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Abstract

With severe right ventricular (RV) pressure overload, women demonstrate better clinical
outcomes compared to men. The mechanoenergetic mechanisms underlying this protective
effect, and their dependence on female endogenous sex hormones, remain unknown. To
investigate these mechanisms and their impact on RV systolic and diastolic functional
adaptation, we created comparable pressure overload via pulmonary artery banding (PAB) in
intact male and female Wistar rats and ovariectomized females (OVX). At 8 weeks post-surgery,
right heart catheterization demonstrated increased RV energy input (indexed pressure-volume
area; iPVA) in all PAB groups, with the greatest increase in intact females. PAB also increased
RV energy output (indexed stroke or external work; iEW) in all groups, again with the greatest
increase in intact females. In contrast, PAB only increased RV contractility (indexed end systolic
elastance, iE) in females. Despite these sex-dependent differences, there were no statistically
significant effects observed in the ratio of RV energy output to input (mechanical efficiency) or
in mechanoenergetic cost to pump blood with pressure overload. These metrics were similarly
unaffected by loss of endogenous sex hormones in females. Also, despite sex-dependent
differences in collagen content and organization with pressure overload, decreases in RV
compliance and relaxation time constant (Tau Weiss) were not determined to be sex-dependent.
Overall, despite sex-dependent differences in RV contractile and fibrotic responses, RV
mechanoenergetics for this degree and duration of pressure overload are comparable between

sexes and suggest a homeostatic target.
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New and Noteworthy

Sex differences in right ventricular mechanical efficiency and energetic adaptation to increased
right ventricular afterload were measured. Despite sex-dependent differences in contractile and
fibrotic responses, right ventricular mechanoenergetic adaptation was comparable between the

sexes, suggesting a homeostatic target.
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Introduction

Sex differences influence the progression of right ventricular failure (RVF) secondary to pressure
overload, which is the primary cause of death in patients with pulmonary arterial hypertension,
pulmonary hypertension secondary to left heart disease, and chronic thromboembolic pulmonary
hypertension(13). In both the healthy and pressure overloaded RV, women demonstrate superior
RV systolic and diastolic function(10, 16, 45, 50, 53), which contributes to their better adaptation
and survival to pulmonary hypertension (PH)(16). Moreover, some of these sex differences in
RV function with PH diminish with age(54, 56), which implicates age-related (i.e., menopausal)
loss of endogenous sex hormone signaling in adaptive RV remodeling to pressure overload.
Some experimental studies in rodent models of PH similarly have demonstrated superior female
RV function(11, 25) and dependence on endogenous estrogen(25); however, some of these
studies may have been confounded by sex differences in PH severity and RV afterload. A better
understanding of the pathophysiological mechanisms underlying sex differences in the pressure

overloaded RV is critical to treatment and management of RVF.

Cardiac mechanics, energy utilization, and their interactions are important clinical contributors to
systolic and diastolic adaptation to pressure overload(1, 18, 21, 29, 36, 37). Pressure overload
increases RV wall tension such that the hemodynamic energy output generated by the RV in
maintaining cardiac output is increased(32, 52, 55). To decrease wall tension, the RV undergoes
hypertrophy and wall thickening, which lead to an adaptive increase in RV contractility(32). In
the adapted RV, increased energy output is met with proportional increase in energy input(46).
With disease progression, however, the RV myocardium undergoes additional remodeling

processes, such as wall thinning and fibrosis, that impair the maintenance of enhanced RV
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contractility, and the RV begins to fail, which is evidenced by reduced cardiac output(55).
During this stage, hemodynamic energy output is insufficient despite energy input, such that

mechanical efficiency is reduced(5).

Mechanical efficiency, which is the ratio of energy output to energy input, is a holistic metric of
ventricular function(42). Another, more novel, metric is the mechanoenergetic cost to pump
blood(21), which is a function of ventricular afterload, (E,), end systolic elastance (E.s), and
stroke volume. As defined mathematically by Kawaguchi et al., the mechanoenergetic cost to
pump blood increases with E,, because pressure overload raises myocardial oxygen
consumption(21), and with E., because increased contractility increases oxygen
consumption(35). This mechanoenergetic cost is sustained by metabolic energy generated by
proper mitochondrial function(24, 46, 47). Interestingly, patients with heart failure with
preserved ejection fraction demonstrate greater mechanoenergetic cost to deliver blood compared
to age- and blood pressure-matched controls(21). Moreover, diastolic dysfunction increased

with increased mechanoenergetic cost to pump blood(21).

The impacts of sex differences and endogenous female sex hormones on mechanical efficiency
and mechanoenergetic cost to pump by the RV are unknown. We have previously shown that
repletion of the female sex hormone estrogen increases mechanical efficiency in ovariectomized
female rats with Sugen/hypoxia-induced pulmonary hypertension (SuHx-PH)(27), and that the
response of both the pulmonary vasculature and RV to SuHx is sex-dependent(11, 25). To
investigate the impact of sex and loss of endogenous female sex hormones on RV mechanics and

energetics under comparable pressure overload conditions, we used a pressure overload model in
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which the degree of afterload increase (induced by pulmonary artery banding; PAB) was
normalized to the different body sizes in male and female animals. This approach generated
comparable RV pressure overload in intact males and females as well as ovariectomized females
(OVX), which we then used to investigate the sex- and female sex hormone-dependent

mechanoenergetic adaptation of the RV to pressure overload.

Methods

Animal studies

A total of 36 8-week-old female Wistar rats (Charles River, Wilmington, MA) were used in this
study, 18 of which were ovariectomized (OVX) and 18 of which remained intact. Animals were
ovariectomized between 6 and 7 weeks of age (week -1). At week 0, all animals underwent a
thoracotomy in which the main pulmonary artery (PA) diameter was directly measured using a
spring divider and calipers. Animals were then randomly assigned to undergo either PAB (OVX:
n = &, Intact: n = 9) or sham surgery (Sham, OVX: n = 10, Intact: n = 9; see below for details).
All animals were monitored weekly for signs and symptoms of RV failure including dyspnea,
palpable ascites, inactivity, and ruffled fur(4, 5) until 8 weeks post-surgery. OVX rats were fed a
soybean-free chow (Teklad 2020x, Envigo, Indianapolis, IN) during the entire study to preclude
potential confounding effect of dietary endogenous hormones. At the terminal time point, we
confirmed the lack of ovaries in OVX rats. To assess RV-specific sex differences in the setting
of PAB, we compared the resulting hemodynamic, biochemical, and histological data to those
collected in male Wistar rats (Sham: n = 9, PAB: n = 10) published previously(5) in which

identical surgical, animal care, and measurement procedures were used. A timeline and overview



129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

of the experimental groups is provided in Fig. 1. All animal experiments were reviewed and

approved by the University of Wisconsin Institutional Animal Care and Use Committee.

Pulmonary artery banding and sham surgery

PAB and sham surgeries were performed through a lateral thoracotomy and dissection of the
main PA as described before(5). Briefly, rats were anesthetized with isoflurane (5% and then
maintained at 2-3%, balance oxygen), intubated, and ventilated. Rats randomly assigned to the
PAB group had a silk suture tied around the main PA and a reference needle to achieve
approximately 60-70% constriction based on the direct measurement of the PA. Rats assigned to
the Sham group did not have the PA suture tied in place. Rats were monitored weekly for

bodyweight (BW) changes and appearance for up to 8 weeks post-surgery.

Pressure-volume measurements

Terminal invasive right heart catheterization was performed to assess RV function as previously
described(5). Rats were anesthetized with urethane (1.6 kg/g, i.p.), intubated, and ventilated.
Systemic pressure was measured using a pressure catheter (Millar, Houston, TX) positioned at
the aortic arch inserted through the right carotid artery. RV pressure and volume (PV) were
measured using a 1.9F 6 mm spacing PV catheter (Transonic Scisense, London, Ontario,
Canada) inserted into the RV through the apex of the heart after removal of the chest wall.

Measurements were recorded on Notocord Systems (Croissy Sur Seine, France). After baseline
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recordings, at least 3 inferior vena cava (IVC) occlusions were performed to obtain end systolic

PV relationships.

Terminal surgery

Two OVX PAB rats did not survive urethane anesthesia; post-mortem examination indicated
significant abdominal fluid and hypertrophied right atria (139.6 + 26.2 mg OVX PAB vs. 38.1
3.0 mg OVX Sham). Also, one of these two rats had significant liver discoloration and
enlargement, suggestive of hepatic congestion. Tissues from these two rats were harvested and
included in RV hypertrophy calculation, histology, and biochemical assays but no hemodynamic

data could be collected.

Pressure-volume calculations

Using RV PV waveforms, baseline hemodynamic endpoints were determined, including RV end-
systolic pressure (Pes), end-diastolic pressure (Ped), end-diastolic volume (Ved), end-systolic
volume (Ves), and isovolumic relaxation time constant (tau Weiss). In cases where PV loop
distortion occurred, Ved was taken as the midpoint between the maximum and minimum values
recorded during isovolumic contraction. E.; was determined from calculating the slope of end-
systolic pressure volume relationship measured during IVC occlusion. E,, a measurement of RV
afterload, was calculated by taking the ratio of Pes and stroke volume (SV). Due to significant
bodyweight differences between females and males (Table 1), volume-based metrics were

indexed to terminal bodyweight to better reflect differences in the RV and arterial properties with
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sex and loss of endogenous sex hormones. Indexed parameters include end-systolic volume
(iVes), end-diastolic volume (iVed), stroke volume (stroke volume index; SVI), cardiac output
(cardiac index; CI), RV chamber compliance (AV/AP), iE,, iE¢ (derived from vena cava
occlusions), external work (iEW, energy output), and pressure volume area (iPVA, energy
input). EW, calculated using the product of SV and right ventricular end systolic pressure (Pes),
is an estimate of the mechanical energy used during contraction, while PVA is a measure of total
mechanical energy generated during a cardiac cycle(40). RV mechanical efficiency was assessed

as iEW/iPVA(33, 48, 49).

Model-based prediction of RV mechanoenergetic cost to pump blood
To describe ventricular adaptation, we used a model developed previously by Kawaguchi et

al.(21). Briefly, the mechanoenergetic cost to deliver blood is defined mathematically as the

a(PVA)

differential change in PVA with respect to SV or ( 3V

). Like the measured PVA, this

continuously differential form of PVA, which we denote PV A, includes both productive work
(stroke work; SW) and non-productive work (potential energy; PE = PVA — SW). If the change
in PVA per unit SV increases, the cost to deliver a given amount of blood increases. If the PVA

stays constant as SV increases, the cost to deliver blood decreases. To define the dependence of

PVA on SV such that (a(,j(gg)) can be derived, the following relationships are used per(20, 22,
48, 49):

iEq XSV
Pes = o (Eqn. 1)

BW
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where V, is the volume axis intercept of the end-systolic pressure volume relation. These

equations are first rearranged to compute SV in terms of iE¢ and iEg:

iEqs(Ved—Vp)

SV = E,.tiE (Eqn. 3)
And then, given the following defining equations:
PVA =SW + PE (Eqn. 4)
SW = Pes x SV (Eqn. 5)
we can obtain an expression for PE in terms of Pes and E:

_ (Pes)?xBW
PE = X (Eqn. 6)
Such that PVA can be expressed in closed form as a function of SV(33, 46, 48, 49):
PvA =:Zagy2 y JHaVed gy 1N gy (Eqn. 7)

2 BW 2 BW 2 BW

Finally, this expression for PVA can be differentiated with respect to SV and expressed in terms

of iE¢ and 1E, to obtain:

A(PVA) _ iEg(Ved—Vp) (
a(SV) BW

ey ) (Eqn. 8)

iEgs+iE, = 2

a(PVA

Note that the final expression for ( 5 (SV))) is independent of measured SV, although dependent

on Ved-V,.

This expression for the mechanoenergetic energy cost to pump blood was calculated for each

animal. The results were plotted on a 3D surface with iE¢ as the x-axis, iE, as the y-axis, and

10
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3GV) ) as the z-axis with the average value for each experimental group the centroid of an

elliptical surface and the boundary defined by the standard error of mean.

17 f-estradiol serum concentration measurement

Following hemodynamic data collection, rats were euthanized and ~1.5 mL of blood was
collected. Blood samples were spun at 4,000 rpm for 10 min at 4C, aliquoted, and stored in -80C.
Serum samples were thawed on ice for 17B-estradiol measurement using Calbiotech Mouse/Rat
Estradiol ELISA kit (EI Cajon, CA) according to manufacturer’s instructions and as performed

previously(11).

Gross histologic evaluation

After blood was collected, the heart was excised. RV free wall was separated from the LV and
septum and weighed. RV hypertrophy was calculated as the RV weight scaled to the sum of LV
and septal weights (Fulton index). The RV was sectioned for further histological and
biochemical assessments. Post-mortem evaluation confirmed the absence of ovaries and a

shrunken uterus in all OVX female rats.

Histology and image analysis
A section of RV was fixed in 10% v/v formalin, preserved in 70% ethanol, embedded in paraffin,

sectioned, and stained with hematoxylin and eosin to visualize cardiomyocytes(56) or picrosirius

11
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red to visualize collagen(5). RV cardiomyocytes were identified and cross-sectional area (CSA)
was manually measured using Imagel (version 1.49v, National Institutes of Health, Bethesda,
MD) in at least four representative fields of view. Collagen deposition in the RV was identified
by color thresh-holding using MetaVue (Optical Analysis Systems) in at least nine representative
images. To quantify overall percentage of collagen content, the area containing interstitial
collagen was divided by the tissue area in each field of view. Thick, tightly packed collagen and
thin, loosely aligned collagen were identified as different interference colors under polarized
light, with thick collagen defined as red, orange, or yellow color, and thin collagen as green
color(3, 19, 30). The ratio of thick to thin collagen fiber bundles was calculated for each image
and averaged to obtain a single measurement for each rat. All histological analyses were

performed by two observers blinded to sex and experimental condition.

Real time reverse transcriptase polymerase chain reaction analysis

RNA was extracted from 10-15 mg of RV using Qiagen RNeasy Fibrous Tissue Mini Kit
(Valencia, CA). Total RNA was recovered with A260/280 nm ranging from 1.85 to 2.10. 900 ng
of RNA was reverse transcribed into cDNA using Applied Biosystems High Capacity cDNA
Reverse Transcription Kit (Foster City, CA). Real-time RT PCR was performed using TagMan
Gene Expression Master Mix (Invitrogen Life Technologies, Carlsbad, CA). TagMan assay
primers included the following: peroxisome proliferator-activated receptor gamma coactivator 1
alpha (PGC-la) (Ppargcl; Rn00580241 ml), estrogen receptor alpha (ERo) (Esrl;
Rn01640372 ml), estrogen receptor beta (ERP), (Esr2; Rn00562610 m1), G-protein coupled

estrogen receptor (GPR30) (Gper1; Rn00592091 sl), and hypoxanthine

12
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phosphoribosyltransferase 1(Hprtl; Rn01527840 ml). 10 ng of cDNA was used to measure
PGC-1ao mRNA expression while 50 ng was used to measure Esrl, Esr2, and Gperl on the
Applied Biosystems StepOne Plus Real-Time PCR System. Changes in mRNA expression were
determined by the comparative threshold cycle (AACT) method(28). Data were normalized to

Hprtl and expressed as fold change compared to the intact female sham group.

Electron microscopy and mitochondrial ultrastructure image analysis

A section of the RV was immersed in cold Karnovsky’s fixative (Electron Microscopy Sciences,
Hatfield, PA) and processed for transmission electron microscopy to assess mitochondrial
ultrastructure(5). For each rat RV, at least four images were acquired and analyzed using ImageJ.
Mitochondrial content was reported as the average numbers of mitochondria counted per animal.
Mitochondrial size was reported as the average cross-sectional area of contoured mitochondria

per animal. These analyses were performed by a blinded observer.

Satistical analysis

All values are presented as mean + standard error, stratified by exposure groups and sex. Two-
factorial analysis of variance (ANOVA) to determine differences in hemodynamic, biochemical,
and histological outcome parameters due to PAB (Sham vs. PAB), sex (Intact male vs. Intact
female or OVX female), and female sex hormone-depletion (Intact female vs. OVX female).
Normal probability plots were examined to evaluate the normality assumption. If there was
indication for unequal variances and/or violation of normality for an outcome variable, then the

outcome variable was log-transformed before conducting the formal comparisons. The Levene
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test for equal variances and standard model diagnostic procedure were then used to validate the
model assumption after the log-transformation. Tukey’s Honestly Significant Difference (HSD)
method was utilized to control the type I error when conducting multiple pairwise comparisons

between group/sex combinations.

To evaluate the statistical significance of differences in mechanoenergetic cost with PAB, sex,
and female ovariectomy, a 2 X 3 factorial multivariate Analysis of Variance (MANOVA) was
conducted. In the initial analysis, iE, and iE (or E, and E.s) were included as two-dimensional
dependent variables and the main and interaction effects of PAB, sex and OVX as independent
variables. Pairwise comparisons between then 2 X 3 factorial interaction effects were conducted

using Tukey’s HSD method to control the type I error to be <0.05. To expand on this two-

dimensional analysis, we performed another MANOVA with iE,, iE., and a;g::;) (or E,, Ee, and
a(PVA) . : . .
367) ) as three-dimensional dependent variables and PAB, sex, and OVX as independent

variables. All reported P-values are two-sided. Statistical analyses were conducted using IBM
SPSS Statistics Version 24 (IBM Corporation, Armonk, NY) and SAS software (SAS Institute,

Cary, NC), version 9.4. A p-value of less than 0.05 was considered to be statistically significant.

Results

17 p-estradiol levels, body weights, and growth

Ovariectomy in females did not alter bone growth as tibia length was comparable between intact
and OVX females (Table 1). Male rats were initially and terminally heavier than female rats

regardless of ovariectomy or PAB, and OVX females weighed more than intact female rats at

14
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both timepoints. Over the course of 8 weeks, all rats gained weight with male rats gaining more
than female rats. Serum 17B-estradiol levels in males, intact females, and OVX females were

within physiological ranges as previously reported(11).

RV estrogen receptor expression

The protective role of estrogen receptors in PAH and pressure overloaded rodent models(11, 14,
15) motivated us to investigate whether transcript levels encoding ERo, ERP, and Gperl were
sex- or OVX-dependent in the pressure overloaded RV. Only intact female rats demonstrated a
decrease in Esrl and Gperl gene expression in response to PAB (Fig. 2A and C); no significant
sex differences were found for Esrl, Esr2, and Gper1l transcript levels in response to PAB (Fig.
2A-C). We observed that intact female Shams had greater Gperl gene expression levels
compared to male Shams. Sex- and OVX-dependent differences in these estrogen receptors
therefore are unlikely contributors to sex- or OVX-dependent differences in RV structural or

functional responses to PAB.

RV hemodynamics, systemic hemodynamics, and RV hypertrophy

Consistent with the experimental design, PAB generated comparable increases in RV Pes
regardless of sex or ovariectomy (Fig. 3A). Heart rate but not SVI decreased post-PAB in the
intact animals (Fig. 3B&D). RV ejection fraction (RVEF) was reduced in both the intact and
OVX groups (Fig. 3C). Reduced heart rate was a partial contributor to decreased CI (Fig. 3E). In

OVX animals, no difference in CI was observed between the sham and PAB groups despite the
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decrease in SVI with PAB (Fig. 3D&E). RV hypertrophy was observed in all PAB rats (Fig. 3F),
with larger cardiomyocytes in intact females compared to males (Fig. 3G). Systemic pressures
measured during open chest right heart catheterization were not different in any group (Table 2).
Overall, these findings demonstrate some sex-dependent (larger cardiomyocytes) and some
OVX-dependent (smaller CI and SVI) RV structural and functional differences in response to

PAB.

RV hemodynamic energy input and output increase with PAB, with the greatest increases in
intact females; mechanical efficiency is comparably increased in all PAB groups

We then investigated the effect of sex and ovariectomy on RV hemodynamic energetics with
PAB. Energy input, measured by the total (potential plus stroke work) energy generated during
contraction (iPVA), was increased in all PAB rats (Fig. 4A). Energy output, measured by energy
used during contraction (iIEW), also increased in all PAB rats, with the exception that in intact
females this increase did not reach statistical significance (p=0.05) (Fig. 4B). Intact females
demonstrated greater increases in both iPVA and iEW compared to males, however no
significant difference was observed with loss of endogenous female sex hormones. As a
consequence, the ratio of iPVA to iEW, which is the efficiency of mechanical energy used
during contraction, was comparably decreased in all PAB rats, regardless of sex or ovariectomy
(Fig. 4C). Thus, while sex and endogenous female sex hormones modulate increases in energy

input and output with PAB, mechanical efficiency was not significantly changed.
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Effective arterial elastance and end-systolic elastance increase with PAB dependent on sex or
ovariectomy; RV mechanoenergetic cost to pump blood is comparably increased in all PAB
groups

Like hemodynamic energy input and output and mechanical efficiency, effective arterial
elastance (iE,) and end-systolic elastance (iEcs) increased with PAB in females (intact and OVX),
and the mechanoenergetic cost to pump blood did not (Fig. 5). However, in males, while iE,
increased with PAB, iE¢ did not (Fig. 5B). Also, unlike hemodynamic energy input, iE, had the
greatest increase in the OVX females (Fig. 5SA) and iE.s increased more in OVX females than
intact females on average but the change was not significant because of high variability (Fig.
5B). Since iE, and iE¢ are independent variables in the calculated RV mechanoenergetic cost to
pump blood, we performed a 3D analysis (Fig. 5C) and used MANOVA to determine that RV
mechanoenergetic cost to pump blood was increased in all PAB rats (p<0.05), but did not
significantly change based on sex or ovariectomy. Representative pressure-volume curves for

each group are provided in Fig. 5D.

We also confirmed that the results of this analysis do not depend on normalizing E,, Es, and
mechanoenergetic cost to deliver blood to bodyweight (Fig. 6A-C). When these parameters are
not normalized, E, was increased in all PAB rats with the greatest increase in the OVX females

(Fig. 6A) and E.s was increased significantly in intact and OVX females (Fig. 6B).

RV mitochondrial ultrastructure and PGC-1¢« transcription levels in response to PAB are not

dependent on sex or ovariectomy
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We next investigated whether the impact of sex and ovariectomy on energy input was mediated
by mitochondrial ultrastructure. RV tissue from intact female demonstrated increased number of
mitochondria that corresponded with comparable decrease in mitochondrial size (Fig. 7B&C).
Interestingly, male rats also exhibited a significant decrease in mitochondrial size with no
significant change in mitochondrial content. As mitochondrial structural remodeling is regulated
by PGC-10(26), we evaluated for sex differences in PGC-1a transcription levels and found that
intact female and male rats had comparable downregulation of PGC-1a with PAB (Fig. 7D).
While ovariectomy alone reduced PGC-la transcription level in sham rats, mitochondrial
number and size were not significantly altered (Fig. 7B-D). Furthermore, in response to PAB,
mitochondrial number, mitochondrial size, and PGC-1a transcription level in OVX PAB rats
were not different from OVX sham rats or intact female PAB rats (Fig. 7B-D). Taken together,
mitochondrial ultrastructure and PGC-1a transcription levels in response to PAB were largely
independent of sex and female sex hormone depletion and did not correspond with changes seen

in hemodynamic energy input or RV systolic function.

RV collagen content and collagen organization are affected by sex and ovariectomy; RV
diastolic function is comparably impaired in all PAB groups

Since collagen accumulation can impair diastolic function(36), we investigated sex differences in
(1) interstitial collagen content and (2) the ratio of thick collagen fibers, which contribute to
material stiffness, to thin collagen fibers, which contribute to compliance(17). While RV
collagen content was increased in all PAB rats, the increase was significantly smaller in female
rats independent of ovariectomy (Fig. 8A). In male and ovariectomized female rats with PAB,

the increased ratio of thick-to-thin collagen indicated more packing of collagen fibers into thick
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collagen bundles (Fig. 8B). In contrast, intact female rats with PAB had a preserved ratio,
suggesting more of thin collagen bundles accumulated. These results indicate that in response to
PAB, sex impacts the degree of collagen deposition and loss of endogenous female sex

hormones impacts the organization of collagen fibers.

Interestingly, these differences in collagen organization were not demonstrated to be associated
with diastolic dysfunction. Regardless of sex or ovariectomy, all PAB rats demonstrated
comparable RV chamber stiffening (reduced chamber compliance) and prolonged active
relaxation (increased Tau Weiss) (Fig. 8C&D). RV myocardial stiffening was also evident in

OVX Sham animals.

Discussion

Our major findings are that, in rats challenged with RV pressure overload via PAB, (1)
mechanical efficiency decreased and mechanoenergetic cost to pump blood increased
independently of sex, despite differences in hemodynamic energy input, output, and contractility;
and (2) diastolic dysfunction occurred independently of sex, despite differences in collagen
content and organization. Loss of endogenous sex hormones modulated some of these changes.
These data suggest that even though sex and female endogenous sex hormones modulate RV
contractile responses and energy input and output responses, the mechanoenergetic cost for the
RV to pump blood is not affected by sex or sex hormones. In other words, even though the
individual components contributing to RV mechanoenergetic cost are differentially affected by

sex and sex hormones in our model, the “end product” of RV mechanoenergetic cost is constant
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across sexes and after ovariectomy, suggesting a homeostatic target to which the system returns
when perturbed. In this case, the target would be maintained mechanoenergetic cost or

efficiency.

In disease states characterized by RV pressure overload, women have superior RV systolic
function(10, 16, 45, 50, 53). Preclinical studies in rodent models of PH have recapitulated these
clinical findings(11, 25). However, since female sex can alleviate PH-induced pulmonary
vascular remodeling(11, 25), sex-dependent changes in RV afterload confound study of the
impact of female sex on RV function. Using PAB to induce comparable pressure overload in
male and female rats, we confirmed that female rats have greater generation and utilization of
mechanical energy (iPVA and iEW), and greater RV contractility (iEcs), i.e., improved RV
systolic adaptation, compared to male rats. These results are consistent with greater RV
contractility found in female PAH patients compared to male PAH patients(50). Interestingly,
despite these differences, overall mechanoenergetic function — quantified by both mechanical
efficiency and mechanoenergetic cost to pump blood — was not statistically different between the
sexes. Although no conclusions can be drawn from the non-significant data shown here, this
finding may suggest a sex-independent mechanoenergetic efficiency target that RV systolic
adaptation maintains during pressure overload despite mechanoenergetic remodeling pathways
that are sex-dependent. It is unknown, however, if both sexes can maintain this
mechanoenergetic efficiency for a similar duration. Since male PAH patients have inferior RV
adaptation and higher mortality compared to their female counterparts, they may “fall off the
cliff” sooner. This may be representative of an intermediate stage of RV adaptation for male rats,

implying that there may be some male compensatory response to lower the energetic cost to
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pump blood that is not observed in the intact female rats, and may not be sustainable long-term.
This idea becomes more intriguing when taken together with the fact that SV and iEes were
lower in males compared to intact and OVX females, suggesting a possible sex-dependent
compensatory mechanism (or lack thereof) related to RV contractility. However, dedicated time
course studies, including an intermediate state of adaptation in males as well as overt RV failure
in both males and females, are required to test this hypothesis. To test the hypothesis of a
mechanoenergetic efficiency homeostatic set point, one could disrupt cardiomyocyte energetics
(e.g., mitochondrial energy generation) constitutively and then observe whether

mechanoenergetic efficiency was still maintained at baseline and with pressure overload.

We further explored sex differences by studying the effect of female sex hormone depletion.
Menopause is a risk factor for PAH development in patients with scleroderma(44) and more
favorable hemodynamics in PAH are seen in women <45 years old(54), which suggest that loss
of female sex hormones (e.g. menopause) impairs RV systolic adaptation to PH. Moreover,
estrogen therapy has been shown to contribute to improved RV function in ovariectomized
rodents with PH(11, 25, 27). Here we found that loss of endogenous sex hormones limited the
increase in generation and utilization of mechanical energy during contraction with no significant
effect on RV contractility. Again, despite these differences, mechanical efficiency was not
altered by loss of endogenous sex hormones. While not significant, the mechanoenergetic cost to
pump blood was higher in the OVX group. Since the OVX PAB group had the most anesthesia-
related death, loss of data from these sickest animals may have artefactually decreased

mechanoenergetic cost to pump blood, which warrants further investigation.
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To discover the underlying mechanisms contributing to superior female energy generation and
contractility in response to pressure overload, we measured mitochondrial ultrastructure and
PGC-1a transcription levels with PAB. While sex differences in mitochondrial ultrastructure and
PGC-1a expression level in healthy LV have been reported(7, 23), we found no differences
between Sham males and females. We also did not find differences in mitochondrial number or
size between Sham males and females, consistent with prior data showing mitochondrial
oxidative capacity is independent of sex(2, 6, 23, 41). In response to pressure overload in intact
males and females, mitochondrial number increased, mitochondrial size decreased, and PGC-1a
transcription decreased, demonstrating sex independence. These changes were generally lost
with OVX, suggesting some dependence on endogenous female sex hormones. The regulation of
mitochondrial function and energetics is a complex process involving multiple regulators(34,
38), and regulators that were not studied here may be altered. Future studies investigating
additional regulators and dissecting time courses are needed. Importantly, these changes in
mitochondrial function and energetics do not explain sex-dependent differences in hemodynamic

energy input, output and contractility.

In the pressure overloaded LV, sex differences in diastolic dysfunction have been linked with
increased rate of collagen deposition(39). Greater ratio of thick to thin collagen fibers and
hypertrophy both appear to contribute to myocardial stiffening and diastolic dysfunction in both
pressure overloaded ventricles(17, 29, 36). However, sex differences in these features and their
resulting contribution to diastolic dysfunction have not yet been investigated. Here, we
demonstrate sex differences in collagen content and organization with PAB that nevertheless do

not cause sex differences in diastolic stiffening or dysfunction. Males showed more collagen
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content and higher thick-to-thin collagen ratio, whereas females had a smaller increase in
collagen content with no change in thick-to-thin collagen ratio. Interestingly, OVX females had
comparable collagen content to intact females with a greater thick-to-thin collagen ratio. Despite
these differences in structure, diastolic function was comparably impaired in all groups with
pressure overload. Thus, similar to mechanoenergetic remodeling and systolic function, these
results suggest a sex-independent homeostatic set point that governs RV diastolic adaptation to

pressure overload achieved via remodeling mechanisms that are sex-dependent.

Sudy limitations

There are several limitations of this study. First, measurements were made at only one timepoint
following a specific degree of PAB such that causal relationships and the relative timing of
structural and functional changes in each sex could not be determined. Time courses and
different degrees of PAB may result in differential RV energetic responses. It should also be
noted that we did not track changes in the pressure gradient across the banded region to ensure
consistent levels of banding. However, calculation of pulmonary vascular resistance (Pes/CI)
showed comparable amounts of RV afterload with banding across all groups. Second, other
factors influenced by sex and loss of endogenous female sex hormones that were not accounted
for in this study include oxidative stress(7, 35), calcium handling(8, 9, 43, 51), and
inflammation(31). Third, while mitochondrial structure and PGC-1a are strongly linked with
mitochondrial function(12, 26), mitochondrial function was not assessed in this study. Fourth,
the model-based prediction of cardiac energy cost to deliver blood does not account for some

important physiological factors such as heart rate and sympathetic stimulation that are altered
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with disease progression. Revision of the modeling approach could enhance its ability to predict
ventricular function changes in response to pathological stimuli. Fifth, there was a notable
difference in body weight between the intact female and OVX groups at baseline, despite being
inbred, from the same vendor, and of the same approximate age, which may confound the
comparison between these groups. Finally, the experiments in male rats were conducted two
years earlier than those in intact and OVX female rats and by different surgeons. While care and
handling of animals, surgical techniques, instrumentation, and data analyses were otherwise

identical, comparisons between sexes need to be interpreted with caution.

In conclusion, with the present study, we demonstrate that increases in RV hemodynamic energy
generation (input), energy utilization (output), and contractility are greater in females than males
whereas mechanical efficiency and mechanoenergetic cost to pump blood are not. Similarly,
increases in collagen content and changes in collagen organization are sex-dependent whereas
diastolic dysfunction is not. These results point toward sex-dependent mechanisms of
remodeling that may be achieved via sex-independent mechanoenergetics and diastolic function,

which warrants further investigation.
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Figure Legends

Figure 1. Experimental design and timeline of the described experiments. Pulmonary artery
banding (PAB) or sham surgery was performed in age-matched intact male, intact female, and
ovariectomized (OVX) female Wistar rats. Eight weeks following surgery, right heart

catheterization (RHC) was performed before animals were euthanized for tissue harvest.

Figure 2. Esrl, Esr2, and Gperl transcript levels in response to pulmonary artery banding (PAB)
are not significantly dependent on sex or ovariectomy. Effects of sex and OVX on (A) Esrl
(gene encoding for ERa), (B) Esr2 (gene encoding for ERp), and (C) Gperl are shown. N = 8-10
animals per group. Values are presented as means + SEM; p<0.05 for *PAB vs. respective sham
and ffemale (intact or OVX) vs. male (2-way ANOVA with Bonferroni’s multiple comparison

correction).

Figure 3. Systolic adaptation to pulmonary artery banding (PAB) is independent of sex but
dependent on ovariectomy (OVX). Effects of sex and OVX on (A) RV end-systolic pressure
(Pes), (B) heart rate (HR), (C) RV ejection fraction (RVEF), (D) stroke volume normalized to
bodyweight (SVI), (E) cardiac output normalized to bodyweight (cardiac index), (F) RV weight
scaled to left ventricular and septal weights (RV/LV+S), and (G) RV myocyte cross-sectional
area (CSA) are shown. (G, left) Representative images depict hematoxylin and eosin stained RV
tissue in male and female Sham and PAB rats [hematoxylin staining nuclei in blue, eosin staining
cytoplasm in pink]. Note that OVX reduced cardiac index in sham rats. N = 8-10 animals per

group. Values are presented as means + SEM; p<0.05 for *PAB vs. respective sham, female
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(intact or OVX) vs. male, and {OVX vs. intact female (2-way ANOVA with Bonferroni’s

multiple comparison correction).

Figure 4. Increases in hemodynamic energy input in response to pulmonary artery banding
(PAB) depend on sex and ovariectomy (OVX) but their ratio (mechanical efficiency) does not.
Effects of sex and OVX for (A) external work scaled to bodyweight (iEW), (B) pressure volume
area scaled to bodyweight (iPVA), and (C) mechanical efficiency iEW/iPVA) are shown. N = 8-
10 animals per group. Values are presented as means = SEM; p<0.05 for *PAB vs. respective
sham, ffemale (intact or OVX) vs. male, and {OVX vs. intact female (2-way ANOVA with

Bonferroni’s multiple comparison correction).

Figure 5. Increases in indexed RV contractility in response to pulmonary artery banding (PAB)
depend on sex and ovariectomy (OVX) but mechanoenergetic cost to pump blood does not.
Effects of sex and OVX on (A) indexed arterial elastance (iE,) and (B) indexed end-systolic
elastance (iE¢) are shown for each group. N = 8-10 animals per group. Values are presented as
means £ SEM; p<0.05 for *PAB vs. respective sham, ffemale (intact or OVX) vs. male, and
tOVX vs. intact female (2-way ANOVA with Bonferroni’s multiple comparison correction). (C)
Model-based estimation of RV mechanoenergetic cost to pump blood (change in PVA per unit
change in SV) as a function of iE, and iE. The group centroid is located at the group average
(iE,, 1E¢s); the boundary is defined by the standard error of mean. PAB groups are significantly
different from sham (p<0.05) by MANOVA with Tukey’s HSD post-hoc test. (D)
Representative pressure volume loops recorded during transient vena cava occlusion, from which

iE, and iE.; are calculated for each group.
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Figure 6. Increases in (non-indexed) RV contractility in response to pulmonary artery banding
(PAB) depend on sex and ovariectomy (OVX) but mechanoenergetic cost to pump blood does
not. Effects of sex and OVX on (A) arterial elastance (E,) and (B) end-systolic elastance (E.) are
shown for each group. N = 8-10 animals per group. Values are presented as means + SEM;
p<0.05 for *PAB vs. respective sham, jfemale (intact or OVX) vs. male, and {OVX vs. intact
female (2-way ANOVA with Bonferroni’s multiple comparison correction). (C) Model-based
estimation of RV mechanoenergetic cost to pump blood (change in PVA per unit change in SV)
as a function of E, and E.. The group centroid is located at the group average (E,, Ec); the
boundary is defined by the standard error of mean. PAB groups are significantly different from

sham (p<0.05) by MANOVA with Tukey’s HSD post-hoc test.

Figure 7. RV mitochondrial remodeling in response to pulmonary artery banding (PAB) is
dependent on sex and ovariectomy (OVX). Effects of sex and OVX on (B) mitochondrial
content, (C) mitochondrial size, and (D) gene expression of PGC-lo are shown. (A)
Representative electron micrographs captured at x25,000 magnification are shown for each
groups. Number of mitochondria was calculated as the counted number of mitochondria per high
power field (HPF). Mitochondrial size was calculated as the cross-sectional area (CSA) of
mitochondria per high power field. Note the significant decrease in PGC-1a expression in OVX
Sham rats. N = 8-10 animals per group. Values are presented as means + SEM; p<0.05 for *PAB
vs. respective sham and fOVX vs. intact female (2-way ANOVA with Bonferroni’s multiple

comparison correction).
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Figure 8. Increases collagen content and changes in organization in response to pulmonary artery
banding (PAB) depend on sex and ovariectomy (OVX) but diastolic function does not. Effects of
sex and OVX are shown for (A) RV interstitial collagen area, (B) RV collagen organization into
thick-to-thin collagen fibers, (C) RV chamber compliance indexed to bodyweight, and (D) tau
Weiss. Representative images under (A) brightfield and (B) polarized light were captured at x20
magnification. Collagen was stained with picrosirius red; collagen area was calculated as the
ratio of the area positive for collagen (stained in pink and red) to the total tissue area (stained
yellow). Thick, tightly packed collagen and thin, loosely aligned collagen were identified as
different interference colors under polarized light, with thick collagen defined as areas of yellow,
orange, or red color, and thin collagen defined as areas of green color. Note that OVX reduced
RV chamber compliance index in sham rats. N = 8-10 animals per group. Values are presented as
means £ SEM; p<0.05 for *PAB vs. respective sham, ffemale (intact or OVX) vs. male, and

1OVX vs. intact female (2-way ANOVA with Bonferroni’s multiple comparison correction).
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Table 1. Estrogen levels, bodyweights, and bodyweight gain in experimental groups.

Sham PAB
Intact Intact Intact OoVX
Parameter OVX Female Intact Male
Male Female Female Female
Tibia length (mm) - 443+0.9 47.0+1.1 - 43.0£0.8 454=+1.2
26738+ 187.78 + 254.00 + 262.60 + 181.89 + 23925+
Initial bodyweight (g)
6.46 4.627 7.94% 2.35 4.78% 8.857%
Terminal bodyweight (g) 469 +£21 272+ 8% 366+ 147f 455+8 268 £ 8F 346 £ 9%
Bodyweight gain (%) 75+ 6 45 + 3% 44 + 37 73 +3 48 £ 2F 45 + 27

Serum 17-f Estradiol

527+0.6614.11£6.58 2.92+0.33 5.82+0.72 7.45+2.13 2.66+0.28
(pg/mL)

Values are presented as means + SEM; p<0.05 for Tfemale (intact or OVX) vs. male and {OVX

vs. intact female (2-way ANOVA with Bonferroni’s multiple comparison correction).




Table 2. Hemodynamic parameters in sham and pulmonary artery banded (PAB) rats.

Pressure, mmHg

Sham PAB
Intact OovVX Intact
Hemodynamics Intact Male Intact Male OVX Female
Female Female Female
Peak Systemic
110+5 116 5 111 +£8 122 +8 119+5 115+8

RV End-diastolic

pressure, mmHg

450+0.72 3.65+0.383.00+0.44 6.48£0.71 6.46 +1.28*

4.46 +0.84

RV End-systolic

volume index, pL/g

0.26 +0.03 0.25+0.04 0.24 £0.05 0.54 + 0.04* 0.49 + 0.09*

0.32+£0.07

RV End-diastolic

volume index, puL/g

0.94+0.06 0.99+0.11 0.71 £0.09 1.04+0.06 1.14+0.11

0.61 +

0.08+1

Values are presented as means = SEM; p<0.05 for *PAB vs. respective sham, ffemale (intact or

OVX) vs. male, and {OVX vs. intact female (2-way ANOVA with Bonferroni’s multiple

comparison correction).
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Male, Female, and OVX Female
Rats Underwent Pulmonary
Arterial Banding for 8 Weeks

Sex Differences in Right Ventricular Adaptation
to Pressure Overload in a Rat Model

Changes in Remodeling and Hemodynamics were Sex-Dependent
while RV Mechanoenergetics and Efficiency Were Sex-Independent
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During pressure overload, right ventricle mechanoenergetics are
maintained at a sex-independent target via remodeling pathways that are

sex-dependent.
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