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Lahm T, Chesler NC. Estrogen receptor-a prevents right ventricular
diastolic dysfunction and fibrosis in female rats. Am J Physiol Heart
Circ Physiol 319: H1459–H1473, 2020. First published October 16,
2020; doi:10.1152/ajpheart.00247.2020.—Although women are more
susceptible to pulmonary arterial hypertension (PAH) than men,
their right ventricular (RV) function is better preserved. Estrogen
receptor-a (ERa) has been identified as a likely mediator for estro-
gen protection in the RV. However, the role of ERa in preserving
RV function and remodeling during pressure overload remains
poorly understood. We hypothesized that loss of functional ERa
removes female protection from adverse remodeling and is permis-
sive for the development of a maladapted RV phenotype. Male and
female rats with a loss-of-function mutation in ERa (ERaMut) and
wild-type (WT) littermates underwent RV pressure overload by pul-
monary artery banding (PAB). At 10 wk post-PAB, WT and
ERaMut demonstrated RV hypertrophy. Analysis of RV pressure
waveforms demonstrated RV-pulmonary vascular uncoupling and
diastolic dysfunction in female, but not male, ERaMut PAB rats.
Similarly, female, but not male, ERaMut exhibited increased RV fi-
brosis, comprised primarily of thick collagen fibers. There was an
increased protein expression ratio of TIMP metallopeptidase inhibi-
tor 1 (Timp1) to matrix metalloproteinase 9 (Mmp9) in female
ERaMut compared with WT PAB rats, suggesting less collagen
degradation. RNA-sequencing in female WT and ERaMut RV
revealed kallikrein-related peptidase 10 (Klk10) and Jun Proto-
Oncogene (Jun) as possible mediators of female RV protection dur-
ing PAB. In summary, ERa in females is protective against RV-
pulmonary vascular uncoupling, diastolic dysfunction, and fibrosis
in response to pressure overload. ERa appears to be dispensable for
RV adaptation in males. ERa may be a mediator of superior RV
adaptation in female patients with PAH.

NEW & NOTEWORTHY Using a novel loss-of-function mutation
in estrogen receptor-a (ERa), we demonstrate that female, but not
male, ERa mutant rats display right ventricular (RV)-vascular
uncoupling, diastolic dysfunction, and fibrosis following pressure
overload, indicating a sex-dependent role of ERa in protecting

against adverse RV remodeling. TIMP metallopeptidase inhibitor 1
(Timp1), matrix metalloproteinase 9 (Mmp9), kallikrein-related
peptidase 10 (Klk10), and Jun Proto-Oncogene (Jun) were identified
as potential mediators in ERa-regulated pathways in RV pressure
overload.

adverse remodeling; estrogen receptor-a; pressure overload; right
ventricle

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a disease character-
ized by progressive narrowing and stiffening of pulmonary
arteries leading to increased right ventricular (RV) afterload.
PAH has a prevalence of 6.6 to 26.0 cases per million adults
with an incidence at 1.1 to 7.6 million adults annually (4). In
response to the increased afterload, the RV initially hypertro-
phies and increases its contractility as an adaptive response to
maintain coupling of the RV-pulmonary vascular circuit (65).
With time, progressive afterload causes maladaptive RV remod-
eling with cardiac fibrosis (45), diastolic dysfunction (45), and
uncoupling of the RV-pulmonary circuit (59). Without effective
intervention, these processes lead to RV failure and increased
mortality (65). The drivers and markers of the transition from
adaptive to maladaptive RV remodeling are an area of intense
research interest, which may be aided by greater understanding
of the features of adaptive RV remodeling.
Despite the greater incidence of PAH in women (54), RV

function is better preserved in women with PAH than in men
(18). This suggests that the transition from adaptive to maladap-
tive remodeling may be sex-dependent. In estrogen-repleted
ovariectomized female rats with sugen/hypoxia-induced pulmo-
nary hypertension (SuHx-PH), increased RV expression of
ERa, but not ERb (15), suggests that ERa is the critical pathway
for sex-dependent preservation of RV function in the context
of pressure overload. In fact, in male SuHx-PH rats, treatment
with ERa agonist 4,4040 0[4-propyl-(1H)-pyrazole-1,3,5-triyl]Correspondence: N. C. Chesler (nchesler@uci.edu).
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tris-phenol (PPT) resulted in enhanced cardiac index and
improved exercise capacity compared with untreated SuHx-PH
rats, and ERa expression in female SuHx-PH rats correlated
strongly and positively with cardiac output (CO) (15). Also,
hypoxic pulmonary hypertensive male rats treated with the ERa
antagonist methyl-piperidino-pyrazole showed a reversal of the
beneficial effects of estrogen-mediated attenuation of RV hyper-
trophy and CO (26). These studies suggest a protective role of
ERa in the RV of both females and males with experimental PH.
Evidence for a sex-based difference in ERa regulation in the

left ventricle (LV) has been reported (10, 66). In an ischemia-
reperfusion injury model, female ERa knockout (KO) mice
exhibited significantly reduced myocardial function compared
with female wild-type (WT) mice, whereas male ERa KO
showed comparable function as maleWTmice (66), implicating
female cardiac protection through ERa. Furthermore, ERa
binds to collagen types I and III promoters in female but not
male rat cardiac fibroblasts, and collagen types I and III are
downregulated following estrogen treatment in female but not
male rat cardiac fibroblasts (10). However, it is unclear whether
this sex bias in collagen regulation is also present in the RV.
Moreover, although it is known that ERa regulates mitochon-
drial respiration and ultrastructure (47, 48, 74), a knowledge
gap exists regarding ERa regulation of mitochondrial homeosta-
sis in the pressure overloaded RV.
Although ERa signaling has been studied in the RV before,

prior studies using SuHx (15, 26) or monocrotaline (61) to study
the role of estrogen signaling in RV adaptation to PH have been
confounded by interaction effects in the pulmonary vasculature.
In particular, estrogen signaling in the context of SuHx-PH (15,
27) and monocrotaline-induced PH (61) confers protection
against pulmonary vascular remodeling such that the stimulus
for RV remodeling is decreased. In contrast, constriction of the
main pulmonary artery by banding (PAB), especially when
matched to the size of the animal (6), creates a robust increase
in afterload that is not modified by estrogen signaling. We used
this PAB model and a novel loss-of-function ERa rat model
(14) to study the role of ERa during adaptive RV remodeling,
characterized as preserved RV-pulmonary vascular coupling.
We hypothesized that the loss of functional ERa during the
adaptive stage of RV remodeling removes female protection
from RV-pulmonary vascular uncoupling, RV diastolic dys-
function, and myocardial fibrosis.

MATERIALS AND METHODS

Animal studies. We used 38 male or female Sprague–Dawley rats
(10–11 wk old) in this study. Eighteen rats had a targeted loss-of-func-
tion mutation of ERa (ERaMut) and 20 of littermates had the wild-type
ERa (WT). Details of the generation of the loss-of-function ERa mu-
tant rats via clustered regularly interspaced short palindromic repeats
(CRISPR) have been reported in abstract form (14). All rats underwent
baseline echocardiography, during which the pulmonary artery (PA) di-
ameter was measured. Following echocardiography, rats were ran-
domly assigned to PAB (n = 5 for each sex) or sham (n = 4–5 for each
sex) surgery. The animal protocol was reviewed and approved by the
University of Wisconsin Institutional Animal Care and Use Committee.

Pulmonary artery banding and sham surgery. PAB and sham sur-
geries were performed through a lateral thoracotomy and dissection of
the main PA as described before (6). Briefly, rats were anesthetized
with isoflurane (5% and then maintained at 2%–3%, balanced with oxy-
gen), intubated, and ventilated. In PAB rats, a silk suture was tied

around the main PA and a reference needle to achieve !60% constric-
tion based on the baseline echocardiographic diameter of the PA. In
Sham rats, the suture was not tied. Rat bodyweight was collected
weekly for up to 10 wk postoperatively.

Cardiac hemodynamics. At 10 wk postsurgery, rats were anesthe-
tized with urethane (1.2 g/kg ip), intubated, and ventilated for right
heart catheterization. Systemic pressure was measured at the aortic
arch by advancing a pressure catheter (Millar, Houston, TX) through
the right carotid artery. RV pressure was measured directly by a high fi-
delity catheter (Scisense, London, Ontario, Canada) inserted into the
RV through the apex. Commercial software (Notocord Systems,
Croissy Sur Seine, France) was used to record RV pressure waveforms
at 1,000 Hz. RV end-systolic pressure (Pes) and RVmaximal derivative
of pressure (dP/dtmax) were derived from the RV pressure data.
Ventricular vascular coupling (Ees/Ea) was calculated as: Ees/Ea = (Piso/
RV Pes)-1, in which Piso represents the maximum isovolumetric pres-
sure. Piso was estimated using a single beat method based on the second
derivative of the pressure trace, as previously reported (3). Using the
pressure waveforms, Tau Weiss (an indicator of diastolic function) was
calculated using an exponential decay model as previously proposed
(69) and modified as recommended elsewhere (28). Quality hemody-
namic data were not collected in four rats, specifically in one female
WT Sham, one male and one female WT PAB, and one female
ERaMut Sham. Significant blood loss in two of the rats reduced sys-
temic pressure, while difficulty with anesthesia prevented us from col-
lecting hemodynamic data in the other two rats. All hemodynamic data
analyses were performed by a blinded observer.

Serum collection and estrogen measurement. After euthanasia,
!1.5 mL of blood was collected, spun down at 4,000 rpm for 10 min at
4"C, aliquoted, and stored at #80"C. Serum samples were thawed on
ice for estrogen measurement using Calbiotech Mouse/Rat Estradiol
ELISA kit (Calbiotech, El Cajon, CA) according to manufacturer’s
instructions and as performed previously (15).

Gross evaluation. The RV free wall was separated from the left ven-
tricle (LV) and septum and weighed. RV hypertrophy was calculated
three different ways: 1) RV weight scaled to tibia length (TL), 2) RV
weight scaled to terminal bodyweight (BW), and 3) RV weight scaled
to the sum of LV and septal weights (i.e., the Fulton index). The RV
was then divided into five sections for the following analyses.

In situ mitochondrial oxidative consumption and analysis. A piece
of RV tissue was placed in cold BIOPS solution, containing 10 mM
Ca-EGTA, 0.1 !M free calcium, 20 mM imidazole, 20 mM taurine, 50
mM K-MES, 0.5 mM DTT, 6.56 mM MgCl2, 5.77 mM ATP, and 15
mM phosphocreatine (pH 7.1), dissected to tease apart individual fibers
into a mesh-like sample, and then permeabilized by gentle agitation in
BIOPS with 5 mg/mL saponin (43). Permeabilized fibers were washed
in MiR05 respiration media, containing 0.5 mM EGTA, 20 mM tau-
rine, 3 mM MgCl2, 110 mM sucrose, 60 mM K-lactobionate, 10 mM
KH2PO4, 20 mM K-HEPES, and 1 mg/mL BSA (pH 7.1) and then
placed in an Oxygraph-2k (Oroboros Instruments, Innsbruck, Austria)
for oxygen flux measurement.

Oxygen flux data acquisition and analysis were performed using
software DatLab (Oroboros Instruments, Austria) as previously
reported (57). Respiration of permeabilized muscle fibers was meas-
ured in the Oxygraph-2k at 37"C with constant stirring. The same suite
of substrates and inhibitors presented previously (25) was used here.
Briefly, glutamate (10 mM) and malate (2 mM) were added as respira-
tory substrates (State 4 ADP-depleted basal respiration). Next, ADP (5
mM) was added to assess oxidative phosphorylation (OXPHOS)
capacity (State 3 OXPHOS). Respiratory control ratio (RCR) was then
calculated as State 3/State 4. The lack of a significant change in oxygen
flux after adding cytochrome-c (10 !M) confirmed the integrity of the
outer mitochondrial membrane (24). Complex II respiration was then
assessed by inhibiting complex I with rotenone (1.25 mM) and stimu-
lating complex II with succinate (10 mM). Complex IV respiration was
measured by inhibiting both complex I and complex II with antimycin
A (2.5 mM) and stimulating complex IV with a combination of N,N,N0,
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N0-tetramethyl-p-phenylenediamine (TMPD) (0.5 mM) and ascorbate
(2 mM). Oxygen flux was normalized to wet tissue weight as previ-
ously reported by (57).

Electron microscopy and mitochondrial ultrastructure image analysis.
RV tissue cold-fixed in Karnovsky’s fixative (Electron Microscopy
Sciences, Hatfield, PA) was processed for transmission electron micros-
copy and mitochondrial ultrastructural image analysis as previously
described (6). From a single RV tissue of a rat, five micrographs
were captured at %5,600 magnification and analyzed using ImageJ
(1.49v; National Institutes of Health, Bethesda, MD). Mitochondria
per high-power field are reported as the average number of mito-
chondria counted in five micrographs. Mitochondrial size is reported
as average cross-sectional area of mitochondria in five micrographs
as reported previously (6). These analyses were performed by a
blinded observer.

Histology and image analysis. RV tissue was immersion fixed in
10% vol/vol buffered formalin (Thermo Fisher Scientific, Waltham,
MA) and preserved in 70% ethanol. RV tissues were embedded in par-
affin, sectioned, and stained with Picrosirius red to visualize collagen
(6) or hematoxylin and eosin to visualize cardiomyocytes (67). To
quantify total collagen deposition in the RV, the area containing colla-
gen was determined by color thresholding in a representative field of
view using MetaVue software (Optical Analysis Systems). To calculate
percent collagen area, collagen area was divided by the tissue area in
each field of view. Under polarized light, collagen organization and
structure were determined. Collagen fibers are organized into tightly
packed collagen bundles that appear as thick collagen fibers or diffusely
distributed as thin collagen fibers (38). Both thick collagen fibers that
impart properties of stiffness and thin collagen fibers that impart prop-
erties of elasticity contribute to diastolic function (19). Thick and thin
collagen fibers were identified as areas of yellow/orange/red color or
green color, respectively (5, 8, 22). The area of thick or thin collagen
was divided by the total image area. The area of thick or thin collagen
was calculated per image and then averaged to obtain a single measure-
ment for each animal. RV cardiomyocyte cross-sectional area was
measured by the cell area under the cross-sectional orientation. At least
four representative fields of views were collected at %20 magnification
for each animal. All histological analyses were performed by a blinded
observer.

RNA preparation and RNAseq analysis. Total RNA was extracted
from 10 mg of RV using RNeasy Fibrous Tissue Mini Kit (Qiagen,
Valencia, CA). DNase I treatment was performed in the column
according to the manufacturer’s protocol. 60 !L of total RNA was
recovered with concentrations ranging from 72.7 to 180.6 ng/!L and
with A260/280 nm ranging from 1.89 to 2.11. RNA samples were sub-
mitted to UW Madison Biotechnology Center (Madison, WI) for RNA
quality and integrity evaluation by capillary electrophoresis on the
Agilent 2100 Bioanalyzer platform (Agilent Technologies, Santa Clara,
CA). The sequencing library from mRNA was prepared using TruSeq
Stranded mRNA Library Preparation Kit (Illumina, San Diego, CA).
RNAseq was carried out using Illumina NovaSeq S1 platform.
Bioinformatic analysis of RNAseq reads adheres to ENCODE guide-
lines and best practices for RNAseq (7). Briefly, alignment of adapter-
trimmed [Skewer v0.1.123 (20)] 2 % 150 (paired-end, PE) bp strand-
specific Illumina reads to the Rattus norvegicus Rnor_6.0 genome (as-
sembly accession GCA_000001895.4) was achieved with the Spliced
Transcripts Alignment to a Reference software [v2.5.3a (9)], a splice-
junction aware aligner, using Ensembl annotation. Expression estima-
tion was conducted using RSEM v1.3.0 [RNAseq by expectation maxi-
mization (31)]. The raw data in the form of BAM files and normalized
TPM (transcripts per million mapped reads) values have been deposited
to the NCBI Gene Expression Omnibus (GEO) database and assigned
accession number (GSE148453).

To test for differential expression among individual group contrasts,
expected read counts were used as input into edgeR [v3.16.5 (49)].
Significance of the negative binomial test was adjusted with a
Benjamini–Hochberg false discovery rate correction at the 5% level

(46). Before statistical analysis with edgeR, independent filtering was
performed, requiring a threshold of least two reads per million in at
least three samples. The validity of the Benjamini–Hochberg false dis-
covery rate multiple testing procedure was evaluated by inspection of
the uncorrected P value distribution. False discovery rate at the 5%
level was considered statistically significant.

Real-time RT polymerase chain reaction analysis. From the RNA
isolated for RNAseq, 1 !g of RNA was reverse transcribed into cDNA
using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA) as performed previously (6). Real-time
PCR was performed using TaqMan Gene Expression Master Mix and
TaqMan assay primers (Table 1) according to the manufacturer’s
instructions (Invitrogen Life Technologies, Carlsbad, CA). All PCRs
were performed using the Applied Biosystems StepOne Plus Real-
Time PCR System (Foster City, CA). Changes in mRNA expression
were determined by the comparative threshold cycle method (34). Data
were normalized to Hprt1 and expressed as fold change compared with
the female WT Sham group.

Western blot analysis. Female RV tissues were processed for
Western blot analysis as previously performed (32). RV tissue was lysed
in RIPA buffer (Santa Cruz Biotechnology, Santa Cruz, CA) supple-
mented with 1:100 HALT protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific, Waltham, MA). 50 !g of each sample was
separated on 4%–12% SDS-PAGE gels, transferred onto a PVDF mem-
brane, blocked in 5% milk with 0.1% Tween-20, and immunoblotted
overnight. The primary antibodies used were Mmp9 (sc-393859, Santa
Cruz Biotechnology, Santa Cruz, CA), Timp1 (ab61224, Abcam,
Cambridge, UK), kallikrein 10 (PA5–109887, Life Technologies,
Carlsbad, CA), c-Jun (sc-74543, Santa Cruz Biotechnology), and
Vinculin (sc-25336, Santa Cruz Biotechnology). Nonspecific bands for
Mmp9, Timp1, and Klk10 were consistent with representative blots
reported by the manufacturers. Membranes were washed and incubated
in the appropriate horseradish peroxidase (HRP) secondary antibody.
Immunoblots were developed with ECL Western blotting substrate
(Thermo Fisher Scientific, Waltham, MA) and imaged with Bio-Rad
ChemiDoc MP (Hercules, CA). Band intensity was quantitated using
NIH ImageJ software.

Statistical analysis. All values are presented as means ± SE.
ANOVA with Bonferroni multiple comparison correction was per-
formed to determine differences due to genotype (ERaMut vs. WT),
sex (female vs. male), and stress (PAB vs. Sham). For experiments
using only female samples, two-way ANOVA was performed to deter-
mine differences due to genotype and stress. All statistical analyses
were performed using IBM SPSS Statistics Version 22 (Armonk, NY).
A P value of less than 0.05 was considered statistically significant.

RESULTS

ERa mutants demonstrate elevated serum estrogen and no
sex-dependent difference in bodyweight. 17b-Estradiol levels
in the serum of male and female WT (Sham and PAB) rats were
physiologically consistent with those reported previously in WT
(15, 27) (Fig. 1A). Interestingly, serum estradiol levels were
increased dramatically in female sham and PAB ERaMut rats

Table 1. Overview of primers used

Gene TaqMan Assay Protein

Hprt1 Rn01527840_m1 Hypoxanthine phosphoribosyltransferase 1
Col1a1 Rn01463848_m1 Collagen type I-a1 chain
Col3a1 Rn01437681_m1 Collagen type III-a1 chain
Mmp9 Rn00579162_m1 Matrix metallopeptidase 9
Timp1 Rn01430873_g1 TIMP metallopeptidase inhibitor 1
Klk10 Rn01475770_g1 Kallikrein-related peptidase 10
Jun Rn99999045_s1 Jun proto-oncogene
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(Fig. 1A). Bodyweight was greater in male WT rats than female
WT rats as reported previously (15, 27) (Fig. 1B). However, this
difference was lost in ERaMut rats, where bodyweight was sim-
ilar in males and females (Fig. 1B). Specifically, bodyweight
was greater in female ERaMut rats compared with female WT
rats; bodyweight was less in male ERaMut rats compared with
male WT rats (Fig. 1B).
PAB leads to RV-pulmonary vascular uncoupling and dia-

stolic dysfunction in female ERa mutants. After 10 wk of PAB,
RV hypertrophy measured by increased RV/TL (Fig. 2A), RV/BW
(Fig. 2B), Fulton index (Fig. 2C), and myocyte cross-sectional
area (Fig. 2D) was observed in all PAB groups except in the
male ERaMut, where this response was less consistent. This
lack of a consistent hypertrophic response in the male ERaMut
rats following PAB was accompanied by a lack of increase in
RV Pes (Fig. 3A) and a reduction in heart rate (Fig. 3F) despite
comparable degree of constriction, suggesting inability to gener-
ate enough RV mass and to develop a sufficient contractile
response. In response to PAB, the load-dependent contractility
metric dP/dtmax was enhanced in the female ERaMut rats
(Fig. 3B), likely contributing to their higher RV Pes com-
pared with the female WT rats (Fig. 3A). Despite the increase
in RV contractility, RV-pulmonary vascular coupling, as
measured by Ees/Ea, was reduced in the female ERaMut PAB
rats compared with the female WT PAB rats (Fig. 3C), sug-
gesting an insufficient increase in contractility in response to
the increased afterload. Uncoupling in female ERaMut rats
with PAB was accompanied by impaired RV diastolic func-
tion, as evidenced by a significantly increased Tau Weiss
(Fig. 3D). These hemodynamic changes occurred independ-
ent of systemic pressure (Fig. 3E) and heart rate (Fig. 3F),
which were unchanged in female WT and ERaMut rats.
Taken together, these findings suggest that female ERaMut
rats are less adapted to PAB compared with female WT rats.

Female PAB ERa mutant rats exhibit smaller mitochondria
in the RV, although RV mitochondrial content and respiration
remain unaltered by PAB or loss of functional ERa. The signif-
icant role ERa plays in stimulating the function of skeletal mus-
cle mitochondria (47) prompted us to investigate the possible
role of ERa in RV mitochondrial adaptation to pressure over-
load. Mitochondrial content measured as the number of mito-
chondria in the RV (Fig. 4B) was not altered by sex, genotype,
or stress. Although mitochondrial size was not affected by PAB,
it was reduced in the female (but not the male) ERaMut PAB
rats (Fig. 4C). Furthermore, despite the smaller mitochondria
size in the female ERaMut PAB rats, mitochondrial respiration
in RV tissue was not altered (Table 2), suggesting that the
smaller sized mitochondria were well adapted to the pressure
overload. Together with the hemodynamic data, these results
suggest that cardiopulmonary uncoupling and diastolic dysfunc-
tion in the female ERaMut rats occurred independently of alter-
ations in mitochondrial content and respiration.
PAB leads to greater degree of thick collagen fibers in

female ERa mutant rats. Given the prominent role of fibrosis
in mediating contractile performance (63) and diastolic function
(44), we sought to determine the role of ERa in RV collagen
content in the setting of PAB. Excessive interstitial fibrosis was
observed in the female ERaMut PAB group (Fig. 5C).
Consistent with the trends observed with Tau Weiss, none of the
other groups demonstrated evidence of increased collagen depo-
sition. Since collagen fiber size and organization into thick,
tightly packed collagen and thin, loosely aligned collagen fibers
contribute to material stiffness and elasticity, respectively, as
well as diastolic function (19), we quantified each of these in the
RV under polarized light. Compared with the female PAB WT,
there were more thick collagen fibers (Fig. 5D) as well as thin
collagen fibers (Fig. 5E) in female PAB ERaMut rats. On the
other hand, collagen fibers in male ERaMut rats were organized

A B

Female WT Sham Female ER!Mut Sham Male WT Sham Male ER!Mut Sham
Female WT PAB Female ER!Mut PAB Male WT PAB Male ERaMut PAB

0 5 10
100

200

300

400

500

600

WT Bodyweight

Time (weeks)

g

§, a

§, a

§, a

0 5 10
100

200

300

400

500

600

ER!Mut Bodyweight

Time (weeks)

g

Fe
male

 W
T Sha

m

Fe
male

 ER!
Mut S

ha
m

Male
 W

T Sha
m

Male
 ER!

Mut S
ha

m

Fe
male

 W
T P

AB

Fe
male

 ER!
Mut P

AB

Male
 W

T P
AB

Male
 ER!

Mut P
AB

0

50

100

150

Serum 17"-Estradiol

pg
/m

L

‡‡ ††

Fig. 1. Phenotypic characteristics of ERa mutant rats. Effects are shown of sex, loss of functional ERa, and PAB on serum 17b-estradiol levels (A) and bodyweight
(B). Note the elevated levels of serum 17b-estradiol in female ERa mutant rats regardless of stress and the increase in bodyweight in female ERa mutant rats, with
comparable bodyweight between male and female ERa mutant rats. Data are presented as means ± SE. †P < 0.05 ERaMut vs. WT of same sex and stress (two-way
ANOVA with Bonferroni test for multiple comparison); §P< 0.05 Sham: female vs. male at same time point and aP< 0.05 PAB: female vs. male at same time point
(repeated-measures ANOVA with Bonferroni post hoc correction). n = 3#5 for each group. ERa, estrogen receptor a; ERaMut, loss-of-function mutation of ERa;
PAB, pulmonary artery banding; WT, wild type.
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into more of the thin collagen fibers in response to PAB, sug-
gesting a more compliant RV chamber. No significant differ-
ence in collagen content was observed between male PAB
ERaMut and male PAB WT, which together with the organiza-
tion of collagen into thin collagen fibers may explain for the pre-
served diastolic function in male ERaMut PAB rats. To
summarize, female, but not male, ERaMut PAB rats exhibited
increased collagen with increases in both thick and thin collagen
fibers, suggesting collagen accumulation as a contributor to their
ventricular-vascular uncoupling and diastolic dysfunction.
PAB leads to 20 downregulated and 11 upregulated genes in

female ERa mutant rats compared with female WT rats. To
identify genes regulated by ERa that may explain for the dys-
function and increased fibrosis in the female ERaMut RVs, we
performed RNAseq in RV homogenates from female ERaMut
and WT rats. In response to PAB, ERaMut displayed 20 down-
regulated genes (Table 3) and 11 upregulated genes (Table 4)
compared with WT (Fig. 6). As expected, Esr1, the gene encod-
ing for ERa, was significantly downregulated in ERaMut rats.
Furthermore, we found downregulation of two genes associated
with both estrogen signaling and cardiac fibrosis: kallikrein-

related peptidase 10 (Klk10), a serine protease (35, 68), and Jun
Proto-Oncogene (Jun), a component of the activator protein 1
transcription factor complex (58, 70). Esr2, the gene encoding
for ERb, and Gper1, the gene encoding for G protein-coupled
estrogen receptor 1 (a nongenomic estrogen receptor), were
unaltered by genotype or stress (data not shown). Down- and up-
regulation of genes involved with cardiac fibrosis were cyste-
ine-rich angiogenic inducer 61 (Cyr61, also known as Ccn1), a
secretory protein expressed at sites of wound healing (37), and
suppressor of cytokine signaling 3 (Socs3), an inflammatory
protein (40), respectively. The direction of their gene regulation
suggests promotion of cardiac fibrosis. Interestingly, there was
also down- and upregulation of genes in the tissue inhibitor of
matrix metalloproteinase (TIMP) family that are involved in
extracellular matrix (ECM) remodeling (13). Specifically, we
observed a downregulation of Timp4 and upregulation of
Timp1. The direction of their opposing trends has been associ-
ated with increased collagen content in the setting of LV pres-
sure overload (72). Moreover, we found upregulation of
pentraxin-3 (Ptx3), a mediator of innate immunity that has been
reported to be correlated with RV mass and end-diastolic
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Fig. 2. PAB leads to RV hypertrophy in all PAB rats except for male ERamutant PAB. Effects of sex, loss of functional ERa, and PAB on RV hypertrophy expressed
as RV weight scaled to tibia length (TL) (A), RV weight scaled to bodyweight (BW) (B), RV weight scaled to left ventricular and septal weights (LV + S) (C), and
RV myocyte cross-sectional area (CSA) (D). Note the consistent increase in the indices of RV hypertrophy observed in WT PAB and female ERa mutant PAB rats.
D (right): representative images depict hematoxylin and eosin stained RV tissue in female and male WT and ERaMut rats (hematoxylin staining nuclei in blue, eosin
staining cytoplasm in pink). Data are presented as means ± SE. *P < 0.05 PAB vs. Sham of same sex and genotype and †P< 0.05 ERaMut vs. WT of same sex and
stress (two-way ANOVA with Bonferroni test for multiple comparison). n = 4#5 for each group. ERa, estrogen receptor a; ERaMut, loss-of-function mutation of
ERa; PAB, pulmonary artery banding; RV, right ventricular; WT, wild type.
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volume in patients with PAH (30). There were no differentially
expressed genes involved in common pathways related to mito-
chondrial organization/structure or respiration (data not shown),
consistent with the lack of mitochondrial content and functional
changes with PAB. However, dual-specificity phosphatase 1
(Dusp1, also known as MAPK phosphatase), an enzyme with
diverse functions including its novel role in regulating muscle
metabolism and mitochondrial biogenesis (29), was found to be
downregulated.
Interestingly, significant downregulation of genes involved in

immunity was observed including N-deacetylase/N-sulfotrans-
ferase-2 (Ndst2), which encodes for an enzyme that plays a role
in the biosynthesis of extracellular heparan sulfate proteogly-
cans (16), and a major histocompatibility complex RT1 class II,
locus DMa (RT1-Dma) that is directly involved in antigen pre-
sentation for immune cells (17).
Separate comparisons for assessing effects of PAB on the tran-

scriptome in female WT or ERaMut rats are presented in
Supplemental Table S1 (see https://doi.org/10.6084/m9.figshare.
12101892).

Real-time RT-PCR confirms myocardial fibrosis in female ERa
mutant PAB rats is not associated with changes in Col1a1,
Col3a1, or Mmp9 gene expression but is associated with
decreased Klk10 and Jun gene expression. Real-time RT-PCR
was performed to validate positive and negative RNAseq results.
Hprt1 was chosen as a housekeeping gene due to the comparable
expected gene counts across all animals by RNAseq (data not
shown). Collagen types I and III, encoded by Col1a1 and Col3a1,
respectively, are incorporated into thick and thin collagen fibers
(8), yet were not differentially altered by RNAseq, which was
confirmed by real-time RT-PCR (Fig. 7, A and B). This result
suggests that collagen synthesis was comparable in all groups.
The lack of change in gene expression for matrix metalloprotei-
nase 9 (Mmp9), one of the gelatinases responsible for cleaving
collagen, was confirmed by real-time RT-PCR (Fig. 7C), suggest-
ing thatMmp9was not responsible for the increase in RV fibrosis.
Thus, despite their known role in mediating collagen turnover,
changes in Col1a1, Col3a1, and Mmp9 gene expressions do not
explain the fibrosis observed in the female ERaMut rats. On the
other hand, similar to RNAseq, which demonstrated a significant
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Fig. 3. Loss of functional ERa leads to adverse RV response after PAB. Effects of sex, mutation of ERa, and PAB on RV end-systolic pressure (Pes) (A), load-de-
pendent RV contractility (dP/dtmax) (B), RV-pulmonary vascular coupling (Ees/Ea) (C), diastolic function (Tau Weiss) (D), systemic pressure (E), and heart rate are
shown (F). Note the significant decrease in Ees/Ea and increase in Tau Weiss in the female ERaMut PAB rats. Data are presented as means ± SE. *P< 0.05 PAB vs.
Sham of same sex and genotype, †P< 0.05 ERaMut vs. WT of same sex and stress, and ‡P < 0.05 female vs. male of same stress and genotype (two-way ANOVA
with Bonferroni test for multiple comparison). n = 3–5 for each group. ERa, estrogen receptor a; ERaMut, loss-of-function mutation of ERa; PAB, pulmonary artery
banding; RV, right ventricular; WT, wild type.
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upregulation of Timp1, real-time RT-PCR analysis revealed a
strong trend of increase in Timp1 in the female ERaMut PAB
rats (Fig. 7D). However, in this limited number of animals, this
did not reach statistical significance.
The lack of mRNA expression changes in the common genes

involved in ECM remodeling and fibrosis formation prompted
us to survey other genes associated with cardiovascular func-
tion. Real-time PCR confirmed the downregulation of Klk10
(Fig. 8E) and Jun (Fig. 8F) in female ERaMut compared with
female WT rats with PAB, suggesting that ERa regulates both
the kallikrein-kinin pathway and Jun signaling in the RV during
pressure overload.

PAB in female ERa mutant rats increases the ratio of Timp1
to Mmp9 protein expression. Western blot analysis was per-
formed to evaluate the effects of changes in gene expression.
Mmp9 protein expression was reduced with ERa mutation in
sham rats and remained reduced with PAB (Fig. 8A). PAB did
not alter Mmp9 expression in either WT or ERaMut rats. On
the other hand, Timp1 protein expression was increased with
ERa mutation, which was further increased with PAB (Fig. 8B).
The increase in Timp1 expression with PAB in ERaMut rats
was slightly greater than the increase in WT rats. Since
increased Timp1 and decreased Mmp9 may synergistically
lessen collagen degradation, we quantified the ratio of Timp1 to
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Mmp9 and found that mutation of ERa was associated with an
increase in this ratio at baseline and in the setting of PAB (Fig.
8C). These results suggest that ERa mutation lessens collagen
degradation via the combined modulation of Mmp9 and Timp1.

This may explain the histological increase in collagen in the
ERaMut rats with PAB.
Although we expected confirmation for RT-PCR results, we

did not observe any statistical significance in Klk10 (Fig. 8D) or

Table 2. Effects of PAB on mitochondrial oxidative phosphorylation

Glutamate + Malate
Succinate TMPD

Condition State 4, pmol/s/mg State 3, pmol/s/mg RCR Complex II, pmol/s/mg Complex IV, pmol/s/mg

WT
Sham 20.9 ± 1.3 51.0 ± 5.7 2.4 ± 0.1 190.4 ± 26.0 436.6 ± 67.3
PAB 20.0 ± 1.4 49.6 ± 4.3 2.5 ± 0.1 204.9 ± 47.8 543.9 ± 147.9

ERaMut
Sham 21.8 ± 1.5 54.5 ± 6.7 2.5 ± 0.1 213.9 ± 39.4 522.3 ± 87.1
PAB 18.1 ± 1.5 46.7 ± 4.1 2.6 ± 0.2 200.9 ± 29.0 504.9 ± 42.2

Values are means ± SE; n = 5–8 in each group with male and female rats combined within their respective genotype or stress group). RCR, respiratory control
ratio; ERaMut, loss-of-function mutation of ERa; TMPD, N,N,N0,N 0-tetramethyl-p-phenylenediamine; WT, wild type. Two-way ANOVA with Bonferroni test
for multiple comparison was performed, but no statistical significance was found for the effect of sex, genotype, or pulmonary artery banding (PAB).
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c-Jun (Fig. 8E) protein expression. However, we noted a tend-
ency for both parameters to be decreased in ERaMut rats.

DISCUSSION

This study demonstrates that loss of functional ERa
impairs the adaptive response of the female RV to pressure
overload. Despite comparable constriction, female ERaMut
rats exhibited significant uncoupling of the RV-pulmonary
vascular circuit and diastolic dysfunction compared with
female WT rats. Although mitochondrial size was decreased
in female PA-banded ERaMut rats, mitochondrial respiration
was preserved, suggesting that uncoupling is not due to mito-
chondrial dysfunction. On the other hand, female ERaMut
PAB rats demonstrated excessive myocardial fibrosis (com-
posed predominantly of thick collagen fibers), indicating
adverse RV remodeling. Downregulation of Klk10 and Jun
alongside increased ratio of Timp1 to Mmp9 protein expres-
sion in the RVs of female ERaMut PAB rats compared with
female WT PAB rats suggests that these mediators may have
potential roles in the ERa-regulated pathway that prevents
RV fibrosis during pressure overload. In contrast, male

ERaMut rats exhibited a response to pressure overload that
was almost identical to that of the male WT rats.
The ERaMut phenotype and RV hypertrophic response to

afterload are consistent with prior findings in ERa KO rodents.
The high level of plasma estrogen in the female ERaMut rats
has been observed in a different ERa KO rat model generated by
zinc finger nuclease-mediated genome editing (52). Similarly,
comparable bodyweights of male and female ERaMut rats have
also been reported (52). Furthermore, in response to PAB, the
similar degree of RV hypertrophy seen in female ERa mutants
and WT rats suggests that ERa does not attenuate hypertrophy in
female animals, consistent with prior findings in female ERa
KO mice with LV pressure overload (2, 55). The consistency
of our findings with other reports in ERa KO rodents therefore
confirms the loss of function of ERa in the rat model used for
this study.
Sex differences in RV adaptation have not yet been investi-

gated using a model of RV pressure overload that is independent
of alterations in the pulmonary vasculature. However, our find-
ings align with those reported in LV adaptation induced by LV
pressure overload (53). Specifically, Ruppert et al. report that
female and male rats at the stage of LV adaptative remodeling

Table 3. Downregulated genes compared with female WT PAB in female ERaMut PAB

Category Symbol Description LogFC FDR

Estrogen signaling Esr1 Estrogen receptor 1 #3.335 1.36 E-15
Estrogen signaling Klk10 Kallikrein-related peptidase 10 #3.481 0.003
Estrogen signaling Zfp366 Zinc finger protein 366 #1.395 0.034
Transcription factor Fos Fos proto-oncogene, AP-1 transcription factor subunit #1.821 4.17 E-04
Transcription factor Jun Jun proto-oncogene, AP-1 transcription factor subunit #1.052 1.38 E-09
Immunity RT1-DMa RT1 class II, locus DMa #5.561 4.17 E-04
Immunity Ndst2 N-deacetylase and N-sulfotransferase 2 #5.069 0.014
Cell cycle Cyr61 Cysteine-rich, angiogenic inducer, 61 #1.478 1.38 E-09
Cell cycle Btg2 BTG antiproliferation factor 2 #0.887 0.002
Transport Calhm5 Calcium homeostasis modulator family member 5 #1.339 0.039
Transport Arc Activity-regulated cytoskeleton-associated protein #1.045 0.001
ECM remodeling Timp4 TIMP metallopeptidase inhibitor 4 #0.863 0.07
Metabolism Cbr1 Carbonyl reductase 1 #1.132 0.0498
Metabolism Dusp1 Dual specificity phosphatase 1 #0.766 0.003
Metabolism Isoc2b Isochorismatase domain containing 2b #0.653 4.17 E-04
Cell growth Limd1 LIM domains containing 1 #0.621 0.001
Cell growth Spry4 Sprouty RTK signaling antagonist 4 #0.6 0.01
MISC Otud1 OTU deubiquitinase 1 #1.194 5.37 E-05
MISC Fam78b Family with sequence similarity 78, member B #1.079 0.006
MISC Nap1l5 Nucleosome assembly protein 1-like 5 #1.024 0.019

n = 4 for each group. ERaMut, loss-of-function mutation of ERa; FC, fold change; FDR, false discovery rate; PAB, pulmonary artery banding; WT, wild
type.

Table 4. Upregulated genes compared with female WT PAB in female ERaMut PAB

Category Symbol Description LogFC FDR

Inflammation Socs3 Suppressor of cytokine signaling 3 1.347 0.019
Immunity Ptx3 Pentraxin 3 3.654 0.008
Immunity Slfn4 Schlafen 4 1.626 0.012
ECM remodeling Timp1 TIMP metallopeptidase inhibitor 1 1.192 0.006
Calcium handling Sln Sarcolipin 2.875 0.008
Bone formation Tmem119 Transmembrane protein 119 2.819 0.001
Iron homeostasis Hamp Hepcidin antimicrobial peptide 1.918 0.001
Metabolism Hsd11b1 Hydroxysteroid 11-beta dehydrogenase 1 0.625 0.026
Metabolism Gfpt2 Glutamine-fructose-6-phosphate transaminase 2 0.931 0.008
MISC Uap1 UDP-N-acetylglucosamine pyrophosphorylase 1 0.798 4.19 E-04
MISC Atp8b1 ATPase phospholipid transporting 8 B1 0.551 0.032

n = 4 for each group. ERaMut, loss-of-function mutation of ERa; FC, fold change; FDR, false discovery rate; PAB, pulmonary artery banding; WT, wild
type.
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induced by LV pressure overload had comparable contractility
(dP/dtmax), ventricular-vascular coupling (Ees/Ea), and ventricu-
lar relaxation (tau) (53), in which we also observed in the WT
RV in response to PAB. In sum, these findings demonstrate that
RV adaptive remodeling in response to pressure overload is in-
dependent of sex.
To our knowledge, this is the first study to demonstrate a pro-

tective role of ERa in the female RV in a model of pressure
overload with adaptive RV hypertrophy. Whereas female
ERaMut rats demonstrated inferior RV-vascular interaction as
evidenced by lower Ees/Ea compared with female WT rats in
response to PAB, male ERaMut rats did not exhibit such change
despite comparable PA constriction. Preserved Ees/Ea and mito-
chondrial respiration in the WT PAB rats suggest that PAB led
to adaptive hypertrophy (39, 64). Although the load-independ-
ent metric of contractility or the intrinsic RV function, Ees, was
increased with loss of functional ERa in female rats (alongside
the load-dependent metric of contractility dP/dtmax), the lower
Ees/Ea in female ERaMut but not female WT PAB rats indicates
that this increase was not sufficient to overcome the increase in
RV afterload. This suggests that a loss-of-function mutation in
ERa leads to adverse RV response to pressure overload, which
aligns with the protective effects of ERa on LV and RV ejection
fraction (42) as well as CO (15). Thus, in the presence of pres-
sure overload, ERa in females protects the RV by preserving
RV-pulmonary vascular coupling.
The finding that only female ERaMut rats displayed ventricu-

lar-vascular uncoupling, diastolic dysfunction, and myocardial
fibrosis following PAB demonstrates a novel sex-dependent role
of ERa in protecting against adverse RV remodeling. The con-
tribution of ERa to the organization of collagen fibers into thick
and thin collagen fibers with pressure overload has not yet been
reported. Since thick and thin collagen fibers contribute to dia-
stolic stiffness and compliance, respectively (19), we hypothe-
sized that diastolic dysfunction in female ERaMut is mediated
through myocardial stiffening contributed by a greater degree of
collagen organized into thick, tightly packed collagen bundles
and less so into thin, loosely aligned collagen bundles. Support
for our hypothesis was evidenced by the significant increase in
thick collagen bundles, but not thin collagen bundles, in female
ERaMut in response to PAB. Extensive stiffening of the RV is

not inconsistent with increased RV contractility as found here
and reported previously (36, 44). In contrast, male ERaMut
responded to PAB by organizing interstitial collagen into thin,
loosely aligned collagen fibers, which is suggestive of a more
elastic, compliance chamber and likely contributed to preserved
diastolic function. Together, these results demonstrate that ERa
protects females against adverse RV remodeling during RV
pressure overload by preserving diastolic function and limiting
excessive amount of thick collagen. ERa-mediated protective
signaling in the RV may be a contributor to the female survival
advantage in PAH.
To investigate contributors to fibrosis observed in the female

ERaMut PA-banded RVs, we assessed regulators of collagen
synthesis and degradation by real-time RT-PCR. We hypothe-
sized that an increase in histological collagen content in the
female ERaMut RV would occur alongside either (1) an
increase in Col1a1 and Col3a1, which would support enhanced
collagen synthesis, or (2) a decrease inMmp9, which would sup-
port reduced collagen degradation, or both. Neither Col1a1 nor
Col3a1 gene expression was altered by PAB in either the WT or
ERaMut group. In the WT group, this finding aligns with the
histological findings and agrees with prior work in rats (44). In
the ERaMut group, collagen accumulation appears mediated by
changes in degradation activity rather than synthetic activity
(Fig. 8C). The ratio of Timp1 to Mmp9 is a more reliable deter-
minant of collagen degradation than increases in Mmp9 or
decreases in Timp1 alone (71), since they can act synergisti-
cally. The increased ratio of Timp1 to Mmp9 in female
ERaMut PAB rats compared with female WT PAB rats sug-
gests that the ERa mutation inhibits collagen degradation,
which contributes to myocardial fibrosis. At the same time, due
to the limitation of a single time point at which we observed fi-
brosis and investigated gene expression changes, it is possible
that collagen synthesis contributed to fibrosis development in
our model but was not captured at the terminal time point. A
prior study on the progressive accumulation of collagen in LV
pressure overloaded rats demonstrated a significant increase in
collagen content and gene expression of Col3a1 as early as 1
wk following pressure overload (11). However, the fibrosis and
significant increase in Col1a1 gene expression were not
observed until 16 wk postsurgery, which suggest a gradual

15.00% MISC

10.00% Cell growth

15.00% Metabolism

5.00% ECM remodeling
10.00% Transport

10.00% Cell cycle

10.00% Immunity

10.00% Transcription factor

15.00% Estrogen signaling 18.18% Metabolism

18.18% MISC

18.18% Immunity
9.09% Iron homeostasis

9.09% Bone formation

9.09% Inflammation

9.09% ECM remodeling

9.09% Calcium handling

n=20 n=11

ER!Mut PAB vs. WT PAB
Upregulated Genes

ER!Mut PAB vs. WT PAB
Downregulated Genes

A B

Fig. 6. Effects of loss of functional ERa on the RV transcriptome. A total of 31 differentially expressed genes between female ERaMut PAB and female WT PAB
rats. Effects of ERa mutation on female PAB RVs are separated by downregulated (total genes: 20) (A) and upregulated (total genes: 11) genes (B). False discovery
rate is<0.05. n = 4 for each of the groups. ERa, estrogen receptor a; ERaMut, loss-of-function mutation of ERa; PAB, pulmonary artery banding; RV, right ventric-
ular; WT, wild type.

H1468 ROLE OF ERa IN RIGHT VENTRICULAR REMODELING

AJP-Heart Circ Physiol $ doi:10.1152/ajpheart.00247.2020 $ www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart at Univ of Wisc/Madison (072.033.002.155) on January 2, 2021.



accumulation of collagen (11). We speculate that in the first few
weeks following PAB, there was a gradual increase in collagen
synthesis and/or decrease in collagen degradation in female
ERaMut rats that ceased upon sufficient structural adaptation to
the afterload. However, further investigation will be required to
test this hypothesis. Furthermore, conclusions about the impact
of increased Timp1 to Mmp9 protein level observed in the
female ERaMut PAB rats are limited by the lack of zymogenic
activity measurements for Mmp9 and Timp1, which should be
taken into consideration.
RNAseq was performed to globally assess additional genes

involved in estrogen signaling that may explain the myocardial
fibrosis in female ERaMut PAB rats. Klk10 and Jun stood out
because estrogen has stimulatory effect on Klk10 gene expres-
sion (35, 41) and Jun has a direct interaction with ERa (58).
Klk10 codes for a serine protease that has vasodilatory action in
coronary arteries (23) and aorta (12). A member of the Klk fam-
ily has previously been shown to reduce cardiac fibrosis in a

myocardial infarction model (1). Currently, only one study has
reported increased expression of Klk10 with decreased collagen
content in a model of volume overload (68). It is important to
note that a decrease in collagen content is a common response
to volume overload, whereas an increase in collagen is a com-
mon response to pressure overload (73). The impact of Klk10
downregulation in the RV during pressure overload remains
unknown. Further investigation is needed to confirm whether
ERa directly or indirectly increases Klk10 and whether this mod-
ulation limits RV fibrosis during pressure overload. Furthermore,
although gene expression of Klk10 is reduced in female ERaMut
PAB rats compared with femaleWT PAB rats, protein expression
of Klk10 was comparable between the two groups, suggesting a
possible role of altered zymogenic activity and post-translational
modifications.
Along with Klk10 downregulation, reduced Jun expression in

female ERaMut PAB rats suggests alterations in various
upstream targets, including MAPK and ERK1/2 signaling,
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Fig. 7. Mutation in ERa tended to increase
Timp1 and significantly reduced Klk10 and
Jun mRNA expression in the RV in response
to PAB in females. Effects of ERa mutation
and PAB on female RV gene expression of
Col1a1 (A), Col3a1 (B), Mmp9 (C), Timp1
(D), kallikrein-related peptidase 10 (Klk10)
(E), and Jun (F) are shown. Data are presented
as means ± SE. *P < 0.05, PAB vs. Sham of
same sex, and †P < 0.05, ERaMut vs. WT of
same sex and stress (2-way ANOVA with
Bonferroni test for multiple comparison). n =
3–4 for each group. ERa, estrogen receptor a;
Klk10, kallikrein-related peptidase 10; PAB,
pulmonary artery banding; RV, right ventricu-
lar; WT, wild type.
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which are involved in regulating processes, such as cardiac hy-
pertrophy, cell proliferation, and apoptosis (51). In a striated
muscle-specific knockout of Jun in mice, Jun was implicated in
limiting myocardial fibrosis in LV pressure overload (70), sug-
gesting that Jun may also be involved in limiting RV fibrosis
among other processes during pressure overload. Protein expres-
sion levels of Jun in female ERaMut PAB rats tended to agree
with gene expression levels, but did not reach statistical signifi-
cance likely due to the small sample size. Together with Klk10,
increased Jun signaling may also be involved in mediating
ERa’s role in limiting excessive fibrosis during pressure
overload.
Because of the significant difference in bodyweight between

the female ERaMut and WT rats, we also considered the contri-
bution bodyweight changes can have on the development of fi-
brosis. We investigated correlations between bodyweight gain
and measures of fibrosis, such as histological percentages of

collagen area, thick collagen, and thin collagen as well as gene
expression levels of Col1a1 and Col3a1, but did not find any
statistically significant correlation between these metrics in the
female ERaMut PAB rats. Whether phenotypic differences in
bodyweight due to ERa mutation have a correlative relationship
with the development of cardiac fibrosis in response to PAB
warrants further investigation.

CONCLUSIONS

In summary, our results demonstrate that ERa protects the
female RV from RV-pulmonary vascular uncoupling, diastolic
dysfunction, and fibrosis due to pressure overload. Loss of func-
tional ERa resulted in an adverse response to PAB, character-
ized by uncoupling of the RV-pulmonary vascular circuit.
Downregulation of Klk10 and Jun as well as increased ratio of
Timp1 to Mmp9 protein expression in the female ERaMut PAB
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Fig. 8. ERa mutation increased the ratio of Timp1 to Mmp9 protein expression level in the female RV in response to PAB. Effects of ERa mutation and PAB on
female RV protein expression of Mmp9 (A), Timp1 (B), ratio of Timp1 to Mmp9 (C), Klk10 (D), and c-Jun (E) are shown. Representative immunoblots are shown
below the graphs and densitometry results (normalized for vinculin control and expressed as fold change vs. female WT Sham) are depicted in the graphs. Data are
presented as means ± SE. *P < 0.05, PAB vs. Sham of same sex, and †P < 0.05, ERaMut vs. WT of same sex and stress (2-way ANOVA with Bonferroni test for
multiple comparison). n = 4 for each group. ERa, estrogen receptor a; Klk10, kallikrein-related peptidase 10; Mmp9, matrix metalloproteinase 9; PAB, pulmonary
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rats compared with female WT PAB rats implicate Klk10, Jun,
and altered balance of Timp1 to Mmp9 as potential mediators in
ERa-regulated pathways in RV pressure overload. Diastolic
dysfunction alongside excessive fibrosis in the female ERaMut
rats suggests an important role for ERa in protecting female RV
diastolic function by limiting fibrosis during pressure overload.
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Oláh A, Sayour AA, Barta BA,Merkely B,KarckM, Radovits T, Szab!o
G. Pressure-volume analysis reveals characteristic sex-related differences in
cardiac function in a rat model of aortic banding-induced myocardial hyper-
trophy. Am J Physiol Heart Circ Physiol 315: H502–H511, 2018.
doi:10.1152/ajpheart.00202.2018.

54. Shapiro S, Traiger GL, Turner M, McGoon MD, Wason P, Barst RJ.
Sex differences in the diagnosis, treatment, and outcome of patients with
pulmonary arterial hypertension enrolled in the registry to evaluate early
and long-term pulmonary arterial hypertension disease management. Chest
141: 363–373, 2012. doi:10.1378/chest.10-3114.

55. Skavdahl M, Steenbergen C, Clark J, Myers P, Demianenko T, Mao L,
Rockman HA, Korach KS, Murphy E. Estrogen receptor-beta mediates
male-female differences in the development of pressure overload hypertro-
phy. Am J Physiol Heart Circ Physiol 288: H469–H476, 2005. doi:10.1152/
ajpheart.00723.2004.

57. Tetri LH, Diffee GM, Barton GP, Braun RK, Yoder HE, Haraldsdottir
K, Eldridge MW, Goss KN. Sex-specific skeletal muscle fatigability and
decreased mitochondrial oxidative capacity in adult rats exposed to post-
natal hyperoxia. Front Physiol 9: 326, 2018. doi:10.3389/fphys.2018.00326.

58. Teyssier C, Belguise K, Galtier F, Chalbos D. Characterization of the
physical interaction between estrogen receptor alpha and JUN proteins. J
Biol Chem 276: 36361–36369, 2001. doi:10.1074/jbc.M101806200.

59. Trip P, Rain S, Handoko ML, van der Bruggen C, Bogaard HJ, Marcus
JT, Boonstra A,Westerhof N, Vonk-Noordegraaf A, de Man FS. Clinical
relevance of right ventricular diastolic stiffness in pulmonary hypertension.
Eur Respir J 45: 1603–1612, 2015. doi:10.1183/09031936.00156714.

61. Umar S, Iorga A, Matori H, Nadadur RD, Li J, Maltese F, van der
Laarse A, Eghbali M. Estrogen rescues preexisting severe pulmonary
hypertension in rats. Am J Respir Crit Care Med 184: 715–723, 2011.
doi:10.1164/rccm.201101-0078OC.

63. Vonk Noordegraaf A, Chin KM, Haddad F, Hassoun PM, Hemnes AR,
Hopkins SR, Kawut SM, Langleben D, Lumens J, Naeije R.
Pathophysiology of the right ventricle and of the pulmonary circulation in
pulmonary hypertension: an update. Eur Respir J 53: 1801900, 2019.
doi:10.1183/13993003.01900-2018.

64. Vonk Noordegraaf A, Westerhof BE, Westerhof N. The relationship
between the right ventricle and its load in pulmonary hypertension. J Am
Coll Cardiol 69: 236–243, 2017. doi:10.1016/j.jacc.2016.10.047.

65. Vonk-Noordegraaf A, Haddad F, Chin KM, Forfia PR, Kawut SM,
Lumens J, Naeije R, Newman J, Oudiz RJ, Provencher S, Torbicki A,
Voelkel NF, Hassoun PM. Right heart adaptation to pulmonary arterial
hypertension: physiology and pathobiology. J Am Coll Cardiol 62, Suppl:
D22–D33, 2013. doi:10.1016/j.jacc.2013.10.027.

H1472 ROLE OF ERa IN RIGHT VENTRICULAR REMODELING

AJP-Heart Circ Physiol $ doi:10.1152/ajpheart.00247.2020 $ www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart at Univ of Wisc/Madison (072.033.002.155) on January 2, 2021.



66. Wang M, Crisostomo P, Wairiuko GM, Meldrum DR. Estrogen receptor-
alpha mediates acute myocardial protection in females. Am J Physiol Heart
Circ Physiol 290: H2204–H2209, 2006. doi:10.1152/ajpheart.01219.2005.

67. Wang Z, Patel JR, Schreier DA, Hacker TA, Moss RL, Chesler NC.
Organ-level right ventricular dysfunction with preserved Frank-Starling
mechanism in a mouse model of pulmonary arterial hypertension. J Appl
Physiol (1985) 124: 1244–1253, 2018. doi:10.1152/japplphysiol.00725.2017.

68. Wei CC, Chen Y, Powell LC, Zheng J, Shi K, Bradley WE, Powell PC,
Ahmad S, Ferrario CM, Dell’Italia LJ. Cardiac kallikrein-kinin system is
upregulated in chronic volume overload and mediates an inflammatory
induced collagen loss. PLoS One 7: e40110, 2012. doi:10.1371/journal.
pone.0040110.

69. Weiss JL, Frederiksen JW, Weisfeldt ML. Hemodynamic determinants
of the time-course of fall in canine left ventricular pressure. J Clin Invest 58:
751–760, 1976. doi:10.1172/JCI108522.

70. Windak R,M"uller J, Felley A, Akhmedov A,Wagner EF, Pedrazzini T,
Sumara G, Ricci R. The AP-1 transcription factor c-Jun prevents stress-
imposed maladaptive remodeling of the heart. PLoS One 8: e73294, 2013.
doi:10.1371/journal.pone.0073294.

71. Yalcinkaya E, Celik M, Bugan B. Extracellular matrix turnover: a balance
between MMPs and their inhibitors. Arq Bras Cardiol 102: 519–520, 2014.
doi:10.5935/abc.20140061.

72. Yarbrough WM, Baicu C, Mukherjee R, Van Laer A, Rivers WT,
McKinney RA, Prescott CB, Stroud RE, Freels PD, Zellars KN, Zile
MR, Spinale FG. Cardiac-restricted overexpression or deletion of tissue in-
hibitor of matrix metalloproteinase-4: differential effects on left ventricular
structure and function following pressure overload-induced hypertrophy.
Am J Physiol Heart Circ Physiol 307: H752–H761, 2014. doi:10.1152/
ajpheart.00063.2014.

73. You J,Wu J, Zhang Q, Ye Y,Wang S,Huang J, Liu H,Wang X, Zhang
W, Bu L, Li J, Lin L, Ge J, Zou Y. Differential cardiac hypertrophy and
signaling pathways in pressure versus volume overload. Am J Physiol Heart
Circ Physiol 314: H552–H562, 2018.

74. Zhai P, Eurell TE, Cooke PS, Lubahn DB, Gross DR.Myocardial ische-
mia-reperfusion injury in estrogen receptor-alpha knockout and wild-type
mice. Am J Physiol Heart Circ Physiol 278: H1640–H1647, 2000.
doi:10.1152/ajpheart.2000.278.5.H1640.

ROLE OF ERa IN RIGHT VENTRICULAR REMODELING H1473

AJP-Heart Circ Physiol $ doi:10.1152/ajpheart.00247.2020 $ www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart at Univ of Wisc/Madison (072.033.002.155) on January 2, 2021.


