisualSonics,
Toronto). Mice were anesthetized using 1.5 -3% isoflu-
rane and 1.5 L/min oxygen. Heart rate, respiratory rate
and body temperature were monitored throughout all 2D
and 4D imaging. 2D images in PLAX B mode and SAX B
and M mode were taken at baseline, 5 weeks, 8 weeks and
12 weeks post-TAC surgery. Vevo LAB (5.8.2) was used
for all 2D analyses.

4D mode was used to acquire SAX 4D images using a
step size of 0.127 mm and frame rate of 400 Hz. 4D strain
parameters were analyzed as previous described [46—48]
using a custom MATLAB (MathWorks, USA) graphical
user interface.

Electrocardiogram analysis

Surface ECG signals were acquired during 2D echocar-
diography imaging from four limb electrodes. Physi-
ological data including time (ms) and ECG (mV) were
exported from Vevo LAB (5.8.2) and analyzed using Lab-
Chart 8.0 (AD Instruments). The ECG analysis module
was used to identify ECG parameters from 4 averaged
beats over 3-5 cycles. Manual correction from incor-
rectly annotated waveforms was done using the IMPC
waveform annotation [49].

Histological analyses

Heart tissue was fixed in 10% formalin and processed
for paraffin-embedding. 4 um sections were stained with
Masson’s trichrome to assess collagen. Image] Software
and the Color Deconvolution tool was used to quan-
tify interstitial and perivascular fibrosis. For analyses of
cardiomyocyte cross sectional area, 4 um sections were
stained with wheat germ agglutinin (ThermoFisher,
W11261) and analyzed using Cellpose [50] and Image].
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High resolution respirometry in permeabilized cardiac
fibers

Cardiac myofiber mitochondrial oxygen consumption
was measured using the Oxygraph-2k with an attached
fluorometer (OROBOROS Instruments, Innsbruck, Aus-
tria). Left ventricular apex tissue was isolated and imme-
diately placed in a 60 mm dish containing BIOPS buffer
(in mM: CaK,EGTA 2.77; K,EGTA 7.23; Na,ATP 5.77;
MgCl,*6H,O 6.56; taurine 20; Na®"2-phosphocreatine
15; imidazole 20; DTT 0.5; MES 50; pH 7; 4 °C). Cardiac
myofibers were gently teased apart using fine-tip forceps
and transferred to a 24 well plate. Fibers were permeabi-
lized using 50 pg/ml saponin in BIOPS for 30 min. Fibers
were washed three times in Miro5 buffer (0.5 mM eth-
ylene glycol tetraacetic acid, 3 mM MgCl,6H,0, 20 mM
taurine, 10 mM KH,PO,, 20 mM N-2-hydroxyethylpi-
perazine-N-2-ethane sulfonic acid, 110 mM d-sucrose,
0.1% bovine serum albumin and 60 mM lactobionic
acid; pH 7.1, 4 °C) for 10 min. Fibers were blotted dry,
weighed, and immediately added to the Oxygraph cham-
bers. All samples were run in duplicate at 37 °C with a
stirring speed of 750 rpm. Hydrogen peroxide emission
was measured simultaneously using the fluorimeter
with the LED2-Module (525 nM) following the addition
of 10 uM Amplex UltraRed (Invitrogen, A36006), 1 U/
mL horseradish peroxidase (HRP) and 5 U/mL super-
oxide dismutase (SOD). The following SUIT protocol
was used to assess mitochondrial bioenergetic function:
malate (2 mM), palmitoyl carnitine (5mM) (FAO Leak),
ADP (5 mM), Mg?** (5 mM) (FAO OXPHOS), pyruvate
(5 mM), glutamate (10mM), ADP (5 mM), Mg** (5 mM)
(FAO + CI OXPHOS), succinate (10 mM) (FAO + CI + CII
OXPHOS), ADP (5 mM), Mg** (5 mM), Oligomycin
(2 pg/mL) (FAO+CI+CII Leak). All values were cor-
rected for non-mitochondrial respiration.

Enzyme activities

Citrate synthase activity was measured in protein lysates,
as previously described [51]. Briefly, activity was mea-
sured by calculating the rate of absorbance at 412 nM
in 50 mM Tris-HCI (pH 8.0), with 0.2 mM DTNB, 0.1
mM acetyl-CoA and 0.25 mM oxaloacetate as the starter
chemical using the BioTek Synergy Mx Microplate Reader
(BioTek Instruments Inc). Enzyme activity was calculated
using the extinction coefficient of 13.6 mM~ 'cm™ ! for
citrate synthase.

Mitochondrial/nuclear DNA ratio

DNA was isolated from LV tissue as previously described
[52]. Briefly, tissue was homogenized in DNA lysis buffer
(5 mM EDTA, 0.2% SDS, 200 mM NaCl, 100 mM Tris,
pH 8.0) and incubated overnight with proteinase K (Ther-
moFisher, #25530049). DNA was extracted using phenol/
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chloroform/isoamyl alcohol (25:24:1; PCIAA) and con-
centrations were measured using the Nanodrop 2000
(ThermoFisher). qPCR was run using the SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad, #1725272)
and run on the CFX96 (Bio-Rad) according to manufac-
turer’s protocol. Mitochondrial-encoded gene (NdI and
16sRNA) Ct values were normalized to nuclear-encoded
genes (Hk2 and B2m) using the 2Ct method [53]. Primer
sequences are shown in Table S1.

RNA extraction and quantitative PCR

Flash frozen LV tissue was homogenized in Trizol (Ther-
moFisher, #15596026) using the MagNA Lyser (Roche,
Germany). RNA was isolated according to manufac-
turer’s instructions and equalized using Ultrapure H,0
(ThermoFisher, #10977015). cDNA was synthesized
using the All-In-One 5X RT MasterMix (ABM, #G592).
qPCR was performed using the SsoAdvanced Universal
SYBR Green Supermix (Bio-Rad, #1725272) and run on
the CFX96 (Bio-Rad). Relative transcript expression was
calculated using the AACt method [53]. Genes of interest
were normalized to the geometric mean of the Ct val-
ues of B2m and Eeflel. Primer sequences are shown in
Table S1.

Protein extraction and western blotting

Flash frozen LV tissue was homogenized in 1X RIPA buf-
fer (Millipore, 20-188) supplemented with protease and
phosphatase inhibitor cocktail (ThermoFisher Scientific
#78440). Protein concentration was measured using a
BCA protein assay kit (ThermoFisher, #23225) accord-
ing to manufacturer’s instructions. Samples for immu-
noblotting were prepared with SDS-PAGE loading buffer
(50mM Tris-Cl (pH 6.8), 100mM DTT, 1.5% SDS, 0.01%
Bromophenol blue, and 8.33% glycerol) and boiled at
95 °C for 5 min. SDS-PAGE was used to separate pro-
teins, and proteins were transferred to nitrocellulose
membranes and blocked in 5% BSA at room temperature
for 1 h. Membranes were incubated in primary antibod-
ies (OPA1, 1:1000, BD Biosciences, #612607), a-tubulin
(1:2000, Protein Tech, #11224-1AP)) overnight. Mem-
branes were incubated with an HRP-conjugated ECL
substrate (Millipore, #WBLUCO0500). Images were
acquired using the ChemiDoc™ MP Imaging System (Bio-
Rad). Densitometry analysis was done using Image Lab
6.1 (Bio-Rad).

Bone marrow single cell suspension preparation and flow
cytometry staining

The tibia and femur from both legs were removed and
placed in ice cold 1% FBS/PBS. The ends of the bones
were cut, and one femur and one tibia were placed into
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a 0.5 ml tube that was punctured with a 27-gauge nee-
dle and contained within a 1.5 ml mini tube. The bones
were then centrifuged at 10,000 x g for 1 min into 100 pl
1% FBS/PBS. Pellets were resuspended in 1 ml of room
temp RBC lysis buffer (155 mM NH,CI (MilliporeSigma
#A9434), 10 mM NaHCO, (BioShop #SOB308), 10 mM
EDTA) and incubated at room temperature for 2 min.
The suspension was passed through a pre-wetted 100 um
filter followed by 10 ml of ice cold 1% FBS/PBS. The cells
were centrifuged and resuspended in 2 ml of 1% FBS/PBS,
before being counted using Trypan blue and a hemocy-
tometer. Single cell suspensions from bone marrow were
transferred to 1.2 ml cluster tubes (Corning #4401). Cells
were centrifuged at 400 x g for 5 min and then stained
with Zombie Aqua (1:500; BioLegend #423102) for live/
dead discrimination in 50 pl PBS for 30 min on ice. No
blocking was performed with CD16/32 because it was a
marker in the progenitor stain. Cells were washed with
PBS, centrifuged, and stained with primary antibodies
diluted in PBAE (1% BSA, 2 mM EDTA, 0.05% sodium
azide (Ricca #7144.8-16) in PBS) for 20 min on ice pro-
tected from light. Primary antibodies from BioLegend:
Scal-BV605 (1:200; #108134), CD16/32-BV711 (1:200;
#101337), biotinylated lineage antibodies (CD3e, Gr-1,
B220, TER-119, CD11b; all at 1:100; #133307), CD135-
PE (1:200; #135306), CD150-PE-Dazzle (1:200; #115936),
CD48-PE-Cy7 (1:200; #103424). Primary antibodies from
Thermo Fisher: CD34-eF660 (1:100; #50-0341-82), cKit-
APC-eF780 (1:200; #47-1171-82). Cells were washed
with PBS and secondary antibody (streptavidin-AF488
(1:200; BioLegend #405235) for another 20 min on ice.
Cells were washed in PBS, centrifuged, and fixed with 2%
PFA/PBS for 15 min on ice. The cells were washed a final
time with PBS, then resuspended in PBAE for analysis on
a LSR Fortessa (BD Biosciences) flow cytometer.

Statistical analysis

For GTEx analyses, all statistical tests were computed
through their respective Scipy method [28]. Compari-
son of overall GTEx gene expression was done by Mann-
Whitney U test [54] and OPA1 expression in young and
old samples by two-sample T-test [55]. Chi-square test
was used to compare pathology occurrence in groups of
GTEx histological data [56].

Unless stated or specified, all data are shown as
mean + SEM. GraphPad Prism software 10.2.3 was used
for all statistical analyses of the in vivo results. For analy-
ses comparing two groups, an unpaired two-tailed Stu-
dent’s t-test was used. In all experiments containing two
factors (genotype and surgical intervention), data were
analysed using a two-way ANOVA with Tukey’s post-hoc
tests.
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Results
OPAT1 transcript levels associate with contractile and
metabolic pathways in human left ventricle tissue
To explore OPA1 gene expression and associated mecha-
nisms in the heart, we first assessed human gene expres-
sion profiles using the GTEx Portal [57, 58] (Fig. 1A).
RNA sequencing data from GTEx male and female LV
samples were filtered based on OPAI expression lev-
els. Top and bottom quintiles of OPAI expression were
defined from all samples (n = 246 samples, see methods
for full description of sample inclusion criteria). Inter-
estingly, a wide range of OPAI transcript expression
was observed in the GTEx LV samples (Fig. 1B), with a
median log, fold change difference of 1.72 between top
and bottom quintiles despite a minimal difference in
overall gene expression profiles between the groups
(Fig S1A). Given the role of mitochondrial metabolism
and dynamics in cardiac aging [59, 60], we assessed any
potential differences in OPA1 transcript across all ages.
In line with previous literature in human skeletal muscle
[61], we observed a trend of decreased OPA1 expression
in LV samples aged 50—79 compared to LV samples iso-
lated from those aged 20—49 (Fig S1B).

To explore underlying gene signatures in the LV sam-
ples from the top and bottom OPA1 quintiles, we identi-
fied gene expression changes corresponding with OPA1
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levels. Three approaches including differential expression
analysis, partial least squares discriminant analysis (PLS-
DA) [33] and Relief-based analysis were used to identify
statistically relevant genes [34, 35]. 441 and 488 genes
were positively and negatively differentially expressed,
respectively, according to the log, fold change and associ-
ated p-values between the OPA1 quintiles in LV (Fig. 1C).
In other words, the expression of 441 genes was higher
in the upper quintile of OPAI expression compared to
the lower quintile and 488 genes had lower expression in
the top quintile compared to the bottom OPA1 quintile.
Two machine learning methods (PLS-DA and TuRF algo-
rithms) identified 3582 and 3427 important feature genes,
respectively, using variable importance projection (VIP)
scores [39] > 2.00 for PLS-DA (Fig S1C) and relevance
thresholds > 0.10 for TuRF. Across these three compu-
tational methods, we identified 229 common genes that
positively associate with OPAI expression. Conversely,
we only detected 31 common negatively associated genes
with OPA1 expression.

To determine the functional relevance of these OPA1-
dependent genes, gene ontology enrichment was applied
to the positively associated and negatively associated gene
sets using GO Biological Process and GO Cellular Com-
ponent terms. Cardiac muscle contractile functions were
enriched in the positively associated gene set (Fig. 2A).
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Positively-associated pathways

Reg. of cardiac muscle cell contraction o]
Cardiac muscle cell action potential :
Cardiac muscle cell contraction .
Reg. of cardiac muscle contraction ( )
Actin-mediated cell contraction { @
Reg. of heart rate :
Reg. of striated muscle contraction ( )
Cardiac muscle contraction {0 @
Actin filament-based movement {1 (@)

Action potential

Striated muscle contraction

O
O
Heart contraction
Reg. of heart contraction
Heart proc.
Striated muscle tissue development :()
Muscle contraction
Muscle tissue development
Reg. of membrane potential

Circulatory system proc.
Blood circulation

0 5 10 15 20 25 30
Fold Enrichment

Cc

Lo ATPIA2
X

Cardiac contraction ATPM/}& i
7\ B\ N0z ACTEY

PALLD

g SGPP2
CERS6—

ANOS e
SGeD SORBS2 P2 PPR2R3A
CTHNAS pane—AOA
&

V\D"% \ . CHRwzLRBRS" T
o~ /‘/\VCL/V NpRa-OUGY2C SHBNME | eay HSDLZ ™"+
@ s Y oy
o CRRMB g
— GRR)
TGRS 1B ey
— .
TRRC oA :
H
PIK3R1 '.‘
/&\ N,
INRRA8 PTEN1L
T POK
Fatty acid and
branched-chain amino N
acid metabolism R PRDX
P | PW@P3B
NUBRIzgBRC

@@ 000O0

Legend
log10FDR
7.0
7.5
8.0
8.5
9.0
9.5
nGenes
9
12
15
18
21
24

Page 7 of 19
Negatively-associated pathways
Legend
Leukocyte migration §> log10FDR
I y resp 1 [@) o 120
Chemotaxis - (0] o 135
i o 15.0
Response to bacterium 4 (@) o 165
Cytokine production (@) o 180
Reg. of response to external stimulus ) nGenes
Defense response 1 ) ® 30
45
Pt to oxygen-c ining compound I 60
to other i 1 () 75
Response to external biotic stimulus 90
Biological proc. involved in interspecies |
interaction between organisms
Response to external stimulus
Immune response 1
Immune system proc.
Cellular response to chemical stimulus
Reg. of multicellular organismal proc.
Response to organic substance -
Response to stress
Response to chemical
0 2 4 6 8 10
Fold Enrichment
F2RL3
OXT CTSG
G/NIL-\GZMH e Y \
Immune and NK&‘ DEA Ny
cytokine signaling GzMB TRELAKE
‘\\ \ /| MMP8-PRTN3
1132
- ccran / =
FrRAR2-FRARS f\ « ) .
) ANGRT2 XEX "GxC , é( S100A12
RELB cXc X 7 NCRP: ORM1
I J
BCu3 LR O, S7Z—HAL — ]
FATEL < P2
RNF183 e LIRS
\C/ZC"DAB'RNDl/C/X S |
- ,» . y A ——plAUPTX3
JAKZ =24
swumr soc /
AI/L’Asz GATAl/RuNm/ o 8 ' A
e / / el spRs—SROKL. A% | ip—NPEF
HB (B ~ NKMT | \@
&) HBE \l y | \
_ | T
/HB,GZ TRjBG"SLQM‘r/TNF\BSF‘ITNFS/FI\IO,% SNAL EGIH\—/ZEP;’G
5 PNP ~- o PTGERL \ \
HBA2 obfo | PTOES o) \FQSLL\, .
TYi#3C102723996 TME‘B/SSGG\ 7 / JUNB
v TNFRSF6B EGR2 BATF3
TNESF15 HQXA2
HOXA3
HOXA4
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For example, the GO terms regulation of cardiac muscle
cell contraction and cardiac muscle cell action potential
had the highest fold enrichment amongst the positively
associated pathways. Genes that were identified in the
positively enriched pathways included ATP1A2, ATP2A2,
RYR2, ACADM and BCKDHB (Supplemental File 1).
Due to the limited gene set size, enrichment analysis
for the negatively associated genes was performed using
the 488 statistically down-regulated genes identified by
differential expression analysis. Interestingly, immune

responses including leukocyte migration and inflamma-
tory response most strongly negatively associated with
OPA1I expression (Fig. 2B). In these pathways, down-
regulated genes from the differential expression analysis
included /L6, CXCL1, and CXCL2 (Supplemental File 1).
In the most enriched cellular component GO terms, the
sarcoplasmic reticulum, TCA complex, and contractile
regions (Z disk, I band) were associated with OPA1, while
hemoglobin was amongst the negatively associated genes
(Fig S1D).
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To expand the functional understanding of these gene
enrichment signatures and how they relate to OPA1l
expression, STRING [43, 44] interaction networks were
used to identify relationships between differential genes
through various associations, including protein-protein
interaction, text mining, and homology. For the 229
genes that associated with high OPAI expression, distinct
functional hubs are present in the protein-protein inter-
action networks with respect to fatty acid and branched
chain amino acid metabolism (Fig. 2C), and immune and
cytokine signaling terms for negatively associated genes
(Fig. 2D).

OPAT1 expression inversely correlates with cardiac
pathology in human left ventricle tissue

To explore the relationship between OPAI transcript
expression and cardiac pathologies, we returned to the
GTEx portal, this time analyzing LV histological samples
from top and bottom OPAI quintiles. Relevant pathology
categories in the LV histology samples such as fibrosis,
as identified by pathologists [62], were selected and their
rates of occurrence were compared between the top and
bottom OPA1 expressors, as well as between all samples
(Fig. 3A). Fibrosis was identified more frequently in the
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lowest OPA1 expressing LV samples compared to higher
expressing OPAI LV samples and compared to all LV
samples (Fig. 3A).

OPA1 overexpression in mice preserves cardiac function
following pressure overload-induced cardiac stress

Given the link between human OPA I expression and car-
diac contractile and metabolic function-related genes, we
followed up with in vivo work in a mouse model to assess
how increased levels of OPA1 would impact cardiac
function in response to a pressure overload-induced car-
diac stress. To do so, we employed OPA1 overexpressing
(OPA1-OE) mice, which exhibited a 1.5-fold whole body
overexpression (protein level) [15], and subjected them to
a modified transverse aortic constriction (TAC) surgery
[63] (Fig. 4A-B). In this modified TAC model, banding
is placed around the descending aorta using a 26-gauge
needle, which produces a milder cardiac stress response
than typical high TAC surgical models. Mice subjected
to descending TAC surgery exhibited a heart failure phe-
notype at 12 weeks post-TAC when compared to sham-
operated mice, with statistically significant increases in
LV mass (Fig S2A), LV end diastolic diameter (LVEDD)
(Fig S2B), and LV end systolic diameter (LVESD) (Fig

Bl All samples
=3 Bottom OPAT quintile samples
Bl Top OPAT quintile samples

Fig. 3 Pathology assessment in top and bottom quintiles for OPAT expression in GTEx human left ventricle samples. (A) Incidence of fibrosis, ischemic
changes, scarring, hypertrophy, and infarction identified in pathology notes from H&E sections of human left ventricle samples from the top and bottom

OPA1 expression quintiles. n=48 per quintile
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Fig. 4 OPA1 overexpression mediates cardiac functional protection in a murine model of pressure-overload. A Schematic of experimental design and
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densitometry analysis. n=5 per group. C Ejection fraction measured by 2D parasternal long axis at baseline, 5 weeks, 8 weeks, and 12 weeks post-TAC.
D Representative short axis M-mode images. E Heart weight to tibia length ratio (HW/TL) and heart weight to body weight (HW/BW) ratio at 12 weeks
post-TAC. F-1 2D parasternal long axis measurements including end diastolic volume (F), end systolic volume (G), stroke volume (H) and cardiac output (1)
at 12 weeks post-TAC. n=13-17 per group. All data are represented as mean + SEM. P values calculated using an unpaired two-tailed Student’s t-test for
(B) and two-way ANOVA with Tukey's post-hoc analysis for (C, E-I). Full-length blots from (B) are presented in Supplementary Fig. 6
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S2C), but no changes in lung weight (Fig S2D) or lung
water content (Fig S2E). Electrocardiogram analyses at
12 weeks post-TAC confirmed the induction of cardiac
remodeling as seen by elongation of the QRS interval (Fig
S2F), QT interval (Fig S2G) and no changes in RR inter-
val (Fig S2H) or PR interval (Fig S2I).

Mice of both genotypes were randomly assigned to
receive descending TAC or sham surgery. At 5-, 8- and
12-weeks post-TAC, OPA1-OE mice had higher ejection
fraction evaluated by parasternal long axis B-mode echo-
cardiography compared to wildtype (WT) mice, indica-
tive of improved cardiac remodeling (Fig. 4C). This was
also supported by M-mode short axis imaging (Fig. 4D),
which showed higher ejection fraction and cardiac out-
put in OPA1-OE TAC mice compared to WT TAC mice
(Fig S3A-B). Cardiac structural remodeling was evident
in both WT and OPA1-OE TAC mice as both geno-
types had significant increases in the heart weight/tibia
length (HW/TL) and heart weight/body weight (HW/
BW) ratios compared to sham mice (Fig. 4E). While both
WT and OPA1-OE groups exhibited modest increases
in end diastolic volume (EDV) with TAC, OPA1-OE
EDV increased to a lesser extent than WT mice (Fig. 4F).
The same trend held true for end systolic volume (ESV)
(Fig. 4G). Conversely, there were no genotypic changes
observed in stroke volume or cardiac output (Fig. 4H-
I). These data suggest that increased OPA1 expression
in mice is protective in maintaining cardiac function in
response to a pressure overload-induced cardiac stress.

OPA1 overexpression maintains global cardiac functional
parameters identified by 4D strain analysis in response to
pressure overload-induced cardiac stress

While 2D imaging can be used to assess cardiac func-
tional changes, volumetric measurements are estimated
from only two planes of view. To fully characterize volu-
metric changes in response to TAC surgery, we employed
4D echocardiography, which collects a 3D image at every
time point along the short axis using a step motor, allow-
ing for analysis of myocardial kinetics and motion. Using
a custom strain technique [46, 47] (Fig. 5A), we assessed
global strain parameters at 12 weeks post-TAC in a sub-
set of mice (Fig. 5B). Global circumferential strain mag-
nitude decreased in both WT and OPA1-OE TAC mice
compared to their respective sham mice, but to a lesser
extent in OPA1-OE mice compared to WT TAC mice
(Fig. 5C). There was decreased longitudinal strain magni-
tude in WT TAC mice compared to WT sham mice and
no significant changes between other groups (Fig. 5D).
Surface area strain magnitude was decreased in both WT
and OPA1-OE TAC mice, but OPA1-OE TAC mice main-
tained surface area strain compared to WT mice (Fig.
5E). Finally, transmural (or radial) strain was decreased in
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both TAC genotypes compared to their respective sham
mice, with no genotypic differences (Fig. 5F).

Minimal hypertrophic and fibrotic remodeling induced by
descending TAC

Since we observed decreased fibrosis in our GTEx data-
set in high OPA1 expressors, we assessed markers of
fibrotic and hypertrophic remodeling at 12 weeks post-
TAC. However, we observed no changes in perivascu-
lar and interstitial fibrosis in response to the pressure
overload induced by descending aortic banding in either
genotype (Fig. 6A-C). In line with this minimal fibrotic
phenotype, we observed no differences in cardiomyo-
cyte cross-sectional area (CSA) between sham and TAC
mice (Fig. 6A-D), although there were mild trends for
increased levels of hypertrophy markers including Nppb
in WT TAC mice compared to WT sham mice (Fig. 6E).
Similarly, TAC induced modest increases in fibrosis
markers including Tgfbl, Colla2, and Ctgf in WT mice
compared to sham mice (Fig. 6F). However, this was less
apparent in OPA1-OE mice.

Contractile and metabolic transcriptional changes
between OPA1-OE and WT descending TAC mice

Given that OPAI transcript levels were associated with
contractile signaling markers in the GTEx human heart
data, we assessed contractile markers in our in vivo
study. Atp2a2 transcript levels were significantly higher
in OPA1-OE TAC mice compared to WT TAC mice
(Fig. 7A). Another functional cluster identified from the
genes associated with OPAI expression was fatty acid
and branched chain amino acid (BCAA) metabolism.
As metabolic remodeling in heart failure is complex and
involves changes in substrate uptake, utilization and oxi-
dative metabolism [64], we assessed transcript levels of
fatty acid oxidation and BCAA markers. Markers of fatty
acid metabolism including Cd36 and Acadm were mod-
estly decreased in WT TAC mice compared to WT sham
mice, and Cd36 was significantly lower in WT TAC com-
pared to OPA1-OE TAC mice (Fig. 7B). BCAA markers
including Bcat2 and Bckda were lower in WT TAC mice,
but Bcat2 remained elevated in OPA1-OE TAC mice (Fig.
7C).

To investigate the functional implications of OPA1l
overexpression to mediate metabolic changes in our mild
heart failure model, we measured maximal oxygen con-
sumption in permeabilized LV myofibers in response
to saturating concentrations of palmitoyl carnitine/
malate, glutamate/pyruvate, and succinate. Surprisingly,
there were no changes between TAC and sham mice of
either genotype (Fig S4A-E). Simultaneous measure-
ment of hydrogen peroxide emission to assess reactive
oxygen species, indicated no changes between TAC or
sham mice of either genotype (Fig S4F-J). In addition,



Fong-McMaster et al. BMIC Cardiovascular Disorders (2026) 26:31

Circumferential Strain Longitudinal Strain

0.0001

<0.0001

0.0002

-40- -30-

Global Peak Longitudinal Strain (%)

Sham

TAC Sham TAC

Global Peak Circumferential Strain (%)

Global Peak Surface Area Strain (%)

Page 11 of 19

Rotation: 150 deg

Rotation: 30 deg

B

Surface Area Strain Transmural Strain

0.0002
<0.0001
0.0195
1

o WT
® OPA1-OE

60~

Global Peak Transmural Strain (%)

TAC Sham

TAC

Fig. 5 4D strain analysis identifies changes in global strain parameters post-TAC in WT and OPA1-OE mice. A Representative 4D graphical user interface.
B Schematic of global strain orientations. C-F Global strain parameters including circumferential (C), longitudinal (D), surface area (E), and transmural
(F) at 12 weeks post-TAC. n=5-7 per group. All data are represented as mean +SEM. P values calculated using a two-way ANOVA with Tukey's post-hoc

analysis for (C-F)

we measured mitochondrial DNA/nuclear DNA ratios
and citrate synthase activity as indicators of mitochon-
drial content and observed no differences (Fig S4K-M),
highlighting how the severe mitochondrial dysfunction
typically observed in high TAC models [65-67] was not
apparent in our descending TAC model.

Bone marrow hematopoiesis is minimally affected by
descending TAC model

Immune cell-derived inflammation plays crucial roles
in heart failure progression [68—70], though this is typi-
cally most evident in the myocardium within an acute
period following TAC [71]. Because immune pathways

were negatively associated with OPAI transcript expres-
sion, we wondered if OPA1 overexpression induced any
longer-term effects on the immune system. Bone marrow
hematopoiesis dynamically responds to environmental
cues to continuously repopulate the circulating immune
cell pool. To determine whether TAC or the overexpres-
sion of OPA1 induced long term inflammatory bias in
bone marrow progenitor populations, we performed flow
cytometry on hematopoietic populations in bone mar-
row at 12 weeks post-TAC (Fig S5A).

The hematopoietic stem and progenitor cells in the
bone marrow can be divided into two main groups
depending on their expression of cKit and Scal: LSK
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cells, which express both cKit and Scal and are the
most restricted group, and LK cells, which only express
cKit and are more committed to the myeloid and ery-
throid lineages. The frequency of LK cells was mostly
unchanged between both sham and TAC conditions and
by genotype (Fig. 8A-D). However, there were slightly
less CMP cells following TAC (Fig. 8C), and this corre-
sponded with a slight relative increase in GMPs when
examined as the frequency of LK cells (Fig. 8E). LSK cells,
which include short- and long-term hematopoietic stem
cells, as well as multipotent progenitors (MPP) that dis-
play myeloid bias (MPP3), lymphoid bias (MPP4), and
erythroid bias (MPP2), largely did not differ in popula-
tion frequency between surgery or genotype conditions
(Fig. 8F-K). Although all three MPP populations trended

lower with TAC regardless of genotype, this effect was
driven by two sham mice that had elevated total LSK
cells (Fig. 8L). Collectively, these data suggest that both
pressure overload induced by descending TAC, and the
mild overexpression of OPA1, have little effect on bone
marrow hematopoiesis at an extended interval of chronic
heart failure.

Discussion

The mitochondrial inner membrane protein OPA1 plays
a critical role in maintaining cardiac function through
multiple well-characterized pathways including modu-
lating mitochondrial dynamics, preventing apoptosis,
and promoting energy metabolism. Here, we provide
evidence linking low OPA1 transcript levels to advanced
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characteristics of cardiac pathology in humans, specifi-
cally cardiac fibrosis. In addition, our analyses of publicly
available transcriptomics data identified varied OPAI
gene expression in the human heart and differentially
expressed gene signatures amongst high and low OPAI
expressing human LV tissue. Cardiac contractile func-
tions were associated with high OPA1 expression while
immune signaling was associated with low OPAI expres-
sion. We further investigated these observations using
a mouse model of modest OPA1 overexpression, where
we observed less cardiac dysfunction in response to a
descending aortic banding surgery along with sustained
transcript levels of contractile and metabolic genes.
Previous work has highlighted the role for OPA1 in
human heart failure pathology, identifying lower OPA1
protein levels in ischemic cardiomyopathy [17]. Our work
linking low OPA1 transcript levels with increased fibrosis
in human LV samples further implicates the protective
role of OPA1 signaling in heart failure progression. Car-
diac pathologies can present in patients with autosomal
dominant optic atrophy, a disease where up to 70-90%
patients present with a mutation in OPA1 [72, 73]. These

clinical reports have noted early-onset myocardial infarc-
tion [74], arrhythmia [75, 76], and hypertrophic car-
diomyopathy [75], calling for the recommendation for
further investigation into the connection between OPA1
mutations and cardiac events [75].

While the link between cardiac function and OPA1 has
been assessed using heterozygous models [19, 20, 77],
an OPA1 overexpression model [15], and models modu-
lating upstream proteases or cleavage sites [21-23], our
work is the first to increase OPAL1 levels during a chronic
in vivo heart failure model. Mild OPA1 overexpression
maintained cardiac functional parameters including ejec-
tion fraction and fractional shortening, as well as circum-
ferential and surface area strain post-TAC compared to
WT mice (Figs. 4 and 5). These results align with data
showing that OPA1 heterozygous mice are more sensitive
to pressure overload and ischemia/reperfusion [19, 77].
Original characterization of the OPA1-OE mouse model
[15] identified no baseline changes in cardiac function or
structure at 5 months and protection from ischemia [15].
When aged to 9 months, these mice develop non-path-
ological hypertrophy as indicated by an increased HW/
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BW ratio. These results may explain how the OPA1-OE
mice subjected to TAC resulted in increased HW/BW
and HW/TL ratios, yet higher functional parameters
compared to WT mice. OPA1 has also been implicated
in protective cardiac remodeling in response to various
treatment interventions in vivo such as empagliflozin [78,
79], irisin [80] and paenol [81]. These previous studies
highlight OPA1 as a key mediator of protective cardiac
phenotypes likely due to several mechanisms including
its well characterized role in regulating cristae remod-
eling [82] and apoptotic signaling [10], mitochondrial
fusion [83], mitochondrial supercomplex formation [45],
oxidative metabolism [12], and calcium homeostasis [84].

Functional enrichment and protein-protein interac-
tion network analyses of human LV samples demon-
strated enriched cardiac contractile gene signatures
associated with OPAI expression between top and bot-
tom OPA1I expression quintiles (Fig. 2). These data were

supported by our 2D and 4D in vivo echocardiography
findings showing that OPA1-OE mice have sustained car-
diac function and myocardial kinetic motion compared
to WT mice. Calcium signaling is critical for maintain-
ing the function of contractile machinery in the heart
[85]. In chronic heart failure, dysfunction of the ryano-
dine receptor 2 and dysfunction and downregulation of
sarcoplasmic/endoplasmic reticulum Ca’* ATPase 2a
(SERCA2a) contribute to altered calcium signaling and
disease progression [86]. Defects in calcium kinetics have
been observed in Opal heterozygous mice [19, 20]. Our
data showing that OPA1-OE TAC mice had increased
expression of the gene encoding SERCA2a (i.e., Atp2a2)
compared to WT mice further support the importance of
OPA1 in cardiac calcium signaling.

Another functional cluster identified from the pro-
tein-protein interaction network of the genes associated
with OPA1I expression was metabolic pathways such as



Fong-McMaster et al. BMIC Cardiovascular Disorders (2026) 26:31

fatty acid and BCAA metabolism. Metabolic changes in
heart failure involve alterations in substrate uptake and
utilization. Our data further support the link between
mitochondrial fusion and fatty acid oxidation previously
identified in cardiac tissue [24]. Branched chain amino
acid catabolism is another central metabolic pathway
known to be decreased in heart failure and pressure-
overload mouse models [87, 88]. We identified sustained
transcript levels of certain BCAA enzymes in OPA1-OE
TAC mice compared to WT TAC mice indicating a pro-
tective metabolic phenotype within our model. Heart
failure is typically characterized by an “energy deficit”
with decreases in electron transport chain activity or
maximal oxidative capacity. Given this, we assessed vari-
ous bioenergetic pathways, identifying no changes in oxi-
dative capacity between sham and TAC mice in response
to the sequential addition of fatty acid, and substrates
for complex I and complex II of the electron transport
chain. In addition, we did not identify changes in mito-
chondrial content. Previous in vivo work has shown that
TAC induces changes in maximal oxidative capacity,
mitochondrial enzymatic activities and the expression
of mRNA and protein levels of various mitochondrial
genes [89, 90]. Although these changes may be largely
driven by decreases in overall mitochondrial content,
our conflicting experimental results highlight important
methodological considerations in assessing bioenergetic
function. To assess maximal respiratory capacity, we
used permeabilized myofibers and the sequential addi-
tion of saturating concentrations of various substrates
as per standard bioenergetic protocols [91]. However,
this does not fully represent in vivo steady state myocar-
dial conditions, which may have been altered post-TAC.
Future work could use protein and enzymatic activity
approaches to confirm metabolic changes. The subpop-
ulations of mitochondria within cardiac tissue includ-
ing the subsarcolemmal and interfibrillar mitochondria
are also differentially affected by pressure-overload [92]
with interfibrillar mitochondria showing more significant
decreases in respiratory capacity. In our experiments, we
did not separate out these two populations so any func-
tional differences may be masked by measuring the total
myofiber response to the substrates.

Genes that were found to be significantly different in
OPA1 groups and negatively associated with OPA1 lev-
els in the GTEx LV samples included immune pathways
such as cytokine and chemokine signaling. OPA1 has
been shown to have critical roles in the innate [93, 94]
and adaptive immune system [95]. In addition, loss of
OPAL1 in skeletal muscle leads to high levels of circulat-
ing inflammatory cytokines [61]. However, we did not
observe any differences in bone marrow progenitor cell
populations after TAC surgery between either genotype.
This could be a matter of experimental timeline, as OPA1
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may be important in the acute inflammatory response
which peaks within 7 days of TAC surgery [69, 70]. In
addition, OPA1 may play a protective role in inflamma-
tory conditions of the heart such as viral myocarditis in
which mitochondrial dynamics has been implicated in
the immune responses [96, 97].

In our murine model of chronic heart failure, we opted
to induce a less severe pressure overload, in which the
descending aorta is constricted using a 26-gauge needle.
This model allowed us to investigate chronic changes in
cardiac function without inducing ubiquitous hypertro-
phy and fibrosis characteristic of high TAC models. Sev-
eral methodologies have been developed to study heart
failure pathology in mice since the original development
of the TAC model [98]. Most TAC studies use transverse
aortic banding with a 27-gauge needle, which induces
rapid decreases in cardiac function and subsequent
fibrotic remodeling evident within 2 weeks [99, 100].
Previous literature suggests that the placement of the
aortic constriction affects the degree of pressure over-
load [63] and that the degree of constriction affects the
severity of hypertrophic and fibrotic remodeling [100].
Direct comparisons of transverse aortic constriction with
a 25-gauge, 26-gauge or 27-gauge needle has shown the
differential hypertrophic and fibrotic remodeling in each
model, with a 26-gauge constriction of the transverse
aorta leading to moderate trends in hypertrophy and
fibrosis [100]. Our use of a 26-gauge needle constricted
around the descending aorta led to cardiac function
remodeling confirmed by echocardiography and electro-
cardiogram analyses, and trends for increased hypertro-
phy and fibrosis. Although this mild phenotype may have
masked genotypic changes that we would see in a more
severe model of heart failure, it is interesting how OPA1
is protective even in a model that lacks an overt cardiac
mitochondrial content or functional phenotype. Given
how ejection fraction in OPA1-OE mice was significantly
higher than WT mice even at 5 weeks, and this differ-
ence did not change through 12 weeks, it is possible that
the higher OPA1 levels influenced the initial remodeling
phase and exerted its protective effects at a timepoint
not captured by our study. Future work will be needed to
delineate the early impact of increased OPA1 levels at the
onset of heart failure and development of hypertrophy
and fibrosis in mouse models such as those employing
modified pressure-overload induced cardiac stress with
different degrees or sites of aortic constriction.

Conclusion

In conclusion, this study highlights the importance of
OPA1 in mediating cardioprotective mechanisms. Our
in silico approaches using publicly available human data
identified associations between OPAI expression and
cardiac tissue fibrosis as well as contractile and metabolic
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pathways. Furthermore, our in vivo results support a role
for OPA1 in mediating metabolic and contractile signal-
ing. Overall, we provide evidence for the importance of
OPAL1 in cardiac function and elucidate gene signatures
that underlie this protection.

Limitations and future directions

Our study has limitations that need to be addressed.
First, we used a modified aortic banding around the
descending aorta to induce pressure overload-induced
cardiac stress. In our study, we saw preserved cardiac
function in OPA1-OE mice compared to wildtype mice,
but we cannot extrapolate these findings to a more severe
pressure overload model such as the traditional TAC
model which induces severe hypertrophy and fibrosis. To
validate the cardiac remodeling process, we used alterna-
tive non-invasive measures such as ECG measures, which
will be critical in the future use of this model along with
improved descending aortic imaging. In addition, TAC
surgeries can be subject to various technical complica-
tions that can affect the induction of pathological remod-
eling. Alternative methods to improve the consistency
between surgeries, such as the double loop-clip approach
[101] will be useful in future studies to minimize variabil-
ity in the remodeling phenotype in our TAC model. The
OPA1-OE mouse model exhibits a whole-body overex-
pression of OPA1, so we cannot exclude that non-cardiac
OPAL1 plays a role in the protective phenotype observed
post-TAC. Future use of cardiac-specific models will be
crucial to an improved understanding of tissue-specific
and systemic contributions of OPAL1 to cardioprotection.
In addition, we did not assess OPA1 processing and iso-
forms, which has been elucidated in other cardiac stud-
ies [21-23]. Future work should employ advanced mouse
models with cleavable and non-cleavable OPA1 isoforms
[23] to further elucidate the role of OPA1 processing in
chronic heart failure. All endpoint experiments in our
study were conducted at 12 weeks post-TAC, which
may have limited our findings as mitochondrial content
has been shown to transiently increase post-TAC [67]
and various immune signaling pathways are increased
acutely after TAC surgery [69]. Instead, we focused on
an extended timepoint at 12 weeks post-TAC to assess
the role of OPA1 in a more chronic disease state. Inves-
tigating earlier time points in future studies may identify
acute metabolic or immune mechanisms underlying the
functional changes.
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