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17�-Estradiol (E2) exerts protective effects on right ventricular (RV)
function in pulmonary arterial hypertension (PAH). Since acute ex-
ercise-induced increases in afterload may lead to RV dysfunction in
PAH, we sought to determine whether E2 allows for superior RV
adaptation after an acute exercise challenge. We studied echocar-
diographic, hemodynamic, structural, and biochemical markers of
RV function in male and female rats with sugen/hypoxia (SuHx)-
induced pulmonary hypertension, as well as in ovariectomized
(OVX) SuHx females, with or without concomitant E2 repletion (75
�g·kg�1·day�1) immediately after 45 min of treadmill running at 75%
of individually determined maximal aerobic capacity (75% aerobic
capacity reserve). Compared with males, intact female rats exhibited
higher stroke volume and cardiac indexes, a strong trend for better RV
compliance, and less pronounced increases in indexed total pulmonary
resistance. OVX abrogated favorable RV adaptations, whereas E2

repletion after OVX markedly improved RV function. E2’s effects on
pulmonary vascular remodeling were complex and less robust than its
RV effects. Postexercise hemodynamics in females with endogenous
or exogenous E2 were similar to hemodynamics in nonexercised
controls, whereas OVX rats exhibited more severely altered postex-
ercise hemodynamics. E2 mediated inhibitory effects on RV fibrosis
and attenuated increases in RV collagen I/III ratio. Proapoptotic
signaling, endothelial nitric oxide synthase phosphorylation, and au-
tophagic flux markers were affected by E2 depletion and/or repletion.
Markers of impaired autophagic flux correlated with endpoints of RV
structure and function. Endogenous and exogenous E2 exerts protec-
tive effects on RV function measured immediately after an acute
exercise challenge. Harnessing E2’s mechanisms may lead to novel
RV-directed therapies.

sugen/hypoxia; fibrosis; apoptosis; endothelial nitric oxide synthase;
autophagy

PULMONARY ARTERIAL HYPERTENSION (PAH) is a sexually dimor-
phic disease with a female-to-male ratio of up to 4:1 (3).
Despite availability of 14 Food and Drug Administration-
approved medications, PAH remains a devastating, progres-
sive, and incurable disease, evidenced by the disappointing
3-yr survival rate of only 55% (22). Even though both female
sex and right ventricular (RV) function are major determinants
of survival in PAH (5, 22, 23), no RV- or sex steroid-directed
therapies exist. This is of importance, since women, despite
being more prone to PAH development, exhibit better survival
than male patients, a phenomenon attributed, at least in part, to
better RV function in women (22, 23, 26, 34, 62).

We and others demonstrated that the female sex hormone
17�-estradiol (E2) exerts protective effects on RV function in
experimental PAH (11, 36, 37, 60), findings that support
observations made in healthy postmenopausal hormone re-
placement therapy users, where circulating E2 levels correlate
with better RV ejection fraction (61). Given the superior RV
function of female PAH patients (23, 26), the exquisite sensi-
tivity of the RV to increases in afterload (19), and the recent
observation that exercise and physical activity may worsen RV
afterload and RV wall stress and induce RV contractile dys-
function (56), we sought to determine whether E2 favorably
affects the RV response to an acute afterload increase in
experimental pulmonary hypertension (PH). Specifically, it
was our goal to study whether endogenous or exogenous E2

allows for better RV responses after an episode of acute
exercise, thus mimicking the clinically prevalent scenario
where a PAH patient’s RV is stressed by acute exertion. A
better understanding of E2’s effects in this context could help
with the development of individualized activity levels and
optimized exercise regimens for PAH patients. In addition,
given the known sex differences in responses to PAH therapies
(12, 48), a better understanding of the underlying mechanisms
of E2-mediated changes in RV responses to exercise may
facilitate the development of sex- and RV-specific therapies.

Given the paucity of mechanistic studies of sex hormone
signaling employing both sexes in robust animal models of
human PAH (31, 34, 57), we performed our studies in male and
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female rats with sugen/hypoxia (SuHx)-induced PH (SuHx-
PH). We hypothesized that female rats with severe angio-
proliferative PH exhibit better RV function after a bout of acute
strenuous exercise than males, and that the superior function of
female RVs is mediated by E2. Employing male, as well as
intact, sex hormone-depleted or E2-replete female SuHx rats,
we measured markers of RV function immediately after a bout
of acute, strenuous exercise. We complemented these studies
with measurements of pathogenetically relevant biochemical
and molecular modifiers of RV function. The cardiopulmonary
phenotype of these animals at rest was previously published
(11). We now report that female SuHx rats tolerate an acute
exercise challenge better than their male counterparts, and that
E2 mediates beneficial effects on RV function and remodeling,
as well as RV proapoptotic signaling, endothelial nitric oxide
synthase (eNOS) activation, and autophagic flux.

MATERIALS AND METHODS

Animal care. Studies were performed in age-matched adult male
and female Sprague-Dawley rats (175–200 and 150–175 g, respec-
tively; Charles River, Wilmington, MA). Animals were allowed ad
libitum access to food and water for the duration of the experimen-
tation. All animals received care in compliance with the Guide for the
Care and Use of Laboratory Animals and followed the Declaration of
Helsinki conventions for the use and care of animals. All animal
experiments were approved by the Institutional Animal Care and Use
Committee of the Indiana University School of Medicine.

SuHx exposure and experimental groups. A time line of the
experimental protocol is provided in Fig. 1. Su5416 (20 mg/kg
subcutaneously; dissolved in DMSO; Sigma Aldrich, St. Louis, MO)
was administered immediately before hypoxia exposure. Hypoxia
exposure occurred in a hypobaric chamber (atmospheric pressure �
362 mmHg; equivalent to 10% inspired O2 fraction), as described
previously (32). After 3 wk of hypoxia, animals were returned to room
air for another 4 wk. Experimental groups included intact male and

female SuHx rats, ovariectomized (OVX) female SuHx rats, and OVX
female SuHx rats replete with E2. Male and female animals not
undergoing SuHx were employed as control groups. OVX was per-
formed 2 wk before SuHx induction under isoflurane anesthesia (2%)
using sterile technique, as described previously (11). E2 was admin-
istered via subcutaneous pellets at a dose of 75 �g·kg�1·day�1, as
described previously (11). This E2 dose was previously demonstrated
to result in E2 plasma levels within the physiological range (15–25
pg/ml) (11). E2 levels in the target range were confirmed using a
previously described Calbiotech Mouse/Rat E2 ELISA (Calbiotech,
Spring Valley, CO) (11) and are shown in Table 1. E2 pellets were
implanted under isoflurane anesthesia (2%) using sterile technique at
the time of OVX. E2 placebo pellets were tested in previous studies
and found to not exert any relevant effects on cardiopulmonary
parameters (11).

Exercise testing and acute exercise challenge. A time line for these
procedures is depicted in Fig. 1. Maximal aerobic capacity (V̇O2max,
expressed relative to body mass) was determined before Su5416
administration and at the end of the 7-wk SuHx period via an indirect
open-circuit calorimetric system, as described previously (7, 11, 16).
V̇O2max was identified using standard criteria for rats, including three
consecutive failures to return to running after contacting the shock
stimulus at the rear of the treadmill and a respiratory exchange ratio
� 1.015 (4). Animals were familiarized with the exercise system by
treadmill running for �5 min/day for 1 wk before each V̇O2max test (7,
11, 16). We then waited for 48 h after post-SuHx V̇O2max testing until
we performed the acute exercise challenge to allow for any potential
confounding effects of V̇O2max testing to resolve (7, 11, 16). Animals
then performed a single bout of acute, moderately intense exercise that
consisted of treadmill running for 45 min. The workload for the
exercise challenge was set relative to each rat’s individual post-SuHx
V̇O2max value and was determined using the Karvonen formula to
calculate 75% V̇O2 reserve (V̇O2R) (7, 25). The intensity of 75% V̇O2R
was chosen as it corresponds to the upper end of the exercise intensity
range recommended by the American College of Sports Medicine for
exercise prescription in cardiopulmonary patients (59). Each rat was
permitted to warm up for 5 min at 6–10 m/min and 0% incline, then
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Fig. 1. Experimental design and timeline. Experimental groups are shown at top of graph. SuHx-PH was generated in male or female age-matched
Sprague-Dawley rats by administration of Su5416 (sugen) followed by 3 wk of hypobaric hypoxia (atmospheric pressure � 362 mmHg; equivalent to 10%
inspired O2 fraction) and 4 wk of reexposure to room air. Subsets of female SuHx rats underwent ovariectomy (OVX) � repletion of 17�-estradiol (E2). OVX
was performed 2 wk before Su5416 administration. E2 pellets were implanted subcutaneously (sq) at the time of OVX. Male and female rats not exposed to
Su5416 or hypoxia served as controls. Familiarization training was performed for 1 wk before exercise testing. Acute exercise challenge was performed via
treadmill running at 75% of maximal aerobic capacity (V̇O2max) reserve, followed immediately by echocardiographic and hemodynamic assessment and
subsequent death and organ harvest. d, Days.

Table 1. E2 levels, body weights, and tibia lengths in experimental groups

Endpoint
Male Normoxia

Control
Female Normoxia

Control Male SuHx Female SuHx
Female OVX

SuHx
Female OVX	E2

SuHx

E2 level, pg/ml 7.2 � 0.6 13.1 � 3.3† 6.9 � 0.5 12.8 � 2.9 6.0 � 0.3‡ 14.9 � 0.4§
Body weight, g 513 � 18 309 � 10† 445 � 7* 278 � 10† 358 � 12‡ 244 � 8*§
Tibia length, mm 45.3 � 0.2 40.7 � 0.4† 44.0 � 0.2 39.9 � 0.4† 41.8 � 0.3‡ 37.6 � 0.5*§

Values are means � SE. P 
 0.05 vs. *same sex normoxia control, †male normoxia or SuHx control, ‡female SuHx, and §female OVX SuHx.
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ran the duration of the 45 min at the speed corresponding to their 75%
V̇O2R, with an incline of 10%.

To determine how acute exercise affects cardiopulmonary hemo-
dynamics in intact, OVX, and OVX	E2 SuHx rats, we compared
acute exercise responses in these animals to control rats not undergo-
ing an acute exercise challenge. Control animals were placed in the
running chamber for 45 min with the treadmill turned off. Other
procedures, including hormone manipulation, SuHx induction, and
V̇O2max testing, were identical to those performed in acutely exercised
rats.

Echocardiography, hemodynamics, and organ harvest. Immedi-
ately after the conclusion of the acute exercise bout, animals under-
went echocardiography, followed by immediate hemodynamic assess-
ments via transjugular approach for RV pressures and via carotid
artery catheterization for systemic pressure, and subsequent death and
organ harvest [all performed under light isoflurane anesthesia (2%), as
described previously (7, 11, 16, 32)]. Echocardiography endpoints
were obtained within 15 min after conclusion of exercise; hemody-
namic endpoints [RV systolic and diastolic pressure (RVSP and
RVDP)] were assessed within 40 min. As done previously (11), due to
significant differences in weights between male and female animals,
we indexed stroke volume (SV) and cardiac output (CO) and their
derived parameters to body weight. Indexed total pulmonary resis-
tance (TPRi) was calculated as RVSP/cardiac index (CI), with the
latter being determined by echocardiography. RV compliance was
determined as measured RV SV index (SVI, measured by echocardi-
ography) divided by RV pulse pressure (calculated as RVSP �
RVDP, measured by right heart catheterization). Tissue harvest oc-
curred within 60 min after conclusion of exercise.

RV hypertrophy. RV hypertrophy was assessed by measuring the
Fulton index [weight of RV divided by weight of the left ventricle
(LV) plus septum; RV/(LV	S)], as described previously (32). Imme-
diately after determination of RV and LV	S weights, sections of the
RV were snap-frozen for further biochemical analyses or immersed in
10% buffered formalin for immunohistochemistry studies.

Tibia length measurements. The left tibia was excised from each
rat, cleaned of soft tissue, and stored in saline soaked gauze at �20°C.
Bone length (mm) from the medial condyle to medial malleous was
measured in duplicate using digital calipers (65).

Pulmonary vascular remodeling. Pulmonary vascular remodeling
was assessed by immunofluorescence staining for �-smooth muscle
actin (�-SMA; Sigma Aldrich, St. Louis, MO) and von Willebrand
factor (vWF; Dako, Carpinteria, CA). Primary antibodies were used at
a dilution of 1:400 (�-SMA) and 1:50 (vWF). Anti-rabbit-Rhodamine
Red (Jackson Immuno Research) and anti-mouse-fluorescein (Vector
Labs, Burlingame, CA) conjugated secondary antibodies were used at
a dilution of 1:300 and 1:200, respectively. Nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI) (prolong antifade with DAPI;
Life Technologies, Carlsbad, CA). Nuclei were stained with DAPI.
Lungs were flushed, inflated, harvested, paraffin-embedded, and sec-
tioned, as described previously (11, 32). Pulmonary arteries (PAs)
were identified by vWF positivity and classified in a blinded fashion
as nonmuscularized (�-SMA staining 
25% of inner vessel circum-
ference), partially muscularized (�-SMA staining 25–75% of inner
vessel circumference), or fully muscularized (�-SMA staining �75%
of inner vessel circumference), as described previously (32). Since
PAs associated with terminal bronchioles are usually fully muscular-
ized, only small PAs (
200 �m) associated with alveolar ducts were
included in the analysis. The percentages of nonmuscularized and
partially or fully muscularized vessels were calculated by dividing the
number of vessels in each category by the total number of blood
vessels counted per animal. At least 20 PAs per animal were assessed
in each analysis. Images were obtained using a Nikon Eclipse 80i
microscope with camera and NIS-Elements 4.0 software (Nikon
Instruments, Melville, NY).

Assessment of RV fibrosis. RV tissues were fixed in 10% buffered
formalin and embedded in paraffin. Tissue sections of 4 �m were

stained with picrosirius red to measure collagen abundance. Tissue
sections were visualized using an inverted microscope (TE-2000;
Nikon Instruments, Melville, NY) equipped with a filter to provide
polarized illumination. Tissue images were captured at �10 or �20
using a Spot camera and analyzed using Metavue image analysis
software (Optical Analysis, Nashua, NH). Interstitial or perivascular
collagen deposition was characterized using collagen area fraction,
defined as a ratio of the area positive for collagen to the total tissue
area (36). Interstitial collagen type I and III were identified as different
interference colors under polarized light, with collagen type I defined
as areas of yellow, orange, or red color, and collagen type III defined
as areas of green color (24, 50). Absolute and relative (ratio of
collagen type I to type III) values from three to four regions of interest
per slide were averaged to obtain a single measurement for each
animal.

Western blotting. Western blotting was performed using the fol-
lowing antibodies: mouse monoclonal anti-vinculin (clone cp74, Cal-
Biochem/EMD Millipore, Billerica, MA), anti-eNOS (BD Biosci-
ences, San Jose, CA), and anti-phospho-eNOSThr495 (BD Biosci-
ences), as well as rabbit polyclonal anti-phospho-eNOSSer1177 (Cell
Signaling, Danvers, MA), anti-Bax (Cell Signaling), anti-Bcl-2 (Cell
Signaling), anti-LC3B (Sigma), and anti-p62 (Cell Signaling). Sec-
ondary antibodies were anti-mouse horseradish peroxidase (KPL,
Gaithersburg, MD) and anti-rabbit-horseradish peroxidase (Cell Sig-
naling). Tissue was homogenized in ice-cold RIPA buffer (Thermo-
Fisher Scientific, Waltham, MA) containing proteinase inhibitor cock-
tail (Sigma) and PhosSTOP phosphatase inhibitor cocktail (Roche,
Indianapolis, IN). Protein concentration was measured using the BCA
protein assay (ThermoFisher Scientific). Western blots were per-
formed as previously described (11, 32) in homogenates from the RV
outflow tract. All primary antibodies were used at a dilution of 1:1,000
in 5% BSA in Tris-buffered saline-Tween 20 (25 mM Tris, 1 M NaCl,
1% Tween 20), except for anti-LC3B, which was used at a dilution of
1:3,000. Secondary antibodies were diluted 1:5,000 in 5% BSA in
Tris-buffered saline-Tween 20.

Data and statistical analysis. Results are expressed as means � SE.
Experimental groups were compared by one-way ANOVA, with post
hoc Tukey’s or Dunnett’s multiple comparisons test (GraphPad Prism
version 6.0b, La Jolla, CA). Where appropriate, two-way ANOVA
was performed. Kruskal-Wallis ANOVA by ranks was performed on
nonparametric data. Correlation analyses were performed via linear
regression analyses. Differences at an �-level of 0.05 (P 
 0.05) were
considered statistically significant. Investigators performing analyses
were blinded to treatment assignments.

RESULTS

E2 exerts beneficial effects on exercise capacity. Since
V̇O2max was required to establish a relative intensity for the
acute exercise bout, we first evaluated E2’s effects on this
parameter. While no sex differences existed in SuHx-induced
decreases in V̇O2max (measured as change in baseline vs.
post-SuHx V̇O2max; Fig. 2A), OVX females exhibited the most
pronounced decrease in this parameter. On the other hand, E2

repletion in OVX animals prevented the SuHx-induced de-
crease in V̇O2max. A similar pattern was observed when we
evaluated time to V̇O2max (Fig. 2B). Taken together, these data
suggest that E2 increases exercise capacity in SuHx-PH.

E2 exerts beneficial effects on postexercise RV function.
Immediately after conclusion of the 45-min acute exercise
challenge, we evaluated RV function by echocardiography. We
noted that intact female SuHx rats exhibited a significantly
higher SVI and CI compared with male SuHx rats (Fig. 3, A
and B). Hormone depletion (OVX) eliminated this difference,
decreasing the values of females SuHx rats to the levels of
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males. E2 repletion, on the other hand, restored both parame-
ters to values seen in intact female SuHx animals. Of note, this
increase in SVI and CI in E2-treated rats occurred despite a
marked decrease in RV hypertrophy (Fig. 3C). To account for
possible confounding effects of differences in body weight
between groups (Table 1), we also evaluated parameters that
are not normalized for this parameter, such as SV and CO, as
well as velocity time integral (VTI) and pulmonary artery
acceleration time. While changes in SV and CO with and
without E2 were not as pronounced as those in SVI and CI, we
noted that male, but not female, rats exhibited decreased SV
and CO after SuHx induction (Fig. 3, D and E). When evalu-
ating VTI, we noted that SuHx females had higher VTI values
than SuHx males, and that OVX eliminated this difference
(Fig. 3F). Pulmonary artery acceleration time was not different
between SuHx males and females, but was decreased by OVX
and increased after E2 repletion (Fig. 3G). To further evaluate
E2 effects on weight-independent parameters, we normalized
SV and CO for tibia length (65) (tibia lengths shown in Table
1). We found patterns that, while not as robust as those for SVI
or CI, followed changes in SVI or CI, with E2 replete OVX rats
exhibiting an increase in SV/tibia length, and with male SuHx
rats demonstrating a decrease in CO/tibia length (compared
with normoxia controls) that was not seen in female SuHx rats
(Fig. 3, H and I). Taken together, these data suggest that, even
though subtle differences exist between the various endpoints
measured, female rats tend to exhibit more stable parameters of
RV function after acute exercise, that OVX tends to worsen
RV function, and that E2 repletion after OVX improves RV
performance.

Echocardiography was followed by invasive hemodynamic
assessment. We measured RVSP and RVDP and calculated RV
pulse pressure; this allowed us to determine RV compliance
(Fig. 3J). As expected, RV compliance decreased in SuHx rats.

However, female SuHx rats exhibited more preserved RV
compliance than males. OVX decreased compliance to levels
found in males, whereas E2 repletion restored compliance to
values found in healthy animals. Lastly, male and OVX female
SuHx rats were the only groups that consistently exhibited
notching of the Doppler signaling in the RV outflow tract, a
sign of RV dysfunction (1) (Fig. 3K). In conglomerate, our
echocardiographic data indicate salutary effects of E2 on
postexercise RV function.

E2 exerts beneficial effects on postexercise RVSP and total
pulmonary resistance. We did not detect differences in postex-
ercise RVSP between male and female SuHx rats (Fig. 4A).
OVX, however, tended to further increase RVSP values. E2

repletion, on the other hand, resulted in a 60% decrease in
RVSP, leading to values even lower than those observed in
intact SuHx females. In a next step, we calculated postexercise
TPRi as a surrogate for pulmonary vascular resistance (30)
(Fig. 4B). We noted a significant tripling of postexercise TPRi
in male SuHx rats. Postexercise TPRi in SuHx females, while
twice as high as in healthy controls, was not statistically
different from that group. OVX, however, resulted in a four-
fold increase in postexercise TPRi compared with healthy
controls and in doubling compared with intact SuHx females.
E2 repletion dramatically decreased TPRi, resulting in values
similar to those observed in healthy controls. Analysis of PA
remodeling yielded complex results (Fig. 4C). We did not note
any sex differences after SuHx induction, and OVX females
did not differ statistically from intact females. E2 repletion
after OVX decreased the percentage of nonmuscularized PAs,
but also prevented the SuHx-induced increase in abundance of
fully muscularized PA noted in the other groups (resulting in
an overall increase in partially muscularized PAs compared
with intact female or OVX).
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Fig. 2. 17�-Estradiol (E2) exerts beneficial effects on exercise capacity in SuHx rats. Effects are shown of sex, OVX, and E2 repletion on change in post-SuHx
vs. pre-SuHx (baseline) V̇O2max (A) and time to V̇O2max in SuHx rats (B). Note pronounced decrease in V̇O2max and time to V̇O2max in OVX SuHx females, whereas
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To rule out confounding E2 effects on the systemic circula-
tion, we measured postexercise mean arterial pressure (MAP;
Fig. 4D). We did, however, not note any effects of sex or E2 on
this parameter. We calculated the ratio of MAP and CI as a
surrogate for systemic vascular resistance index. Since differ-
ences between groups were driven by CI rather than MAP,
trends were similar to those noted for TPRi, but overall less
pronounced (Fig. 4E). These data suggest beneficial effects of
E2 on postexercise hemodynamics that are primarily targeted to
the cardiopulmonary system.

E2 prevents worsening of cardiopulmonary hemodynamics
after acute exercise. Given E2’s profound effects on cardio-
pulmonary hemodynamics, we next sought to determine
whether acute exercise elicits differential RV responses in
female SuHx rats with or without E2 (Fig. 5). We compared PH
endpoints in acutely exercised rats to control groups of rats that
did not undergo acute exercise. Interestingly, in animals with
endogenous or exogenous E2, postexercise RVSP, SVI, and
TPRi were similar to that in unexercised controls, whereas

postexercise hemodynamics (in particular, RVSP and TPRi)
were profoundly more altered in OVX animals. These data
suggest that, unlike OVX SuHx females, intact SuHx females
and E2-replete OVX SuHx females do not exhibit worsened
hemodynamics after acute exercise.

E2 attenuates RV fibrosis. Having established E2 as a medi-
ator of superior RV adaptation to acute exercise, we sought to
determine the underlying structural correlates of this effect.
Given the prominent role of fibrosis in mediating RV contrac-
tile and diastolic dysfunction (51, 55), we evaluated E2’s
effects on RV collagen content (Fig. 6A). We noted a signifi-
cant increase in RV interstitial collagen abundance in SuHx
males, but not in SuHx females (note, however, that females
exhibited a slightly higher baseline). OVX, on the other hand,
resulted in a significant 40% increase in interstitial collagen
compared with that in control females, whereas E2 repletion in
OVX females attenuated collagen accumulation by 25%. Sim-
ilar trends were noted for RV perivascular collagen accumu-
lation (data not shown). We evaluated this further by specify-
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ing the ratio of type I to type III collagen, with a higher ratio
indicating a stiffer RV (40, 45) (Fig. 6B). Interestingly, the
collagen I-to-III ratio increased by 100% in SuHx males,
whereas it remained largely unchanged in SuHx females.
OVX, however, doubled this ratio (resulting in values similar
to those in SuHx males), whereas E2 administration prevented
the SuHx-induced increase in collagen I-to-III ratio. In sum-
mary, these results indicate that E2 attenuates SuHx-induced
changes in RV collagen content and composition.

E2 alters proapoptotic signaling and enhances eNOS acti-
vation in the RV of acutely exercised rats. Cardiomyocyte
apoptosis has been linked to development of fibrosis in the RV
(53). We, therefore, studied E2’s effects on the apoptosis
inhibitor Bcl-2 and the apoptosis mediator Bax, with a lower
Bcl-2-to-Bax ratio (Bcl-2/Bax) indicating a shift toward pro-
apoptotic signaling (8, 49) (Fig. 7A). While we found no sex
differences in Bcl-2/Bax, OVX tended to decrease this ratio;
however, the decrease was not statistically significant (P �
0.07 vs. female normoxia control). E2 administration, on the
other hand, more than doubled the Bcl-2/Bax (vs. OVX),
indicating less proapoptotic signaling after E2 repletion. Since
eNOS is a critical regulator of cardiomyocyte and cardiac
endothelial cell homeostasis and survival, as well as cardio-
myocyte contraction and relaxation (29, 46, 47), we hypothe-
sized that E2 would increase activation of this parameter
[assessed as ratio of phospho-eNOSSer1177 to total eNOS (9);
Fig. 7B]. While there were no sex differences in eNOS acti-
vation, OVX decreased phospho-eNOSSer1177/total eNOS by
50% (compared with female normoxia control). Conversely, E2

repletion more than doubled phospho-eNOSSer1177/total eNOS.
Phosphorylation of eNOSThr495 was not affected by sex or E2

(data not shown). Taken together, our Bcl-2/Bax and eNOS
data suggest that E2 favorably affects cardiomyocyte prosur-
vival signaling and homeostasis, suggesting a biochemical
substrate for the favorable functional and structural changes
observed in E2-treated animals.

E2 enhances autophagic flux in the RV of acutely exercised
rats. Autophagy is a major signaling pathway involved in
regulating cellular stress responses (35). Since impaired au-
tophagy has been linked to cardiomyocyte death and contrac-

tile dysfunction in the LV (41, 66), and given the known role
of autophagy in promoting degradation of collagen type I (27),
we hypothesized that E2 would favorably affect autophagic
flux in the RV. We evaluated the effects of sex and E2 on two
major markers of autophagic flux, p62 and LC3B (Fig. 8, A and
B). Accumulation of p62 and decreased conversion of LC3B-I
to LC3B-II [indicated by a lower LC3B-II-to-LC3B-I ratio
(LC3B-II/I)] suggest impaired autophagic flux (28). While
neither sex nor OVX affected p62 in SuHx rats, E2 repletion in
OVX animals resulted in a 40% decrease in p62 abundance
(compared with OVX), consistent with improved autophagic
flux. The LC3B-II/I tended to be decreased in SuHx animals,
but values were not statistically different from normoxia con-
trols. OVX, however, lead to a statistically significant 40%
reduction in LC3B-II/I, whereas no such a decrease was noted
after E2 repletion. Taken together, the constellation of E2’s
effects on p62 and LC3B is consistent with a stimulatory effect
on autophagic flux (28).

Expression of autophagy proteins correlates with functional
alterations in acutely exercised female SuHx rats. Given the
links between impaired autophagy and cardiac dysfunction and
fibrosis (27, 41), we correlated p62 expression and LC3B-II/I
with RV function and fibrosis endpoints. We noted a positive
correlation between p62 and RVSP (Fig. 9A), as well as
negative correlations between LC3B-II/I and RVSP or RV/
(LV	S) (Fig. 9, B and C). LC3B-II/I correlated positively with
time to V̇O2max (Fig. 9D). These correlations suggest that
preserved autophagic flux is associated with better RV
function and less RV hypertrophy. Both p62 expression and
the LC3B-II/I correlated with RV compliance (with indica-
tors of more preserved autophagic flux being associated with
higher RV compliance; Fig. 9, E and F). Lastly, increases in
conversion of LC3B-I to LC3B-II correlated negatively with
increases in collagen I-to-collagen III ratio (collagen I/III)
(Fig. 9G), suggesting that intact autophagic flux is associ-
ated with a more preserved collagen I/III. In summary, these
correlations suggest a potential link between impaired au-
tophagic flux and worsening RV hypertrophy, fibrosis, and
function.
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DISCUSSION

Our data in male and female SuHx rats undergoing a
challenge of acute strenuous exercise reveal several novel
findings. We demonstrate that E2 exerts beneficial effects on
RV function and compliance (Fig. 3), as well as RVSP and
TPRi (Fig. 4). Animals with endogenous or exogenous E2

exhibit more preserved hemodynamics after an acute exercise
challenge than their E2-depleted counterparts (Fig. 5). Struc-
tural and biochemical correlates of these observations include
beneficial effects of E2 on RV collagen abundance and colla-
gen I/III (Fig. 6). Proapoptotic signaling, eNOS phosphoryla-
tion, and markers of autophagic flux, while not robustly af-
fected by SuHx, were altered by E2 depletion and/or repletion
(Figs. 7 and 8), suggesting regulation of these processes by E2.
Lastly, we demonstrate that markers of impaired autophagic
flux robustly correlate with endpoints of RV structure and
function (Fig. 9), suggesting a potential link between impaired
autophagic flux and worsening RV hypertrophy, fibrosis, and
function. In addition, our studies expand upon our laboratory’s
prior findings (11) of stimulatory effects of E2 on exercise
capacity in SuHx rats (Fig. 2). Taken together, these data
indicate that endogenous or exogenous E2 mediates favorable

effects on the cardiopulmonary axis that allow for greater
exercise capacity and superior adaptation of RV function after
an acute exercise challenge.

Our laboratory previously demonstrated that E2 mediates
protective effects on RV function in male and female SuHx rats
at rest (11). These effects included beneficial effects on SuHx-
induced alterations in proapoptotic and proinflammatory sig-
naling, oxidative stress, and mitochondrial dysfunction. We
now expand these findings by demonstrating that E2 also
mediates RV-protective effects after the clinically highly rel-
evant stimulus of acute exercise. This is important for two
reasons. First, while many PAH patients exhibit stable symp-
toms at rest, they develop significant cardiopulmonary insuf-
ficiency during or after strenuous exercise. In fact, exercise,
especially if too intense, may promote RV injury and mortality
in PAH animal models and PAH patients (18, 20, 56). Cardio-
pulmonary compromise may occur during or after exercise (18,
20, 56). A better understanding of the roles of sex and sex
hormones in this context may reveal novel therapeutic strate-
gies to derive benefit from exercise training while avoiding
exercise-induced RV damage. Second, in light of recent rec-
ommendations to incorporate cardiopulmonary exercise train-
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ing into the care of PAH patients (13), and in light of recent
data demonstrating sex-specific responses to PAH treatments
(12, 48), it is important to decipher how sex and sex hormones
affect cardiopulmonary responses during and immediately after
exercise, as this may allow for individualizing exercise pre-
scriptions and for maximizing the effects of exercise training in
both sexes. While we know from prior study that baseline
differences exist between sexes and E2-depleted and -replete
animals in RV adaptation to chronic pressure overload from
PAH, the present study demonstrates that E2’s favorable ef-
fects extend to a scenario of acute-on-chronic pressure over-
load. Specifically, comparisons between exercised and nonex-
ercised rats demonstrate that E2-depleted females (who exhibit
the most compromised RV function at rest) exhibit cardiopul-
monary hemodynamics after exercise that are even more al-
tered than in their nonexercised counterparts, while animals
with endogenous or exogenous E2 maintained their hemody-
namics at a range similar to (or even better than in) nonexer-
cised animals. This indicates that E2-mediated differences,
while present at baseline, are potentiated after acute exercise.
Extrapolated to the clinical context, the results of our postex-
ercise phenotyping study would indicate that female PAH
patients with preserved E2 levels might tolerate acute exercise
challenges better than those with lower levels (e.g., men or
postmenopausal women).

Since echocardiography in exercising rodents is not techni-
cally feasible, we assessed RV function immediately after
cessation of the exercise stimulus, thereby measuring the
consequences of acute exercise on hemodynamics rather than
the real-time impact of exercise. Even though some of the
hemodynamic effects of acute exercise may have resolved at
the time of assessment, we believe this is a clinically relevant

time period, since PAH patients frequently develop RV pump
failure after rather than during exercise (18, 20).

Strengths of our study include the comprehensive exercise
testing with assessment of V̇O2max, the individualized exercise
stimulus, the assessment of multiple clinically relevant end-
points, and the robust model of angio-proliferative PAH. The
latter point is of particular importance, since most previous
studies of sex and sex differences in PAH were performed in
models that do not closely recapitulate the human phenotype
(15, 57). Given that many of these studies revealed conflicting
results, it is imperative to perform studies in animal models
that are relevant to the human pathology (31, 34). This aspect,
together with our assessment of clinically relevant endpoints,
supports a recent initiative by the National Institutes of Health
to enhance rigor and reproducibility (NIH notice NOT-OD-16-
011).

While we previously demonstrated that proapoptotic signal-
ing is attenuated by E2 in resting SuHx rats, we now extend
these findings by identifying RV collagen abundance and
collagen I/III, eNOS activation, and autophagic flux as novel
targets of E2 in the RV. E2-mediated decreases in collagen
abundance and increases in eNOS activation have previously
been reported in the pulmonary vasculature; we now show that
these endpoints also are regulated by E2 in the RV (21, 36, 37).
To the best of our knowledge, this has not been reported
before. Similarly, decreases in RV collagen I/III, which would
be expected to lessen RV stiffness (40, 45), are a novel finding
and may be the correlate of the increased RV compliance we
noted with E2 treatment. Lastly, we identify autophagy as a
novel target of E2 in the RV; this finding is of particular
interest, since E2 effects on autophagy are not well described,
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and since currently available studies are limited to the oncol-
ogy field (10).

Even though we demonstrate evidence of improved RV
function, structure, and biochemical processes in animals with
endogenous or exogenous E2, it remains unknown whether
these effects are mediated directly by E2 exerting effects on the
RV, or more indirectly by E2 exerting effects on the pulmonary
vasculature. Since both compartments are targets of E2 in
SuHx-PH (11, 36), and since E2 decreased TPRi both by
decreasing RVSP and increasing CI, this question currently is
difficult to answer. Clearly, an anti-remodeling effect of E2 in
the PA would be expected to affect RV function by decreasing
RV afterload. While our laboratory, as previously reported
(11), did not identify sex or OVX as modifiers of PA remod-
eling in SuHx rats, we noted a small decrease in abundance of
fully muscularized PAs in E2-treated OVX females. Given this
observation, and given the decrease in RVSP with E2 in the
present study, it is conceivable that pulmonary vascular effects
indeed may play a role in the superior RV adaptation to acute
exercise. However, compared with the magnitude of changes in
RV parameters, E2’s effects on PA remodeling were relatively
modest. In addition, while decreasing the percentage of fully
muscularized PAs, E2 also decreased the percentage of non-
muscularized PAs and increased abundance of partially mus-

cularized PAs, suggesting that E2’s effects on PA remodeling
are complex and likely not the primary mode of action of how
E2 improves RV function in SuHx-PH. Other potential protec-
tive pulmonary vascular effects of E2 could include increased
proximal PA compliance (36, 37), PA vasodilation (33), or the
opening of intrapulmonary shunts during exercise, a phenom-
enon previously identified as an important mediator of de-
creased PVR during exercise (30, 39). Future PV loop mea-
surements will help dissect these effects.

On the other hand, in light of previous reports of direct
effects of E2 on LV and RV function (23, 36, 54), one would
expect direct RV-protective effects of E2 that are independent
of its effects on the pulmonary vasculature. We, therefore,
speculate that E2’s protective effects on RV fibrosis, proapo-
ptotic signaling, eNOS activity, and autophagic flux are medi-
ated, at least in part, by direct effects on RV cardiomyocytes.
Future studies using pressure volume loops, PA banding mod-
els, and isolated cardiomyocytes should be able to address this
hypothesis. Lastly, E2 may also affect peripheral muscle cells,
ventilatory parameters, and/or systemic metabolic processes
that may modify acute exercise responses. Beneficial effects of
lower body weight in E2-treated animals may play a role as
well. This is currently under study in our laboratory.
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One interesting observation is that OVX SuHx animals
replete with E2 exhibited more favorable functional, structural,
and biochemical adaptations than their intact female SuHx
counterparts. We made similar observations in our prior studies
(11). Since E2 levels in E2-replete OVX rats were similar to
those in intact females, this observation cannot be explained by
higher E2 levels after exogenous administration. One potential
explanation is that continuous administration of exogenous E2

is more cardioprotective than endogenous, cyclically released
E2. Continuous E2 administration may avoid an estrogen with-
drawal phenomenon, which has been implicated in the wors-
ening of other vascular diseases during menstruation (17, 38,
42). Furthermore, OVX may eliminate potentially detrimental
sex hormones or estrogen metabolites that may counteract
beneficial effects of endogenous E2 in intact females; E2

repletion after OVX may thus allow for unopposed E2 signal-
ing. While we did not detect effects of OVX on RVSP or RV
hypertrophy in prior experiments in normoxia controls (data
not shown), studies of E2 repletion after OVX in absence of PH
may shed further light on this issue.

The role of autophagy in the RV has only been minimally
explored. Studies from LV injury models suggest that impaired
autophagic flux is associated with apoptosis and LV functional
impairment (41). In addition, autophagy is important for col-
lagen degradation (27). Since both proapoptotic signaling and
fibrosis were favorably affected by E2, and since E2 regulates
autophagy (10), we studied E2’s effect on the autophagy
mediators p62 and LC3B. Our data suggest beneficial effects of
E2 on autophagic flux. Since our correlation analyses linked
impaired autophagic flux to worsening RV function and re-
modeling, these data suggest that improved autophagic flux
may, at least in part, be a mechanism of how E2 mediates
RV-protective effects after acute exercise. Along these lines,
stimulatory effects on autophagy have recently been suggested
as a mediator of RV-protective and anti-fibrotic effects of the
prostacyclin ilopprost (14). Taken together, these data suggest
that autophagy may be a potentially important modifier of RV
function in PAH.

The results of the present study, viewed in context of other
recent studies by others and us (11, 23, 36, 60), further

0 50 100 150
0.0

0.5

1.0

1.5

2.0

RVSP (mmHg)

R
V 

p6
2 

(F
ol

d 
 C

ha
ng

e 
Vs

 M
al

e 
N

or
m

ox
ia

)

r=0.45
p<0.05

0 50 100 150
0.0

0.5

1.0

1.5

2.0

RVSP (mmHg)

R
V 

LC
3B

-II
 / 

I
(F

ol
d 

 C
ha

ng
e 

Vs
 M

al
e 

N
or

m
ox

ia
)

r=-0.65
p<0.01

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

RV/(LV+S)

R
V 

LC
3B

-II
 /I

(F
ol

d 
 C

ha
ng

e 
Vs

 M
al

e 
N

or
m

ox
ia

)

r=-0.54
p<0.01

0 10 20 30 40
0.0

0.5

1.0

1.5

2.0

Time to VO2max (min)

R
V 

LC
3B

-II
 /I

(F
ol

d 
 C

ha
ng

e 
Vs

 M
al

e 
N

or
m

ox
ia

)

r=0.67
p<0.01

0.00 0.05 0.10 0.15
0.0

0.5

1.0

1.5

2.0
R

V 
p6

2/
vi

nc
ul

in
 

(F
ol

d 
C

ha
ng

e 
vs

 M
al

e 
N

or
m

ox
ia

)

RV SVI/PP

r=-0.47
p<0.05

0.00 0.05 0.10 0.15
0.0

0.5

1.0

1.5

2.0

RV SVI/PP

R
V 

LC
3-

II/
I 

(F
ol

d 
C

ha
ng

e 
vs

 M
al

e 
N

or
m

ox
ia

)

r=0.44
p=0.05

0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

R
V 

LC
3-

II/
I 

(F
ol

d 
C

ha
ng

e 
vs

 M
al

e 
N

or
m

ox
ia

)

RV collagen I/III

r=-0.47
p=0.05

A CB

D E F

G

Fig. 9. Indicators of impaired autophagic flux are associated with worsening RV function and remodeling. Correlations are shown between RV expression of p62
or LC3B-II/I with RVSP (A and B), RV hypertrophy [measured as RV/(LV	S); C], exercise capacity (expressed as time to V̇O2max; D), RV compliance
(measured as RV SVI/PP; E and F), and RV collagen type I-to-III ratio (G). Correlations were determined by linear regression analysis. Higher p62 and lower
LC3B-II/I indicate impaired autophagy flux. Note that indicators of impaired autophagic flux correlated with indicators of impaired RV function or increased
RV remodeling. p62 was normalized for RV vinculin abundance.

L385SEX DIFFERENCES IN RV FUNCTION AFTER EXERCISE

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00132.2016 • www.ajplung.org

 by 10.220.33.3 on June 5, 2017
http://ajplung.physiology.org/

D
ow

nloaded from
 

http://ajplung.physiology.org/


contribute to a paradigm of RV-protective effects of E2. Such
a paradigm would explain, at least in part, why female PAH
patients exhibit better RV function and survival. It would,
however, not explain why women are more prone to PAH
development. One potential theory to reconcile these discrep-
ancies would be that the same prosurvival and anti-apoptotic
properties of E2 that are beneficial in the pressure-overloaded
RV may contribute to increased pulmonary vascular wall cell
proliferation and remodeling. While we did not note worsening
PA remodeling with E2 in our laboratory’s prior studies of
SuHx or chronically hypoxic rats (rather, we noted improve-
ment) (11, 32), E2 may worsen PA remodeling in the context of
genetic alterations in BMPR2 or serotonin signaling (2, 43, 44,
63, 64). E2 may be “good for the RV” but, at least in certain
contexts, “bad for the pulmonary vasculature” (31, 34).

Our study has limitations. While we focused on RV re-
sponses after exercise, real-time measurement of RV function
in exercising rats would have provided additional insights into
cardiopulmonary adaptations during exercise. We have estab-
lished this expensive and time-consuming technique in our
group (7) and hope to include it in future studies. PV loop
measurement during acute exercise as a means of assessment
of load-independent RV function parameter would be the gold
standard for assessment of RV responses during exercise.
Since this procedure is technically extremely challenging to
perform in rodents, PV loops after sex hormone depletion and
repletion should be assessed in future studies using dobutamine
infusion to mimic cardiopulmonary effects of exercise (58).
Second, while we demonstrate favorable effects of endogenous
or exogenous E2 on proapoptotic signaling, eNOS phosphory-
lation, and autophagic flux, these parameters were not signif-
icantly affected by SuHx or sex. While this may suggest that
these pathways do not play a role in RV failure, this is unlikely
in light of previously published data that demonstrate patho-
physiological relevance (6, 14, 29, 46, 47, 52). A more likely
explanation is that the present studies were underpowered to
detect more profound changes in these endpoints. Alterna-
tively, potential differences at rest may have been masked by
exercise-induced changes. Along those lines, it should be noted
that our control and SuHx animals, due to the 9-wk experi-
mental time frame, were about 5 mo old at the time of death.
Increases in weight and age may have confounded some of the
results in the control animals. We also consider this an expla-
nation for the slight, albeit nonsignificant, decrease in V̇O2max

that we noted in our controls, which may have arisen as a
consequence of metabolic changes from aging, weight gain,
and/or sedentary life style. SuHx rats (especially E2-repleted
females), on the other hand, tend to exhibit a less pronounced
weight increase; this may have favorably affected endpoints.

In conclusion, we demonstrate that E2 mediates favorable
effects on cardiopulmonary adaptations in SuHx rats after an
acute exercise challenge. E2’s effects target both the pulmo-
nary vasculature and RV, but appear to be more pronounced in
the latter compartment. These results have implications for
individualizing exercise prescriptions and for maximizing the
effects of exercise training in PAH. Furthermore, they provide
a potential explanation for sexually dimorphic survival rates in
PAH, and they may facilitate the development of novel treat-
ment strategies for PAH patients of either sex.
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