
during initial viral infection, and further work is needed to
elucidate its role during these initial stages of infection. �
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Estrogen Receptor-a Exerts Endothelium-Protective
Effects and Attenuates Pulmonary Hypertension

To the Editor:

Even though pulmonary arterial hypertension (PAH) is more
prevalent in women, women with PAH exhibit better right
ventricular (RV) function, more favorable RV treatment responses,
and lower mortality than men (1, 2). These sexual dimorphisms led
to a considerable, and often conflicting, body of research into the
mechanisms driving sex-based differences in PAH (2). Although
estrogens are major disease modifiers in PAH, significant knowledge
gaps remain. For example, biological effects of estrogen and estrogen
receptor (ER) signaling in pulmonary artery endothelial cells
(PAECs), a cell type functionally profoundly altered in PAH, are
poorly understood.

Previous studies focused on estrogen synthesis, metabolism,
and downstream effects on pulmonary artery smooth muscle cell
(PASMC) proliferation in PAH. One study suggested that ER-a
may increase PASMC proliferation (3). However, ER-a’s effects on
PAECs may differ from those in PASMCs, and ER-a may exert
effects on PAECs in PAH that are vasculoprotective. For example,
in systemic vessels, ER-a facilitates endothelial cell recovery after
injury, blocks monocyte adhesion to endothelial cells, and
inhibits vasoconstriction (4). Furthermore, loss-of-function
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This letter has a data supplement, which is accessible from this
issue’s table of contents at www.atsjournals.org.
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Figure 1. Estrogen receptor (ER)-a is decreased in pulmonary arterial hypertension (PAH) pulmonary artery endothelial cells (PAECs). Loss of
ER-a exacerbates cardiopulmonary dysfunction in monocrotaline pulmonary hypertension (MCT-PH). (A) Western blot analysis of PAH PAECs
(from Pulmonary Hypertension Breakthrough Initiative). A representative Western blot is depicted; densitometric analysis from all patient-derived
cell lines is shown to the right (*P, 0.05 vs. control by Student’s t test). Each data point represents one cell line. (B) Experimental design.
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mutations in ESR1 (encoding ER-a) associate with endothelial
dysfunction, coronary artery disease, myocardial infarction, and
stroke (5, 6).

Because estrogen signaling is pleiotropic and cell dependent,
dissecting and identifying specific estrogenic pathways that mediate
protective effects in the cardiopulmonary axis may allow a more
precise and personalized medicine approach for patients of either
sex with PAH.We hypothesized that loss of ER-a exacerbates
experimental pulmonary hypertension (PH).We investigated
1) whether ER-a is decreased in PAECs from patients with PAH
(PAH-PAECs), 2) whether ER-a loss of function affects development
of experimental PH, and 3) whether activation of estrogen/ER-a
signaling rescues vasculoprotective signaling in established PH as well
as PAH-PAECs.

In PAH-PAECs, ER-a expression was decreased versus
control PAECs (Figure 1A). To further examine the influence of
ER-a on the development of experimental PH, ER-a loss-of-function
mutant Sprague-Dawley rats were generated via CRISPR/Cas9 as
previously described (7). Monocrotaline (MCT)-PH was induced in
age-matched male and intact female ER-amutant or wild-type (WT)
littermates (Figure 1B). Wemeasured RV systolic pressure (RVSP),
RV hypertrophy (RV/left ventricular1 septum [LV1S]), cardiac
index (CI), and pulmonary vessel wall thickness as previously
described (7, 8). Although loss of ER-a was not associated with
functional changes in control animals, ER-a loss resulted in more
severe MCT-induced changes in RVSP, RV/(LV1S), CI, and
pulmonary vascular remodeling (Figures 1C and 1E) than inWT
MCT-PH rats. As expected, when groups were separated by sex, WT
female rats, as compared withWTmale MCT rats, were protected
against PH development (Figures 1D and 1E). However, female
protection against MCT-PH was lost in the absence of ER-a
(Figures 1D and 1E). Specifically, compared withWT female
MCT rats, female ER-amutant MCT rats exhibited 45–76%
increases in RVSP, RV/(LV1S), and pulmonary wall thickness,
as well as a 32% decrease in CI (Figures 1D and 1E). Similarly,
ER-a loss tended to decrease stroke volume index and significantly
increased total pulmonary resistance index (TPRI) compared with
WTMCT-PH (see Figure E1A in the data supplement). When
separated by sex, ER-aMut MCT females exhibited lower stroke
volume index and significantly higher TPRI thanWTMCT females
(Figure E1B). These data indicate that loss of ER-a is associated
with more severe MCT-PH, with a phenotype that exhibits a
female sex bias.

We previously demonstrated that selectively activating ER-a
signaling in establishedMCT-PH rescues MCT-induced alterations
in RVSP, RV hypertrophy, CI, TPRI, and RV cardiomyocyte function
(7); however, that study focused on ER-a signaling in the right
ventricle. We now sought to identify the targets of ER-a specifically
in the pulmonary vasculature. Because intact female Sprague-Dawley
rats are protected against MCT-PH (Figure 1), we used male rats (7).

Two weeks after MCT, a subset of rats was administered
17b-estradiol (E2) or the ER-a-selective agonist 4,49,499-(4-propyl-
[1H]-pyrazole-1,3,5-triyl)trisphenol (Figure E2A). At 4 weeks, lungs
were evaluated for expression of pulmonary vascular homeostatic
regulators bone morphogenetic protein receptor 2 (BMPR2) and
apelin (7, 9, 10). We found that ER-a activation replicated effects of
E2 and was sufficient to rescueMCT-induced decreases in lung
BMPR2 and apelin (Figure E2B). Similarly to MCT-PH, BMPR2
and apelin mRNAwas decreased in PAH-PAECs, and treatment
with ER-a–selective agonist BTP-a stimulated BMPR2 and apelin
protein (Figures E2C and E2D). These data indicate that E2
and ER-a enhance vasculoprotective pathways even in established
PH/PAH.

Our data demonstrate a novel protective effect of ER-a in
experimental PH and in PAH-PAECs. Global loss of ER-a results in
more severe MCT-PH, with a female-predominant phenotype.
We previously employed ER-amutant rats to demonstrate ER-a
dependence of exogenous E2 in male or ovariectomized female
Sugen/hypoxia rats in the right ventricle (7). However, it remained
unknown whether loss of functioning of ER-amodifies effects of
endogenous sex hormones in the cardiopulmonary axis. The finding
that loss of ER-a signaling sex dependently results in worse PH
therefore is novel andmay help explain the female predominance
in PAH. In addition, ER-a abundance is decreased in human
PAH-PAECs. E2 or selective ER-a activation attenuates experimental
PH and rescues vasculoprotective signaling in MCT-PH lungs and
PAH-PAECs. These data suggest that impaired ER-a signaling may
contribute to PAH development and may provide a rationale to
further study the role of this receptor in PAH. Although we
identified BMPR2 and apelin as targets of ER-a in PAH-PAECs,
we speculate that ER-a also regulates other biological processes, such
as metabolism, inflammation, and angiogenesis. This is currently
under investigation. Our work challenges the current paradigm that
E2 and ER-a promote pulmonary vascular remodeling and
exacerbate experimental PH (3, 11). However, previous studies
employed PASMCs and hypoxic mice, thus limiting their
generalizability. In fact, the finding that lung microvascular
endothelial cells from Bmpr2mutant mice exhibit aberrant ER-a
trafficking (12) supports our hypothesis that ER-a signaling is
impaired in PAH and indicates that proper ER-a signaling is
protective in PAH. Importantly, in our study, loss of ER-a was
detrimental in intact MCT female rats, demonstrating the importance
of endogenous estrogen signaling in protecting against MCT-induced
vascular injury.

Understanding the intricacies of estrogenic signaling in the
pulmonary vasculature in response to injury and PAH pathogenesis
is an urgent and unmet area of need, especially as therapeutic
strategies targeting hormonal signaling in PAH progress through
clinical trials. Despite their clinical importance, we currently have
only an incomplete view of how estrogens impact vascular responses

Figure 1. (Continued ). (C) Effects of MCT-PH (60 mg/kg) in male and female (sexes combined in groups) wild-type (WT) or ER-a loss-of-function
mutants on right ventricular (RV) systolic pressure (RVSP), RV hypertrophy (RV weight divided by weight of left ventricle plus septum;
RV/[LV1S]), and cardiac index (CI; echocardiographic RV cardiac output/body weight). (D) RVSP, RV hypertrophy RV/(LV1S), and CI in WT or
ER-a loss-of-function mutants with groups stratified by sex. (E) Vessel wall fraction in WT and ER-a mutants measured by Verhoeff-van Gieson
elastin stain in combined groups and in groups separated by sex. Fifteen to 20 vessels per rat were measured. Scale bars, 100 mm. *P, 0.05
versus same sex and genotype control; #P,0.05 versus WT MCT by one-way ANOVA with Tukey post hoc correction. Error bars represent
mean6SEM. Each data point represents one animal. F = female; M=male.
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to injury. Deepening our understanding of how hormones affect
vascular responses throughout the cardiopulmonary circuit may lead
to more effective and targeted treatment approaches. Given the
pleiotropic effects of estrogens, selectively targeting specific aspects of
estrogenic signaling may be more efficacious than broadly targeting
E2. We posit that selectively activating ER-a signaling rather than
nonspecifically targeting E2may be a novel andmore precise strategy
to treat PAH.�

Author disclosures are available with the text of this letter at
www.atsjournals.org.
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