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Abstract 47�

Women with pulmonary arterial hypertension (PAH) exhibit better right ventricular (RV) 48�

function and survival than men; however, the underlying mechanisms are unknown. We 49�

hypothesized that 17ȕ-estradiol (E2), through estrogen receptor Į (ERĮ), attenuates PAH-50�

induced RV failure (RVF) by up-regulating the pro-contractile and pro-survival peptide apelin via 51�

a bone morphogenetic protein receptor 2 (BMPR2)-dependent mechanism. We report that ERĮ 52�

and apelin expression are decreased in RV homogenates from patients with RVF and from rats 53�

with maladaptive (but not adaptive) RV remodeling. RV cardiomyocyte apelin abundance 54�

increased in vivo or in vitro after treatment with E2 or ERĮ agonist. Studies employing ERĮ or 55�

ERȕ null mice, ERĮ loss-of-function mutant rats or siRNA demonstrated that ERĮ is necessary 56�

for E2 to upregulate RV apelin. E2 and ERĮ increased BMPR2 in PH-RVs and in isolated RV 57�

cardiomyocytes, associated with ERĮ binding to the Bmpr2 promoter. BMPR2 is required for E2-58�

mediated increases in apelin abundance, and both BMPR2 and apelin are necessary for E2 to 59�

exert RV-protective effects. E2 or ERĮ agonist rescued monocrotaline-PH and restored RV apelin 60�

and BMPR2. We identified a novel cardioprotective E2-ERĮ-BMPR2-apelin axis in the RV. 61�

Harnessing this axis may lead to novel, RV-targeted therapies for PAH patients of either sex.  62�

 63�
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Introduction 70�

Pulmonary arterial hypertension (PAH) is characterized by dysregulated vasoconstriction, 71�

muscularization of pre-capillary arteries, and formation of complex obstructive plexiform lesions 72�

in the pulmonary vasculature (1). This leads to increased pulmonary vascular resistance and right 73�

ventricular (RV) strain, eventually resulting in the development of RV failure (RVF) (1). Current 74�

therapies target vasodilatory pathways in the lung but are not curative (2). Given that RV function 75�

is the main determinant of survival in PAH, recent guidelines have called for the development of 76�

RV-specific therapies (3, 4). To develop targets for such RV-specific therapies, it is critical to 77�

identify modifiers of RV function in PAH.  78�

Even though PAH is sexually dimorphic and more common in women, female PAH 79�

patients survive longer than male patients (5, 6). This survival advantage has been attributed to 80�

better RV function in females, through as of yet unknown mechanisms (5, 7, 8). Female PAH 81�

patients exhibit better contractility, higher RV ejection fraction and better RV-PA coupling than 82�

their male counterparts, and recent studies demonstrate that superior RV function contributes to 83�

the female survival advantage in PAH (8-10). Sex differences in RV function are mediated at least 84�

in part by biologically relevant effects of sex hormones, evidenced by correlations of estrogen 85�

levels with RV function in healthy postmenopausal hormone therapy users (7) and by higher 86�

cardiac indices in female PAH patients compared with male patients that are not observed in 87�

patients older than 45 years (11). These data suggest that to understand sex differences in PAH 88�

mortality, it is imperative to decipher the effects of sex hormones on the RV. Ultimately, a better 89�

understanding of the molecular mechanisms underlying superior female RV function would be 90�

expected to facilitate the development of non-hormonal and RV-specific therapies for patients 91�

with PAH and RVF of either sex.  92�

We previously identified the sex steroid 17ȕ-estradiol (E2) as a mediator of pro-contractile, 93�

anti-inflammatory and anti-apoptotic effects in the RV (12, 13). These actions translated into 94�
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improved RV function and exercise capacity without negatively affecting pulmonary vascular 95�

remodeling. Here, we aimed to decipher the yet unidentified mechanisms and downstream 96�

mediators of E2’s RV-protective effects. We demonstrate that E2 exerts protective effects on RV 97�

function and maladaptive remodeling via estrogen receptor Į (ERĮ), and identify a mechanism by 98�

which ERĮ activates bone morphogenetic protein receptor 2 (BMPR2) signaling to up-regulate 99�

apelin, a potent effector of cardiac contractility (14, 15). While BMPR2 and apelin are required for 100�

cardiac development and pulmonary vascular homeostasis (16-19), we now provide evidence 101�

that this pathway, via ERĮ, is also functioning in the RV, demonstrating a molecular basis for E2’s 102�

RV-protective effects.  103�

 104�

Results 105�

Evidence of an ERĮ-apelin signaling axis in human RV 106�

 E2 signals through two main receptors, ERĮ and ERȕ (20). We previously showed that E2 107�

as well as ERĮ-agonist treatment are RV-protective in rat models of PH-induced RVF and that 108�

ERĮ abundance correlates with improved RV adaptation (12, 13). We therefore sought to identify 109�

molecular evidence of an E2-ERĮ signaling axis in RVs from patients with and without RVF (21).  110�

ERĮ protein was decreased in RV homogenates from male and female patients with RVF 111�

compared to controls (Fig. 1A). ERȕ expression, on the other hand, did not differ between groups 112�

(Suppl. Fig. 1A). We localized ERĮ to RV cardiomyocytes (RVCMs) as well as RV endothelial 113�

cells (RVECs; Fig. 1B&C). In RVCMs, we noted a decrease in abundance of both nuclear as well 114�

as cytoplasmic ERĮ, whereas in RVECs, only cytoplasmic ERĮ was decreased. No gender 115�

differences in ERĮ or ERȕ expression were noted. 116�

In previous studies, E2 repletion in SuHx-PH rats was associated with increased 117�

expression of the pro-contractile and pro-survival peptide apelin (12). We therefore evaluated 118�
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apelin expression in human RV. We found that RV apelin protein abundance was decreased in 119�

RVF vs. controls (Fig. 2A). Interestingly, in patients with RVF, RV apelin abundance correlated 120�

positively with ERĮ expression and cardiac output (Fig. 2B&C). Furthermore, apelin expression 121�

correlated negatively with RV fibrosis and RVCM hypertrophy (Fig. 2D&E). Similar to ERĮ, both 122�

apelin and its receptor APLNR localized to RVCMs and RVECs (Fig. 2F&G). Apelin and APLNR 123�

fluorescence intensity were significantly decreased in RVCMs and tended to be decreased in 124�

RVECs (Fig. 2B&C). No gender differences in apelin or APLNR expression were noted. No 125�

correlations were found between ERȕ expression and apelin abundance or cardiac output (Suppl. 126�

Fig. 1B&C). These data suggest an RV-protective ERĮ-apelin signaling axis in human RVs, with 127�

decreased expression of ERĮ, apelin and APLNR in the setting of RVF.  128�

 129�

Apelin is decreased in RVs characterized by maladaptive, but not adaptive, remodeling  130�

To mechanistically study apelin’s role in the RV, we evaluated expression of apelin and 131�

its receptor in male rat RVs. Apelin and APLNR were strongly expressed in RVCMs and vascular 132�

cells, with apelin most strongly expressed in the vasculature and APLNR expressed both in the 133�

vasculature and cardiomyocytes (Fig. 3A). To evaluate apelin’s role in preventing the progression 134�

from adaptive to maladaptive RV remodeling, we measured its expression in RV homogenates 135�

from male rats with sugen/hypoxia-induced PH (SuHx-PH), monocrotaline-induced PH (MCT-PH) 136�

and pulmonary artery banding (PAB) with either maladaptive (characterized by decreased cardiac 137�

output, fibrosis, and altered expression of genes involved in fatty acid metabolism and 138�

neurohormonal activation; Suppl. Fig. 2) or adaptive RV hypertrophy (characterized by preserved 139�

cardiac output, lack of fibrosis, and maintained/less profoundly altered gene expression; Suppl. 140�

Fig. 2). Apelin was decreased in maladaptive but not adaptive (Fig. 3B) RV hypertrophy 141�

suggesting protective effects of apelin against RVF development. Decreases in apelin were 142�

specific to the RV; no alterations in levels were noted in the left ventricle (LV; Suppl. Fig. 3). 143�
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We next correlated RV apelin expression with mediators of RV structure and function (Fig. 144�

3C). RV apelin mRNA correlated negatively with increases in RVSP, RV hypertrophy and pro-145�

apoptotic signaling and positively with cardiac output in male and female rats. Finally, RVCMs 146�

isolated from male SuHx-PH rats exhibited decreased apelin protein expression compared to 147�

controls (Fig. 3D). These data suggest that decreased myocardial apelin is a hallmark of RVF 148�

and that apelin may mediate favorable RV adaptations.  149�

 150�

RVCM-derived apelin promotes RVEC and RVCM function 151�

Our immunolocalization studies (Fig. 2) suggest that apelin could exert RV-protective 152�

effects by targeting RVCMs and/or RVECs. Beneficial effects of apelin in cardiac endothelial cells 153�

have been established (22, 23). However, the role of cardiomyocyte apelin is not well defined. 154�

Given the decreased expression of apelin and APLNR in RVCMs, we performed studies using 155�

conditioned media to delineate the role of RVCM apelin. RVCM apelin was knocked-down by 156�

siRNA, the cell culture media collected, and naive RVECs and RVCMs exposed to the conditioned 157�

media (Fig. 4A&B). Exposure to siRNA apelin conditioned media resulted in decreased RVEC 158�

migration and tube formation (Fig. 4C&D) as well as decreased RVCM activation of the pro-159�

survival mediator ERK1/2 (24) and decreased expression of the pro-survival and pro-contractile 160�

signaling mediator PKCH (25, 26)(Fig. 4E&F). Similarly, treatment of RVECs or RVCMs with 161�

APLNR antagonist ML221 rendered these cells unresponsive to stimulatory effects of RVCM 162�

conditioned media on migration, angiogenesis as well as ERK1/2 activation and PKCH expression 163�

(Suppl. Fig. 4). These data demonstrate that cardiomyocyte apelin has physiologically relevant 164�

paracrine effects on RVECs and RVCMs. 165�

 166�

 167�
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E2 increases apelin expression in RVCMs  168�

We next hypothesized that E2 up-regulates apelin in RVCMs. Since inflammation and 169�

cardiomyocyte apoptosis are key features of RVF (27, 28), we evaluated E2’s effects on H9c2 170�

cardiomyoblasts stressed with TNF-Į or staurosporine (Fig. 5A&B). Interestingly, E2 171�

pretreatment attenuated TNF-Į or staurosporine-induced decreases in apelin levels (Fig. 5A&B). 172�

In vivo, we found that ovariectomized SuHx-PH females replete with E2 exhibited 40% higher 173�

apelin expression in RV homogenates than ovariectomized SuHx-PH females without E2 (Fig. 174�

5C). In RVCMs, SuHx-PH induced decreases in apelin were abrogated in cells isolated from male 175�

SuHx-PH rats treated with E2 in vivo (Fig. 5D). Finally, treatment of RVCMs isolated from male 176�

and female SuHx-PH or control rats with E2 in vitro increased apelin protein 1.9- and 3-fold, 177�

respectively (Fig. 5E&F). These data identify E2 as a potent inducer of apelin in RVCMs. 178�

 179�

Apelin signaling is necessary for E2-mediated stimulation of pro-survival signaling in vitro and for 180�

E2 to exert RV-protective effects in vivo 181�

We next studied whether E2 stimulates survival signaling in the RV, and whether apelin is 182�

necessary for E2 to exert this effect. In RVCMs isolated from male SuHx-PH rats, activation of 183�

ERK1/2 was decreased, whereas no such decrease was noted in RVCMs from E2-treated SuHx-184�

PH male rats (Suppl. Fig. 5A). Similarly, in H9c2 cells, pretreatment with E2 prevented TNFĮ-185�

induced decreases in ERK1/2 activation (Suppl. Fig. 5B). Knockdown studies demonstrated that 186�

E2 increases pro-survival signaling in cardiomyocytes in an apelin-dependent manner (Suppl. 187�

Fig. 5B). 188�

To study whether apelin signaling is necessary for E2 to exert RV protection in vivo, we 189�

treated male PAB rats with E2 r APLNR antagonist ML221. Indeed, ML221 co-treatment resulted 190�

in loss of protective effects of E2 on RV hypertrophy, cardiac output, stroke volume, and 191�
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neurohormonal activation (Suppl. Fig. 6A-E). Similarly, ML221 co-treatment resulted in 192�

decreased RV ERK1/2 activation and PKCH expression as compared to E2 alone (Suppl. Fig. 193�

6F). These data indicate that apelin and APLNR signaling are necessary for E2 to exert RV-194�

protection. 195�

 196�

ERĮ is necessary and sufficient to increase apelin 197�

Previous studies in SuHx-PH rats identified correlations between RV ERĮ expression and 198�

apelin mRNA abundance as well as RV structure and function (12). We now expand these findings 199�

by demonstrating a robust correlation between ERĮ and apelin protein expression in SuHx-PH 200�

RVs (Fig. 6A). To evaluate whether this ERĮ-apelin relationship extends to a large animal model, 201�

we studied correlations in RVs from yearling steers with and without high altitude-induced PH. 202�

We found robust correlations between ERĮ and apelin mRNA (Suppl. Fig. 7A&D). In conjunction 203�

with the data demonstrating a correlation between ERĮ and apelin protein in human RVs (Fig. 204�

2B), these data indicate an ERĮ-apelin relationship that extends across several species. ERȕ, on 205�

the other hand, did not correlate with apelin or RV function in human (Suppl. Fig. 1B&C) or rat 206�

RVs (Suppl. Fig. 8).  207�

Next, we investigated whether ERĮ is necessary for E2-mediated up-regulation of apelin. 208�

Using siRNA, we identified that ERĮ indeed is necessary for E2 to up-regulate apelin in H9c2 209�

cells (Fig. 6B). We then treated H9c2 cells with the ERĮ-selective agonist BTPĮ (29) and 210�

determined that ERĮ activation is sufficient to induce apelin expression (Fig. 6C). This effect 211�

extended to RVCMs from healthy male rats, where ex vivo treatment with E2 or BTPĮ more than 212�

doubled apelin abundance (Fig. 6D). Similarly, BTPĮ increased apelin abundance in RVCMs from 213�

male and female SuHx-PH rats, albeit to a slightly lesser degree than in RVCMs from healthy rats 214�

(Fig. 6E). ERĮ activation was also sufficient to increase apelin in vivo, evidenced by a 30% 215�
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increase in RV apelin mRNA expression in male SuHx-PH rats treated with ERĮ agonist PPT that 216�

recapitulated increases seen with E2 treatment (Fig. 6F). This increase occurred at the 217�

cardiomyocyte level, as RVCMs isolated from SuHx-PH male rats treated with E2 or PPT 218�

exhibited increased apelin abundance (Fig. 6G). Two distinct in vivo loss-of-function studies 219�

solidified these data: First, in RVs from chronically hypoxic E2-treated WT, ERĮ (Esr1), or ERȕ 220�

(Esr2) KO male mice, ERĮ (but not ERȕ) was necessary for E2 to increase apelin (Fig. 7A). 221�

Second, RV apelin expression was decreased in ERĮ loss-of-function mutant male and female 222�

rats exposed to hypoxia (Fig. 7B. ERĮ mutant rats also exhibited a decrease in cardiac index (vs. 223�

WT; Fig. 7C), suggesting that ERĮ exerts stimulatory effects on RV function. Together, these data 224�

suggest that E2 increases RVCM apelin via ERĮ in vitro and in vivo. 225�

 226�

ERĮ is necessary for E2 to attenuate cardiopulmonary dysfunction in severe PH 227�

Next, we determined if ERĮ, in addition to being necessary for E2 to increase apelin, is 228�

also necessary for E2 to improve cardiopulmonary hemodynamics. We treated male or 229�

ovariectomized female WT or ERĮ loss-of-function mutant SuHx-PH rats with E2. As shown 230�

previously, we found that E2 prevented PH-induced cardiopulmonary dysfunction (Fig. 8A-E). 231�

However, this was not observed in ERĮ mutant rats, suggesting that ERĮ indeed is necessary for 232�

E2 to exert protective effects in the cardiopulmonary system (Fig. 8A-E). As in our in vitro and 233�

mouse studies, ERĮ was indispensable for E2 to increase RV apelin (Fig. 8F).  234�

 235�

E2 increases BMPR2 in RVCMs 236�

Since BMPR2 increases apelin in the lung vasculature (30), and since the BMPR2 237�

promoter has an estrogen response element (31), we studied whether BMPR2 is a target of E2 238�

in the RV. BMPR2 was indeed expressed in the RV, with its abundance inversely correlating with 239�
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SuHx-induced increases in RVSP (r=-0.66, p=0.01) and RV mass (r=-0.65, p=0.01). Important to 240�

our hypothesis, in H9c2 cells, E2 attenuated staurosporine- or TNFĮ-induced decreases in 241�

BMPR2 (Fig. 9A&B). E2 also increased BMPR2 in RVCMs isolated from control male or SuHx-242�

PH male and female rats (Fig. 9C&D). In vivo, E2 repletion restored SuHx-induced decreases in 243�

RV BMPR2 expression from male and female rats (Fig. 9E). PH-induced decreases in BMPR2 in 244�

RVCMs isolated from SuHx-PH male rats were prevented with in vivo E2 treatment (Fig. 9F). 245�

These data suggest that E2 increases BMPR2 in RVCMs in vitro and in vivo. 246�

 247�

ERĮ is necessary and sufficient to increase BMPR2 248�

We next determined the role of ERĮ in E2-mediated increases in BMPR2. In SuHx-PH 249�

RVs from male and female rats, ERĮ protein correlated positively with BMPR2 abundance (Fig. 250�

10A). Similarly, a correlation between ERĮ and BMPR2 mRNA was found in RVs from yearling 251�

steers (Suppl. Fig. 7B+E). 252�

We then evaluated whether ERĮ binds to the Bmpr2 promoter in presence of E2 by 253�

performing a ChIP assay in E2-treated H9c2 cells. We detected time-dependent ERĮ binding to 254�

the Bmpr2 promoter (Fig. 10B). Similar to the effect on apelin, we found that in E2-treated H9c2 255�

cells, BMPR2 up-regulation was significantly blunted after ERĮ knockdown (Fig. 10C). Next, we 256�

established that treatment with ERĮ agonist BTPĮ is sufficient to increase BMPR2 independent 257�

of E2 in H9c2 cells (Fig. 10D) and RVCMs from control male or SuHx-PH male and female rats 258�

(Fig. 10E&F). Furthermore, ERĮ activation also increased expression of the BMPR2 targets p-259�

Smad 1/5/9 and Id1 (Suppl. Fig. 11A), suggesting that ERĮ activation is sufficient to increase 260�

canonical BMPR2 signaling. This increase was similar to the increase noted with E2 (Suppl. Fig. 261�

11B). In vivo, treatment of male SuHx-PH rats with ERĮ agonist PPT replicated E2’s effects and 262�

induced a significant increase in RV BMPR2 (Fig. 10G). Finally, RVCMs isolated from male SuHx-263�
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PH rats treated with E2 or PPT in vivo demonstrated abrogated SuHx-induced decreases in 264�

BMPR2 (Fig. 10H). Taken together, these data demonstrate that ERĮ binds to the Bmpr2 265�

promoter, upregulates RVCM BMPR2 expression in vitro and in vivo, and is necessary and 266�

sufficient to increase BMPR2. These data also indicate that ERĮ increases canonical as well as 267�

non-canonical BMPR2 downstream signaling. 268�

 269�

BMPR2 is necessary for E2 to upregulate apelin and exert cardioprotective effects 270�

In pulmonary artery endothelial cells, BMPR2 promotes formation of a E-271�

catenin/peroxisome proliferator-activated receptor J (PPARJ) complex that binds to the apelin 272�

promoter (30). To evaluate whether E2 stimulates this pathway in cardiac cells, we treated H9c2 273�

cells with E2 and, using co-IP, indeed detected E-catenin/PPARJ complex formation (Fig. 11A). 274�

We then determined if BMPR2 is necessary for the E2-mediated up-regulation of apelin. Indeed, 275�

BMPR2 knockdown in E2-treated H9c2 cells abrogated the E2-mediated up-regulation of apelin 276�

(Fig. 11B). ERĮ expression was not affected by BMPR2 knockdown, confirming that ERĮ is 277�

upstream of BMPR2 (Fig. 11B). We next measured apelin abundance in H9c2 cells stressed with 278�

TNF-Į or staurosporine and treated with E2 ± siRNA directed against BMPR2. E2 was unable to 279�

maintain apelin expression after BMPR2 knockdown, suggesting that BMPR2 is indeed necessary 280�

for E2 to increase apelin (Fig. 11C&D). Finally, in stressed cardiomyoblasts, BMPR2 knockdown 281�

blocked the E2-mediated up-regulation of phospho-ERK1/2, a known downstream target of apelin 282�

(24) (Fig. 11E). BMPR2-mediated regulation of apelin was further corroborated by a positive 283�

correlation between BMPR2 and apelin mRNA in RVs from yearling steers (Suppl. Fig. 7C&F). 284�

These data suggest that E2 promotes formation of a E-catenin/PPARJ complex and indicate that 285�

BMPR2 is necessary for E2 to increase apelin expression and ERK1/2 phosphorylation. These 286�
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findings, in conjunction with data presented in Fig. 9, support the presence of an E2-ERĮ-BMPR2-287�

apelin axis in the RV. 288�

To study whether BMPR2 is essential for E2 to increase apelin and attenuate RV 289�

dysfunction in vivo, we employed male or ovariectomized female rats with a monoallelic deletion 290�

of 71 bp in exon 1 of the Bmpr2 gene (ǻ71 rats) (32) and induced RV failure by PAB. We treated 291�

subgroups of these rats with E2 and compared E2’s effects to those in E2-treated PAB WT 292�

controls. E2 increased cardiac output in PAB WT but was unable to do this in ǻ71 rats (Suppl. 293�

Fig. 13A). Similarly, E2 lowered RV end-diastolic pressure in PAB WT, but was not capable of 294�

lowering this parameter in ǻ71 rats (Suppl. Fig. 13B). Lastly, E2-treated PAB ǻ71 rats exhibited 295�

a significantly prolonged pulmonary artery acceleration time than E2-treated PAB WT rats (Suppl. 296�

Fig. 13C). While E2 increased RV apelin expression in WT 1.4-fold, E2 was unable to increase 297�

RV apelin in ǻ71 rats (Suppl. Fig. 13D). These data indicate that BMPR2 is necessary for E2 to 298�

attenuate RV dysfunction and increase RV apelin expression in vivo. 299�

 300�

E2 or ERĮ agonist increases RV BMPR2 and apelin and maintains RV adaptation in established 301�

PH 302�

 To determine if E2 or PPT reverse established PH and assess effects of E2 or PPT on the 303�

entire cardiopulmonary axis, we used a rescue approach in the MCT-PH model (Fig. 12A). Male 304�

MCT-PH rats were treated with E2 or PPT starting two weeks after MCT injection. Both E2 or PPT 305�

rescued MCT-induced decreases in RV BMPR2 and apelin (Fig. 12B). Importantly, E2 or PPT 306�

decreased RVSP by 45% (Fig. 12C), and RV hypertrophy by 45% and 22%, respectively (Fig. 307�

12D). Both compounds, administered when RV adaptation was still preserved, attenuated MCT-308�

induced decreases in cardiac index (CI), resulting in a 60% higher cardiac index than in untreated 309�

MCT rats (Fig. 12E&G). In fact, E2 or PPT almost normalized total pulmonary resistance index 310�
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(Fig. 12F). These changes occurred without E2 or PPT attenuating pulmonary vascular 311�

remodeling (Suppl. Fig. 14). These data indicate that E2 and PPT increase RV BMPR2 and 312�

apelin and maintain RV adaptation even in established PH, and that these changes cannot be 313�

explained by indirect RV effects from decreased lung vascular remodeling.  314�

 315�

E2 exerts direct RV-protective effects that are independent of effects on RV afterload 316�

Protective effects of E2 on RV function could be due to indirect effects from a lower RV 317�

afterload. While our studies in isolated RVCMs and PAB rats (Suppl. Fig. 6 & 13) demonstrate 318�

direct effects of E2 on the RV, we aimed to study E2’s RV effects in vivo in more detail. We 319�

administered E2 to PAB male rats employing a prevention approach (E2 starting at PAB) as well 320�

as a delayed (treatment) approach (E2 starting 4 weeks after PAB; Fig. 13A). The prevention 321�

approach indeed attenuated PAB-induced increases in RV hypertrophy, and RV end-diastolic 322�

diameter (Fig. 13B-C). Furthermore, preventative E2 increased RVSP/RV mass compared to 323�

untreated PAB (Fig. 13D), suggesting a higher force per contractile unit (33). E2-treated rats also 324�

exhibited a 3-fold higher stroke volume index (SVI) and a 3-fold higher CI than untreated rats (Fig. 325�

13E-H). These changes were associated with decreased neurohormonal activation (Fig. 13 I-J) 326�

and preservation of RV apelin expression in E2-treated animals (Fig. 13K). While effects of the 327�

treatment E2 approach were not as robust as those of preventative E2, this strategy resulted in 328�

significant �50% decreases in RV hypertrophy, RV end-diastolic diameter, and neurohormonal 329�

activation (Fig. 13B-C, I-J) and a doubling (though not statistically significant) of SVI and CI as 330�

compared to untreated controls (Fig. 13E-H). These data demonstrate that E2 has direct and 331�

afterload-independent effects on RV function and RV apelin expression in vivo.  332�

 333�

 334�
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E2 or ERĮ agonist prolong survival in experimental PH and RVF 335�

Lastly, we evaluated whether E2 or ERĮ improve survival in experimental RVF. Indeed, 336�

E2 or PPT (via a prevention protocol) decreased mortality in SuHx-PH compared to untreated 337�

rats (Suppl. Fig. 15A). Similarly, in PAB rats, both preventative E2 as well as E2 given via a 338�

delayed/treatment approach decreased mortality (Suppl. Fig. 15B). These data suggest that RV-339�

protective effects of E2 and ERĮ in the cardiopulmonary axis translate into a robust survival 340�

benefit. 341�

 342�

Discussion 343�

Our studies identified a cardioprotective E2-ERĮ-BMPR2-apelin axis in the RV (Suppl. 344�

Fig. 15C). We describe a mechanism by which E2, via ERĮ, activates BMPR2 signaling to up-345�

regulate apelin, a potent effector of cardiac contractility (16). While apelin is known to exert 346�

positive effects on RV function (14, 34), its regulation in the RV is not yet known. Similarly, the 347�

role and regulation of BMPR2 in the RV are incompletely understood. While BMPR2 and apelin 348�

are required for cardiac development and pulmonary vascular homeostasis (17-19), we now 349�

provide evidence that these mediators, employed via ERĮ, are active in the RV, providing a 350�

molecular basis for E2’s RV-protective effects.  351�

We previously demonstrated that E2 improves cardiac output, decreases RV mass, and 352�

favorably affects pro-apoptotic signaling, pro-inflammatory cytokine activation and mitochondrial 353�

dysfunction in experimental RVF (12). We also showed that RV ERĮ expression in healthy 354�

females is higher compared to males, tends to decrease with RVF in females and after OVX, 355�

increases with E2 repletion, and correlates with markers of RV adaptation. RV ERȕ expression, 356�

on the other hand, was not affected by sex, PH, or hormone manipulation. We now demonstrate 357�

that E2 and ERĮ increase or maintain BMPR2 and apelin in stressed cardiomyoblasts, in isolated 358�



16 
�

RVCMs and in RVs from multiple animal models. We also provide evidence that the ERĮ-apelin 359�

signaling axis is active in human RV tissues (Fig. 1&2). We demonstrate that ERĮ is necessary 360�

and sufficient to up-regulate BMPR2 and apelin (Fig. 6, 7&10) and necessary for E2 to mediate 361�

RV-protection (Fig. 8). We show that ERĮ binds to the Bmpr2 promoter in presence of E2 and 362�

that BMPR2 is necessary for RV-protective effects of E2 and for E2-mediated up-regulation of 363�

apelin (Fig. 10&11). We demonstrate functionally relevant effects of RVCM apelin (Fig. 4) and 364�

establish that apelin is necessary for E2 to exert RV-protective effects (Suppl. Fig. 6). In addition, 365�

we identified several other downstream targets of E2 and ERĮ (ERK1/2, P38MAPK, caspase-3/7; 366�

Suppl. Fig. 5, 9&10). We show that treatment with E2 or ERĮ agonist restores RV apelin and 367�

BMPR2 and improves RV structure and function even in established PH (Fig. 12&13). Importantly, 368�

E2’s RV-protective effects were associated with improved survival (Suppl. Fig. 15). 369�

E2-mediated protection was observed in several models of RV pressure overload. Our 370�

studies in MCT-PH and SuHx-PH, while not allowing dissection of RV-specific effects from indirect 371�

effects mediated by changes in RV afterload, evaluate “net” effects of E2 and ERĮ in the entire 372�

cardiopulmonary axis. They therefore provide clinically relevant information and identify 373�

exogenous E2 and ERĮ activation as potential therapeutic strategies to attenuate pulmonary 374�

vascular and RV dysfunction. Our PAB experiments and studies in isolated RVCMs, on the other 375�

hand, demonstrate that E2 and ERĮ indeed exert direct effects on the RV, opening a potential 376�

avenue for RV-directed therapies. The signaling pathway described here is of particular interest 377�

since it is therapeutically targetable: activators of ERĮ (29), BMPR2 (35) or apelin (14) already 378�

are available and could rapidly be tested in clinical trials. 379�

Our studies employing delayed treatment strategies in MCT-PH and PAB (Figs. 12&13) 380�

suggest that E2 can maintain RV adaptation and prevent or prolong the transition to maladaptive 381�

RV hypertrophy. While it is puzzling that E2 improved survival in PAB rats without statistically 382�

increasing cardiac function, we speculate that the increases in SVI and CI, though not statistically 383�
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significant, were sufficient to positively impact survival. Treatment at an earlier time point may 384�

have been more efficacious.  385�

ERĮ is cardioprotective in the LV (36), and loss-of-function mutations in ESR1 have been 386�

linked to myocardial infarction and stroke (37, 38). However, the role of ERĮ in the RV had not 387�

been studied. Importantly, studies from the LV cannot simply be extrapolated to the RV, as both 388�

chambers are embryologically, structurally, and physiologically distinct (39). We localized ERĮ to 389�

cardiomyocytes and demonstrate that ERĮ increases BMPR2 and apelin and attenuates pro-390�

apoptotic signaling in these cells. Co-localization of ERĮ staining with nuclei (Fig. 1A) and binding 391�

of ERĮ to the Bmpr2 promoter suggest that ERĮ signals in the RV via genomic mechanisms; 392�

however, effects on apelin and BMPR2 were noted within 4h, suggesting that non-genomic 393�

mechanisms may occur as well. Effects of ERĮ may extend beyond cardiomyocytes. In the LV, 394�

ERĮ promotes angiogenesis (40). We detected ERĮ in RVECs, and studies deciphering the role 395�

of ERĮ in RV angiogenesis are currently underway. 396�

ERĮ has previously been linked to PH development (41, 42); however, these studies only 397�

investigated pulmonary artery (PA) smooth muscle cells and mice with chronic hypoxia (a less 398�

robust PH model), thus limiting their generalizability. Increased ERĮ RNA and ESR1 SNPs 399�

associated with PAH development in humans (43, 44), but these studies do not allow for 400�

conclusions regarding ERĮ’s function. Our studies demonstrate beneficial effects of ERĮ in the 401�

RV. We previously demonstrated that E2 and ERĮ agonist treatment improve RV function in 402�

SuHx-PH without worsening PA remodeling (12, 13), and we now show that both compounds also 403�

rescue established PH and demonstrate beneficial effects on survival. We posit that continuously 404�

administering exogenous E2 (especially in absence of endogenous female sex hormones, as 405�

seen in OVX or in male animals) or selectively activating ERĮ are strategies to harness RV-406�

protective effects of estrogenic signaling in PAH without negatively affecting PA remodeling. 407�

Continuous E2 administration may be superior to endogenous release as it avoids fluctuations in 408�
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levels, which may be associated with negative effects in the PA (41). This could also explain why 409�

aromatase inhibition may be beneficial in PAH (42, 45). However, concern exists that aromatase 410�

inhibition negatively affects RV function (46). We posit that administering exogenous E2 or ERĮ 411�

agonist in context of a “low female sex steroid environment” (e.g. in post-menopausal female or 412�

male patients or in premenopausal females after inhibiting endogenous hormones) is safer and 413�

more efficacious than inhibiting aromatase, but this hypothesis remains to be tested. Importantly, 414�

ERĮ-selective agonist treatment confers cardiovascular protection without unwanted uterotrophic 415�

effects (47). 416�

While estrogens affect clinical outcomes in PAH, and while female gender is associated 417�

with a survival benefit in this disease, additional factors such as other sex hormones and age also 418�

are modifiers of outcomes (48). This may explain why the survival difference between male and 419�

female patients in the REVEAL cohort is driven by males >60 years (49). Interactions between 420�

gender, age and the distinct patient population enrolled in REVEAL may explain the specific 421�

observations in this cohort. REVEAL also demonstrated a higher female:male ratio compared to 422�

other registries, suggesting that patients in this cohort may be distinct from other PAH populations 423�

(49). This may result from enrollment of individuals with higher wedge pressures or different 424�

comorbidities. 425�

Upstream regulators and downstream targets of BMPR2 in the RV are incompletely 426�

understood. In the lung, BMPR2 induces apelin (30), and decreased activation of the BMPR2-427�

apelin axis causes PAH (30). While the role of BMPR2 signaling in RVF had been unstudied until 428�

recently, evolving evidence suggests relevant RV effects. First, absence of BMPR2 during cardiac 429�

development causes RV outflow tract malformations (17, 18). Second, PAH patients with BMPR2 430�

mutations exhibit more profound RVF than patients without a mutation (50). Third, BMPR2-mutant 431�

cardiomyoblasts and RVs from BMPR2-mutant mice exhibit abnormalities in fatty acid oxidation 432�

(51) as well as calcium signaling and cell contractility (32). We now expand the current knowledge 433�
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by identifying BMPR2 as a target of E2/ERĮ in RVCMs. Binding of ERĮ to the Bmpr2 promoter 434�

and formation of E-catenin/PPARJ complexes after E2 treatment suggest that E2, via ERĮ, 435�

increases BMPR2, and that BMPR2, via E-catenin/PPARJ, increases apelin. This does not rule 436�

out that ERĮ directly interacts with apelin as well; however, apelin expression was profoundly 437�

decreased after BMPR2 knockdown (Fig. 11B). Since E2 treatment resulted in E-catenin/PPARJ 438�

complex formation and given the recently observed RV-protective effects of PPARJ activation 439�

(52), it is also conceivable that stimulatory effects on PPARJ signaling and fatty acid oxidation 440�

contribute to E2’s RV protection. Our data suggest that E2/ERĮ may also employ canonical 441�

BMPR2 signaling (Suppl. Fig. 11&12). Ongoing investigations are evaluating how BMPR2 442�

expression and signaling are decreased in RVF. Mechanisms could include decreased BMPR2 443�

synthesis, increased BMPR2 turnover and/or upregulation of BMPR2 inhibitors. Our studies in 444�

ǻ71 rats (Suppl. Fig. 13) suggest that BMPR2 indeed is necessary for RV-protective effects of E2 445�

in vivo. Future studies will evaluate time courses, different degrees of BMPR2 loss-of-function 446�

and larger animal numbers. 447�

Our findings of stimulatory effects of E2/ERĮ on BMPR2 contradict a paradigm where E2 448�

decreases BMPR2 expression in PA smooth muscle cells or lymphocytes (53, 54). We believe 449�

that such a paradigm is overly simplistic. E2 is pleiotropic, and discrepancies between studies 450�

could result from dose-, context- and compartment-specific effects. Of note, we also detected 451�

stimulatory effects of E2 and ERĮ on BMPR2 in PA endothelial cells (55). Studies in specific cell 452�

types are necessary to further dissect effects of estrogenic signaling on BMPR2. Our studies 453�

suggest that E2 and ERĮ can increase BMPR2 and that the “net” effect of E2 or ERĮ activation 454�

in experimental PH is salutary (Figs. 8&12; Suppl. Fig. 15). 455�

Apelin, via APLNR, exerts pro-contractile, pro-angiogenic and anti-apoptotic effects in the 456�

LV (56). Emerging data suggest a role for apelin in the RV: APLNR knockout mice exhibit dilated 457�

and/or deformed RVs, apelin knockout mice exhibit exaggerated PH, and circulating apelin is 458�
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decreased in PAH patients (57, 58). Apelin is an inotrope in the RV (15, 34) and is decreased in 459�

SuHx-PH RVs (12, 59). Short-term infusion of Pyr-apelin-13 reduces pulmonary vascular 460�

resistance and increases cardiac output in PAH patients (14). Our human RV data link apelin to 461�

less RV fibrosis and hypertrophy (Fig. 2D&E). However, mechanisms and regulators of apelin-462�

mediated RV-protective signaling are unknown. We identified two previously unidentified 463�

regulators of RV apelin and provide mechanistic evidence linking apelin to better RV function.  464�

While prior studies indicated that apelin is predominantly expressed in endothelial cells 465�

(22, 23) , we now provide evidence that apelin is also expressed in rat and human RVCMs (Figs. 466�

2F&G, 3D), that apelin is decreased in RVCMs from RVF patients (Fig. 2F), and that RVCM-467�

derived apelin exerts paracrine and potentially autocrine effects on pro-angiogenic effects in 468�

RVECs as well as stimulatory effects on pro-contractile and pro-survival signaling in RVCMs (Fig. 469�

4; Suppl. Fig. 4). Interestingly, recent studies employing single-cell RNA Seq in human or mouse 470�

hearts also demonstrated that apelin is expressed in several cardiomyocyte populations (60, 61). 471�

Our data suggest that the presence of apelin may not be limited to endothelial cells and that 472�

RVCM apelin may also exert physiologically relevant effects. Studies of ERĮ-BMPR2-apelin 473�

signaling in other cell types, such as RVECs or pulmonary artery endothelial cells are currently 474�

underway. 475�

 Our study has limitations. First, H9c2 cardiomyoblasts are not RV-specific. However, we 476�

confirmed results obtained in these cells in vivo and in isolated RVCMs. This suggests that, given 477�

the limitations of primary cardiomyocyte culture, H9c2 cells are appropriate for mechanistic 478�

studies, as long as results are corroborated in cardiomyocytes and/or in vivo. Second, studies in 479�

human RV tissue were limited by lack of tissue from disease-free controls and lack of cardiac 480�

output data from all individuals. Differences between RVF patients and healthy controls may be 481�

more pronounced; however, RV tissue from healthy subjects is not available. Third, apelin loss-482�

of-function studies employed pharmacologic blockade of APLNR rather than genetic 483�



21 
�

manipulation. However, studies in transgenic animals would have required mice, which would be 484�

limited by lack of a robust RVF phenotype (3). Experiments using a rat model therefore are more 485�

clinically relevant. Future studies will specifically evaluate the role of cardiomyocyte apelin in vivo 486�

(along with cardiomyocyte ERĮ and BMPR2). Fourth, while we employed several methods to 487�

determine that apelin is expressed and functionally relevant in RVCMs, and while apelin 488�

expression was identified through single-cell RNA-Seq (60, 61), the most definite method to 489�

establish a functional role of RVCM apelin would be through development of an RVCM-specific 490�

loss-of-function rodent model. We will focus on such studies in the future. Finally, correlations 491�

between ERĮ and apelin expression in human RV could only be established in RVF patients. 492�

Interestingly, ERĮ expression in control hearts was more variable. This could be due to the 493�

patients’ gender, age, or other unknown modifiers. However, the ERĮ-apelin correlation during 494�

RVF was robust and corroborated in several animal models. While hemodynamic or 495�

echocardiographic data were not available for all subjects, occurrence of RVF was clinically 496�

adjudicated and confirmed at autopsy. 497�

In summary, we identified a molecular mechanism of E2 and ERĮ-mediated attenuation 498�

of RVF in PAH. We identified BMPR2 and apelin as regulators of pro-survival and adaptive 499�

signaling in the RV and as targets of E2 and ERĮ. Harnessing this cardioprotective E2-ERĮ-500�

BMPR2-apelin axis may allow for developing non-hormonal and RV-directed therapies for PAH 501�

patients of either sex.  502�

 503�

 504�

 505�

 506�

 507�



22 
�

Materials and Methods 508�

General 509�

All experiments were performed in accordance with recent recommendations (3, 62), 510�

including randomization and blinding at the time of measurement and analysis. 511�

Animal models 512�

Sugen/hypoxia-induced PH (SuHx-PH): Su5416 (20 mg/kg subcutaneously; dissolved in 513�

DMSO; Sigma Aldrich, St. Louis, MO) was administered immediately prior to hypoxia exposure. 514�

Hypoxia exposure occurred in a hypobaric chamber for 3 weeks, followed by room air exposure 515�

for 4 weeks (12). Experimental groups included intact male and female age-matched Sprague-516�

Dawley normoxic controls, intact male and female SuHx-PH rats, ovariectomized (OVX; described 517�

previously (12)) SuHx-PH females, and OVX SuHx-PH females replete with E2 (75 ȝg/kg/d via 518�

subcutaneous pellets [resulting in physiological levels (12)]; Innovative Research of America; 519�

Sarasota, FL). Males weighed 175-200 g; females weighed 150-175 g (Charles River; Wilmington, 520�

MA). Additional studies were performed in male SuHx-PH rats with or without E2 (75 ȝg/kg/day; 521�

subcutaneous pellets) or ERĮ-selective agonist 4,4',4''-(4-Propyl-[1H]-pyrazole-1,3,5-522�

triyl)trisphenol (PPT; 850 ȝg/kg/day; subcutaneous pellets (12)). Vehicle for E2 or PPT did not 523�

have any effects on cardiopulmonary parameters in prior studies and was not included in the 524�

current analysis (63). 525�

Hypoxia-induced PH (HPH): Male and female age-matched Sprague-Dawley rats 526�

containing loss-of-function mutations in Esr1 (encoding ERĮ) and their wildtype (WT) littermate 527�

controls were exposed to 3 weeks of normobaric hypoxia (equivalent to 10% O2). Experimental 528�

detail and validation of Esr1 mutations are found in Suppl. Table 1 & Suppl. Fig. 16. In addition, 529�

male WT, Esr1-/- and Esr2-/- (encoding ERȕ) C57BL/6 mice (20-22 g; Jackson Laboratories) were 530�
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exposed to 3 weeks of hypobaric hypoxia while treated with E2 (75 ȝg/kg/d; subcutaneous 531�

pellets).  532�

Monocrotaline-induced PH (MCT-PH): Male Sprague-Dawley rats (200-250 g) were 533�

subcutaneously injected with MCT (60 mg/kg; Sigma Aldrich). Two weeks later, subgroups of 534�

animals received E2 (75 ȝg/kg/day) or PPT (850 ȝg/kg/day) for two more weeks via subcutaneous 535�

pellets, followed by endpoint analysis.  536�

 Pulmonary artery banding (PAB): Male Sprague-Dawley rats (150-180 g) were 537�

anesthetized by inhaled isoflurane and orotracheally intubated.  A small incision was made 538�

through the intercostal muscle and extended toward the sternum and the spine, and the thoracic 539�

cavity opened. The PA was then dissected, and a 4-0 silk suture was passed around the PA and, 540�

using 19G needle hub, constricted. The thoracic cavity was then closed, re-evacuated and 541�

monitored for re-filling of air, and muscle layers sutured. Sham controls underwent identical 542�

surgical procedure without PA constriction. Additional studies were performed in male PAB rats 543�

with E2 (75 ȝg/kg/day; subcutaneous pellets) given at the time of surgery (preventative group) or 544�

4 weeks after surgery, when cardiac output began to decrease (treatment group).  545�

RNA-Seq of bovine RV 546�

 RNA-Seq was performed in RV tissue from yearling steers and data deposited in the NIH 547�

GEO repository, Ascension number GSE164320. See supplemental methods for experimental 548�

detail.  549�

Human RV tissue  550�

Human RV free wall tissue was collected as described previously (21, 64) from warm 551�

autopsies (<3 hours following death) or cardiac surgery. The RVF group was comprised of 552�

patients with congenital heart disease without LV involvement and patients with idiopathic or 553�

scleroderma-associated end-stage PAH (age 49.9±5.5 years; 70% female). RVF was defined as 554�
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decreased tricuspid annular plane systolic excursion and/or death from RVF (21). The presence 555�

of RVF was confirmed during autopsy. Control group tissues were obtained from donors with 556�

coronary artery disease or aortic stenosis without evidence of PAH or RV hypertrophy by 557�

echocardiography or histological analysis (21, 64) (45.1±3.8 years; 77% female). Clinical 558�

characteristics are described in Suppl. Table 2.  559�

RV cardiomyocyte (RVCM) isolation 560�

RVCMs were isolated using the Adult Rat/Mouse Cardiomyocyte Isolation Kit (Cellutron 561�

Life Technologies, Baltimore, MD). Hearts were perfused via a simplified Langendorff system and 562�

Cole-Parmer MasterFlex peristaltic pump (Vernon Hills, IL) at 8 ml/min per the manufacturer’s 563�

guidelines. After perfusion, the RV was dissected and digested. ~3x105 viable RVCMs (Suppl. 564�

Fig. 17) were seeded in a laminin-coated 6-well plate and maintained in AS media-containing 565�

serum (Cellutron). Cells were maintained for at least 6h after isolation prior to treatment. 566�

Experiments were performed within 24h after isolation.   567�

Statistics 568�

Results are expressed as means±SEM. At least three biologically independent 569�

experiments (run in technical duplicates) were performed for all in vitro studies and reported as 570�

N. Statistical analyses were performed with GraphPad Prism 6 (La Jolla, CA). Sample sizes were 571�

estimated by power calculation. 2-tailed Student’s t-test or one-way ANOVA with Tukey’s or 572�

Dunnett’s post-hoc correction were used for comparison of experimental groups. Correlations 573�

were determined using Pearson’s coefficient (R). Statistically significant difference was accepted 574�

at p<0.05.  575�

Study approval 576�

All human studies were performed in accordance with Laval University and Institute 577�

Universitaire de Cardiologie et de Pneumologie de Québec biosafety and human ethics (CER-578�
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20773). All patients or their legal representatives (in case of autopsy) gave informed consent 579�

before beginning of the study. 580�

All rodents used were approved by the Indiana University School of Medicine or Laval 581�

University Institutional Animal Care and Use Committees (protocols #11220 & 2018-015-2) and 582�

were adherent with NIH guidelines for care and use of laboratory animals.   583�

 584�

See supplemental data for additional methods. 585�

 586�
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Figure 1. ERჴ localizes to cardiomyocytes and endothelial cells in human RV and is less 821�

abundant in patients with RV failure. (A) ERĮ expression in human RV measured by Western 822�

blot. Quantification by densitometry shown on right. (B) Representative immunocytochemistry 823�

images of RV cardiomyocyte ERĮ expression and localization in human control RVs and RVs 824�

from patients with RV failure (RVF). Cardiomyocyte localization was established by differential 825�

interference contrast (DIC). Quantification of total ERĮ fluorescence intensity, cytoplasmic and 826�

membrane fluorescence intensity, and nuclear localization (co-localization with DAPI) is shown in 827�

graphs. Images are at 20x magnification; scale bar is 20 ȝm. (C) Representative 828�

immunocytochemistry images of ERჴ expression and localization in RV endothelial cells in human 829�

control RVs and RVs from patients with RVF. Endothelial cell localization was established by co-830�

localization with CD31. Total ERჴ fluorescence intensity, cytoplasmic and membrane 831�

fluorescence intensity, and nuclear localization (co-localization with DAPI) are quantified in 832�

graphs. Images are at 40x, scale bars are 20 µm. Red and black symbols in graphs represent 833�

samples from female and male patients, respectively. Error bars represent means ± SEM. 834�

*p<0.05, **p<0.01, ****p<0.0001 vs control by Student’s t-test.  835�

 836�

 837�

 838�

 839�

 840�

 841�

 842�

 843�
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Figure 2. 844�

845�

Figure 2. RV cardiomyocyte apelin and apelin receptor (APLNR) expression are decreased 846�

in patients with RV failure. (A) Apelin expression in human RV tissue measured by Western 847�

blot. Quantification by densitometry shown on right. (B-E) Apelin expression 848�

correlates positively with ERĮ protein (B) and cardiac output (C) in RVs from patients with RV 849�
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failure (RVF) and negatively with RV collagen content (D; expressed as % of RV cross-850�

section) and RV cardiomyocyte size (E; measured as cardiomyocyte cross-sectional area [CSA]) 851�

in human control RVs and RVs from RVF patients. Cardiac output data was available for RVF 852�

patients only. RV collagen content and RV cardiomyocyte size were analyzed in a randomly 853�

selected subgroup of control subjects. (F) Representative immunocytochemistry images of 854�

cardiomyocyte apelin and APLNR expression in human control RVs and RVs from patients with 855�

RVF. Cardiomyocyte localization was established by differential interference contrast (DIC). 856�

Cardiomyocyte apelin or APLNR fluorescence intensity is quantified in graphs. Images are at 20x 857�

magnification; scale bars are 20 ȝm. (G) Representative immunocytochemistry images of 858�

endothelial cell apelin and APLNR expression and localization in human control RVs and RVs 859�

from patients with RVF. Endothelial cell localization was established by co-localization with CD31. 860�

Apelin or APLNR fluorescence intensity is quantified in graphs. Images are at 40x, scale bars are 861�

20 µm. Red and black symbols in graphs represent female and male samples respectively. (A,F-862�

G) *p<0.05, ***p<0.001 vs control by Student’s t-test. Error bars represent means ± SEM. (B-E) 863�

Pearson’s R-value and p-value shown. Dashed lines represent 95%-confidence intervals.  864�

 865�

 866�

 867�

 868�

 869�

 870�

 871�

 872�
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Figure 3. 873�

 874�

 875�
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Figure 3. RV apelin expression is decreased in maladaptive (but not adaptive) RV 876�

hypertrophy and correlates negatively with markers of worsening RV function. (A) Apelin 877�

and APLNR are expressed in the RV. Apelin (middle image) and APLNR (right image) stained by 878�

immunohistochemistry in RV of a male Sprague-Dawley rat. Both apelin and APLNR are 879�

expressed in coronary endothelial cells (arrows) as well as cardiomyocytes (arrowheads). Images 880�

are 10x; scale bars = 50 µm. (B) Apelin expression by Western blot and 881�

quantified via densitometric analyses in RVs from rats with adaptive remodeling (characterized 882�

by preserved cardiac output; left panel) or maladaptive remodeling (characterized by 883�

reduced cardiac output; right panel) employing rats with SuHx-PH, monocrotaline-induced PH 884�

(MCT), or pulmonary artery banding (PAB). Note decrease in apelin in maladaptive but not 885�

adaptive RV hypertrophy. N=3 male rats/group. (C) Apelin mRNA correlates negatively with RV 886�

systolic pressure (RVSP), RV hypertrophy [RV weight divided by weight of left ventricle + septum; 887�

RV/(LV+S)], and pro-apoptotic signaling (caspase-3/7 activity; in relative light units [RLU]), but 888�

positively with cardiac output in male and female control rats and rats with SuHx-889�

PH (hemodynamics described in (14)). (D) Apelin expression in RV cardiomyocytes (RVCMs) 890�

isolated from normoxia control or SuHx-PH male and female rats. A representative Western blot 891�

is shown on the left; densitometry is shown on the right. *p<0.05 by Student’s t-892�

test in (B&D). Error bars in (B&D) represent means ± SEM; each data point represents one 893�

animal. Correlation analyses in (C) performed by determining Pearson's correlation coefficient (R) 894�

and two-tailed p-value. Dashed lines represent 95% confidence intervals. 895�

 896�

 897�

 898�

 899�
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Figure 4.  900�

 901�

 902�
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Figure 4.  RV cardiomyocyte (RVCM) apelin exerts paracrine effects on RV endothelial cell 903�

(RVEC) and RVCM function. (A) RVCMs were transfected with siRNA directed against apelin 904�

(siApelin) or scrambled control (Scr control). 24h later, conditioned media was collected from 905�

RVCMs and added to naïve RVECs or RVCMs. RVEC function and RVCM mediators of pro-906�

survival and pro-contractile signaling were then assessed. (B) Validation of apelin siRNA 907�

knockdown in RVCMs. Scrambled siRNA oligo served as control. N= 3 male rats. (C) Transwell 908�

migration assay in RVECs treated with RVCM conditioned media after treatment with siApelin or 909�

scrambled control. EBM2 media served as baseline control. 15 fields per condition were quantified 910�

16h after conditioned media was added. Representative transwell migration assay images are 911�

shown, with quantification on the right. Images are at 10x magnification,�scale bars are 250 ȝm. 912�

N = RVECs from 4 male rats, performed in technical triplicate. (D) Tube formation assay in RVECs 913�

treated with RVCM conditioned media after treatment with siApelin or scrambled control. EBM2 914�

media served as baseline control. Cells plated at a density of 5x104 in technical triplicate. Images 915�

taken at 10x magnification;�scale bars are 250 ȝm. Rings quantified using 15 fields per condition. 916�

Representative images are shown, with quantification of ring formation depicted on the right. N = 917�

RVECs from 4 male rats (in technical triplicate). (E, F) Quantification of ERK1/2 activation and 918�

PKCİ expression in RVCMs treated with RVCM conditioned media after treatment with siApelin 919�

or scrambled control. Representative Western blot images are shown, with quantification by 920�

densitometry depicted on the right. N = RVCMs from 3 male rats. *p<0.05 vs basal media control, 921�

^p<0.05 vs Scr control by (C&D) one-way ANOVA with post-hoc Tukey’s correction or (E&F) by 922�

Student’s t-test. Error bars represent means ± SEM; each data point represents cells from one 923�

animal.  924�

 925�

 926�

 927�
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Figure 5. 928�

 929�

Figure 5.  17ȕ-estradiol (E2) increases apelin expression in stressed cardiomyoblasts, in 930�

the failing RV and in isolated RV cardiomyocytes (RVCMs). (A, B) H9c2 rat cardiomyoblasts 931�

were pretreated with E2 (100 nM, 24h) and then stressed with TNF-Į (10ng/ml, 8h; A) or 932�

staurosporine (stauro; 50 nM, 4h; B). (C) RVs from female SuHx OVX (ovariectomized SuHx-PH 933�

females) or SuHx OVX + E2 (ovariectomized SuHx-PH females replete with E2 75 934�



44 
�

µg/kg/day via subcutaneous pellets) analyzed for apelin expression by Western blot. (D) Apelin 935�

expression evaluated by Western blot in RVCMs isolated from male normoxia control, 936�

untreated SuHx-PH, and SuHx-PH rats treated with E2 (75 µg/kg/day; subcutaneous pellets) in 937�

vivo. (E) Western blot analysis of apelin expression in RVCMs isolated from male and female 938�

SuHx-PH rats and treated exogenously with E2 (10 nM, 24h). (F) Western blot analysis of apelin 939�

expression in RVCMs isolated from control male rats treated with E2 (10 nM, 940�

24h) in vitro. N=4 independent experiments in (A, B), N=6 rats/group in (C), cardiomyocytes 941�

isolated from N=4-5 rats/group in (D-F), with each data point indicating one animal. All panels 942�

demonstrate representative Western blots with densitometric analyses for all experiments or 943�

animals. *p<0.05 vs control/normoxia; #p<0.05 vs TNF-treated (A), stauro-treated (B) or 944�

untreated SuHx (D, E); $p<0.05 vs OVX. p-values in (A, B, D, E) by ANOVA with Dunnett’s post-945�

hoc correction; p-values in (C, F) by Student’s t-test. Error bars represent means ± SEM; each 946�

data point represents one experiment or animal. 947�

 948�

 949�

 950�

 951�

 952�

 953�

 954�

 955�

 956�
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Figure 6.  957�

 958�

Figure 6. ERĮ is necessary and sufficient for upregulating apelin in vitro. (A) RV apelin and 959�

ERĮ protein positive correlate in male and female control and SuHx-PH rats. (B) ERĮ siRNA 960�

knockdown time-course in H9c2 cardiomyoblasts (5nM; 24h prior to E2 [100 nM]). (C) Apelin 961�
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expression in H9c2 cells treated with ERĮ agonist BTPĮ (100 nM, 24h). (D) Apelin expression in 962�

RV cardiomyocytes (RVCMs) isolated from male control rats treated with E2 (10 nM, 24h) or 963�

BTPĮ (100 nM, 24h) in vitro. (E) Apelin expression in RVCMs isolated from male and female 964�

SuHx-PH rats and treated with BTP (100 nM, 24h) in vitro. (F) RV apelin mRNA expression in 965�

normoxia, SuHx-PH, or SuHx-PH rats treated with E2 (75 µg/kg/day via subcutaneous pellets), 966�

ERĮ agonist PPT (850 µg/kg/day; subcutaneous pellets) or EtOH vehicle (Veh). (G) Apelin 967�

expression in RVCMs isolated from male controls, SuHx-PH, or SuHx-PH rats treated with E2 or 968�

PPT in vivo. N=3 independent experiments for (B&C). Cells from N=3-4 rats/group in (D-E; 969�

G). N=6-8/group in (F). (B-E, G) depict representative Western blots with densitometric analyses. 970�

Pearson’s R-value and p-value shown in (A). Dashed lines represent 95%-confidence 971�

intervals. *p<0.05 vs. Scr (scrambled control), $p<0.05 vs. E2 in (B); *p<0.05 vs. control in (C&D); 972�

*p<0.05 vs. Normoxia, #p<0.05 vs. SuHx in (E-G). p-values by ANOVA with Tukey’s post-hoc 973�

correction in (B, D-G) and by Student’s t-test in (C). Error bars represent means ± SEM; each 974�

data point represents one experiment or animal.  975�

 976�

 977�

 978�

 979�

 980�

 981�

 982�

 983�

 984�



47 
�

Figure 7 985�

 986�

Figure 7. ERĮ is necessary for upregulating apelin in vivo. (A) RV apelin expression in male 987�

wild-type (WT), ERĮ (Esr1) or ERȕ (Esr2) knockout mice with hypoxia-induced PH (HPH) treated 988�

with E2 (75 µg/kg/day; subcutaneous pellets). (B) RV apelin expression and (C) cardiac indices 989�

(CI; echocardiographic cardiac output / body weight) in male and female control and ERĮ (Esr1) 990�

mutant HPH rats.�N=5/group in (A), N=6/group in (B&C).�*p<0.05 vs. WT.�p-values by ANOVA 991�

with Tukey’s post-hoc correction in (A) and by Student’s t-test in (B&C). Error bars represent 992�

means ± SEM; each data point represents one experiment or animal. 993�

 994�

 995�
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Figure 8.  996�

 997�

Figure 8. ERჴ is necessary for E2 to attenuate cardiopulmonary dysfunction in SuHx-PH. 998�

(A) Experimental design. (B-E) Effects of E2 treatment in WT or ERჴ loss-of-function mutants 999�

on RV hypertrophy (RV weight divided by weight of left ventricle plus septum; RV / [LV+S]; B), 1000�
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RV systolic pressure (RVSP; C), cardiac index (CI; echocardiographic cardiac output / body 1001�

weight; D), and total pulmonary resistance index (cardiac index / RVSP; E). (F) Western blot 1002�

analysis of RV apelin. Densitometric analysis demonstrates decreased ability of E2 to mediate 1003�

increase in RV apelin in ERჴ loss-of-function mutant (data expressed as fold-change increase in 1004�

RV apelin with E2 vs untreated). *p<0.05 vs. normoxia control, ^p<0.05 vs. WT SuHx untreated, 1005�

#p<0.05 vs. WT SuHx+E2 by one-way ANOVA with Tukey post-hoc correction in (B-E). #p<0.05 1006�

vs. WT SuHx+E2 by t-test in (F). Error bars represent means ± SEM. Each data point represents 1007�

one animal. Sq = subcutaneous. 1008�

 1009�

 1010�

 1011�

 1012�

 1013�

 1014�

 1015�

 1016�

 1017�

 1018�

 1019�
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Figure 9.  1023�

 1024�
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Figure 9. E2 upregulates BMPR2 in stressed cardiomyoblasts, in SuHx-PH RVs, and in RV 1025�

cardiomyocytes (RVCMs). (A, B) Effects of E2 on BMPR2 expression in H9c2 1026�

cardiomyoblasts treated with TNF-Į (10 ng/ml, 8h; A) or staurosporine (stauro; 50 nM, 4h; B). 1027�

Cells were pretreated with E2 (100 nM) for 24h prior to TNF/stauro exposure and then lysed and 1028�

analyzed by Western blot. (C) Western blot of BMPR2 expression in RVCMs isolated from male 1029�

control rats treated with E2 in vitro (10 nM, 24h). (D) Western blot of BMPR2 expression in 1030�

RVCMs isolated from male and female SuHx-PH rats and treated in vitro with E2 (10 nM, 24h). 1031�

(E) Effects of endogenous or exogenous E2 on RV BMPR2 expression. SuHx-PH was induced in 1032�

male, intact female, and ovariectomized (OVX) female rats. A subgroup of OVX females was 1033�

replete with E2 (75 µg/kg/day via subcutaneous pellets for 7 weeks). Note higher baseline BMPR2 1034�

expression in female controls compared to males and increased RV BMPR2 protein abundance 1035�

after E2 treatment. (F) BMPR2 expression evaluated by Western blot in RVCMs isolated 1036�

from male normoxic control rats, untreated SuHx-PH rats, and SuHx-PH rats treated with E2 (75 1037�

µg/kg/day; subcutaneous pellets) for 7 weeks. N=3 independent experiments in (A&B); cells 1038�

isolated from N=4 rats/group in (C, D, F), with each data point indicating one animal; N=6 1039�

rats/group in (E). Figures depict representative Western blots with densitometric analyses for all 1040�

experiments. *p<0.05 vs. untreated control, $p<0.05 vs. TNF or stauro treatment in 1041�

(A&B); *p<0.05 vs. untreated control in (C); *p<0.05 vs. normoxia control, #p<0.05 vs. 1042�

untreated SuHx in (D,&F). *p<0.05 vs. male normoxic control in (E). All p-values by ANOVA with 1043�

post-hoc Tukey correction except for (C), where p-value is by Student’s t-test. Error bars 1044�

represent means ± SEM; each data point represents one experiment or animal.  1045�

 1046�

 1047�

 1048�
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Figure 10. ERĮ binds to Bmpr2 promoter and is necessary and sufficient to 1051�

increase RV BMPR2 in vitro and in vivo. (A) RV BMPR2 and ERĮ protein correlate positively 1052�

in male and female control and SuHx-PH rats. (B) Chromatin immunoprecipitation of ERĮ 1053�

binding at the Bmpr2 promoter. H9c2 cardiomyoblasts were treated with E2 (100 nM) for 0 1054�

(control), 4 or 20h. DNA/protein complexes were cross-linked and immunoprecipitated with anti-1055�

ERĮ antibody or IgG isotype control. RNA Polymerase II (RNA Pol II) binding to Gapdh promoter 1056�

was used as positive control (bottom panel). NTC=no template control. (C) Time-course 1057�

of BMPR2 expression in H9c2 cardiomyoblasts after ERĮ siRNA knockdown (5 nM; 24h prior to 1058�

E2 [100 nM]; see Fig. 4B for ERĮ knockdown efficacy). (D) BMPR2 protein in H9c2 cells treated 1059�

with ERĮ-agonist BTPĮ (100 nM, 24h). (E) BMPR2 protein in RV cardiomyocytes (RVCMs) 1060�

isolated from male rats and treated with E2 (10 nM, 24h) or BTPĮ (100 nM, 24h) in 1061�

vitro. (F) BMPR2 protein in RVCMs isolated from male and female SuHx-PH rats and treated in 1062�

vitro with BTPĮ (100 nM, 24h). (G) BMPR2 expression in 1063�

RV homogenates from male normoxia, SuHx-PH, or SuHx-PH rats treated with E2 or ERĮ- 1064�

agonist PPT (75 or 850 µg/kg/day; subcutaneous pellets). (H) BMPR2 protein in RVCMs from  1065�

groups shown in (F). N=3 independent experiments in (B-D); N=4 rats/group in (E-H). (B-1066�

G) depict representative Western blots. Densitometries include data from all experiments or 1067�

animals. Pearson’s R-value and p-value shown in (A). Dashed lines represent 95%-confidence 1068�

intervals. *p<0.05 vs. Scr (scrambled control), $p<0.05 vs. E2 in (C); *p<0.05 1069�

vs. control or normoxia in (D-H); #p<0.05 vs. untreated SuHx in (F&H). P-values in (B&C, E-H) 1070�

by ANOVA/post-hoc Tukey correction; p-value in (D) by Student’s t-test. Error bars represent 1071�

means ± SEM; each data point represents one experiment/animal.     1072�
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Figure 11. E2 induces formation of PPAR/-catenin complexes and requires BMPR2 to 1078�

increase apelin expression or ERK1/2 activation in cardiomyoblasts. 1079�

(A) H9c2 cardiomyoblasts were treated with E2 (100 nM) for 0, 4 or 24h and 1080�

then immunoprecipitated with PPARȖ antibody or rabbit IgG isotype control. Input control for each 1081�

sample is indicated (bottom). Note formation of PPARȖ/ȕ-catenin complexes with E2 treatment at 1082�

4 and 24h. (B) Time course of siRNA knockdown of BMPR2 (5 nM) effects on apelin protein 1083�

expression in E2-treated (100 nM) H9c2 rat cardiomyblasts at baseline conditions. (C, D) Effects 1084�

of BMPR2 knockdown on E2-mediated upregulation of apelin in stressed cardiomyoblasts. H9c2 1085�

cells were pretreated with E2 (100 nM, 24h) and then stressed with TNF-Į (10 ng/ml, 8h; C) 1086�

or staurosporine (stauro; 50 nM, 4h; D) ± siRNA knockdown of BMPR2 (5 nM, 24h prior to 1087�

E2). (E) Effects of BMPR2 knockdown on E2-mediated ERK1/2 activation in 1088�

stressed cardiomyoblasts. Cells were pretreated with E2 (100 nM, 24h) and then treated 1089�

with staurosporine (stauro; 50 nM, 4h) ± siRNA directed against BMPR2 (5 nM; 24h prior to E2 1090�

and stauro). Representative blots for three independent experiments shown in (A, B-E). 1091�

Densitometries include data from all experiments. Scr = scramble siRNA. *p<0.05 1092�

vs. Scr control, $p<0.05 vs. E2 by ANOVA with post-hoc Tukey’s correction in (B); *p<0.05 1093�

vs. TNF + E2 or Stauro + E2 by Student’s t-test in (C, D); *p<0.05 vs. Scr control, #p<0.05 1094�

vs. Stauro, $p<0.05 vs. E2-treated Stauro group by ANOVA with post-1095�

hoc Dunnett’s correction in (E). Error bars represent means ± SEM; each data point represents 1096�

one experiment or animal.  1097�
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Figure 12. E2 or ERĮ agonist PPT rescues monocrotaline (MCT)-induced PH and 1104�

increases RV BMPR2 and apelin. (A) Experimental design. (B) Western blot analysis 1105�

of RVs from MCT-PH rats. A representative Western blot is depicted on top of the panel; 1106�

densitometric analysis from all experimental animals is shown at bottom. (C-F) Effects of E2 or 1107�

PPT on RV systolic pressure (RVSP; C), RV hypertrophy (RV weight divided by weight of left 1108�

ventricle plus septum; RV / [LV+S]; D), cardiac index (echocardiographic cardiac output / body 1109�

weight; E), and total pulmonary resistance index (cardiac index / RVSP; F). (G) Time-course of 1110�

CI. Percent change in CI vs 2-week baseline time point is shown in legend in parentheses behind 1111�

group names. *p<0.05 vs control, #p<0.05 vs. untreated MCT (one-way ANOVA with Tukey or 1112�

Dunnett’s post-hoc correction). Each data point in (B-F) represents one male animal. Error bars 1113�

represent means ± SEM. Sq = subcutaneous. 1114�
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Figure 13. E2 prevents and rescues RV failure induced by pulmonary artery banding 1128�

(PAB). (A) Experimental design. (B-H) Effects of E2 treatment on RV hypertrophy (RV weight 1129�

divided by weight of left ventricle plus septum; RV / [LV+S]; B), RV end-diastolic diameter (C), RV 1130�

systolic pressure (RVSP) normalized for RV mass (D), stroke volume index (SVI; E) and cardiac 1131�

index (F). SVI and CI were determined echocardiographically. (G-H) Time-courses of SVI and CI. 1132�

Percent change in SVI and CI vs 4-week baseline time point is shown in legends in parentheses 1133�

behind group names. (I-J) Effects of E2 treatment on atrial natriuretic peptide (Nppa, I) and B-1134�

type natriuretic peptide (Nppb, J) by real time RT-PCR.  (K) Quantification of RV apelin by 1135�

Western blot and densitometric analysis. *p<0.05 vs sham control, #p<0.05 vs untreated 1136�

PAB (one-way ANOVA with Tukey or Dunnett’s post-hoc correction). Each data point in (B-F, I-1137�

K) represents one male animal. Error bars represent means ± SEM. Sq = subcutaneous; Prev = 1138�

prevention group; Treat = treatment group. 1139�
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