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Abstract

Purpose of Review Prevalence and outcome differences be-
tween women and men with pulmonary arterial hypertension
(PAH) raise questions about the role of sex hormones in dis-
ease pathobiology. This review will summarize the current
understanding of sex and sex hormone pathways and their
influence on heart-lung function in health and in disease.
Recent Findings Female sex has been shown to be a risk
factor for the development of PAH, but women have improved
survival compared to men with PAH. These paradoxical ob-
servations are likely driven in part by complex sex hormone
signaling and processing pathways and their interaction with
the pulmonary vasculature and the right ventricle. These rela-
tionships may vary depending on an individual’s underlying
sex, age, and/or genetic substrate.

Summary The study of the connections between sex, sex hor-
mones, the pulmonary circulation, and the right ventricle may
improve our understanding of disease epidemiology and out-
comes and lead to new treatment strategies for PAH.
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Introduction

Female sex is the best-established clinical risk factor for pul-
monary arterial hypertension (PAH). Recent population-based
studies have demonstrated that while women are more likely
to develop PAH then men, men have worse outcomes com-
pared to their opposite sex counterparts. Sex and sex hor-
mones appear to play an important role in pulmonary hyper-
tension (PH) pathogenesis in animal models, but with incon-
sistent results that vary with experimental conditions. These
contradictory human and animal observations, dubbed the
“estrogen paradox” of pulmonary vascular disease, have led
to increased interest in the study of sexual dimorphism in PAH
and right ventricular (RV) failure. Defining sex-based pheno-
types and the role of sex hormones in cardiopulmonary func-
tion may lead to novel therapeutic strategies including hor-
monal manipulation in PAH. Here, we will review current
evidence from clinical and translational studies implicating
sex and sex hormones in disease epidemiology, outcomes,
and key mechanisms of PAH pathobiology. Leading hypoth-
eses, including the importance of estrogen, its aromatization
(conversion of androgens into estrogens), metabolism and sig-
naling in the pulmonary circulation, and links between sex
hormone pathways and RV function will be summarized.
Gaps in our understanding of the estrogen paradox and areas
for future research will also be highlighted (Fig. 1).

Sex-Based Differences in PAH Prevalence

The earliest modern description of idiopathic pulmonary arte-
rial hypertension (IPAH) by Dresdale et al. [1] in 1951 includ-
ed three young women with disease. In the 1980s, the
National Institutes of Health (NIH) established the first mul-
ticenter registry before the advent of targeted PAH therapies
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Fig. 1 Sex hormone biosynthesis and effects in the diseased right
ventricle and lung vasculature. An abbreviated biosynthetic pathway
shows the key enzymes and intermediates connecting
dehydroepiandrosterone (DHEA), testosterone (T), estradiol (E2), and
the estrogen metabolite 16-hydroxy-estrone (16-OH-E1). Collagen and
elastin staining of the fibrosis in the diseased right ventricle (left
photomicrograph). The thick arrow shows abnormal accumulation of
extracellular fibrosis, whereas the thin arrows illustrate capillaries
within the myocytes. Original magnification, x40. The opposing actions
of DHEA and testosterone on the diseased right ventricle are illustrated
(see text for supporting references); direct effects of estradiol on the
diseased right ventricle seem less clear. Hematoxylin and eosin staining
of a plexiform-like lesion from a diseased female rat (right

and demonstrated a 1.7:1 female/male ratio [2]. Similar
female/male biases have been noted in more recent registries
throughout many parts of the world, including the USA, UK,
Spain, China, and France [3-6, 7, 8—14, 15, 16-25]
(Table 1). A large European registry which enrolled patients
from 2007 to 2011 (the Comparative, Prospective Registry of
Newly Initiated Therapies for Pulmonary Hypertension
[COMPERA]) demonstrated a 1.8:1 female/male ratio; how-
ever, this female predominance was strongest among younger
patients: the female/male ratio was 2.3:1 among 18—65-year-
olds but just 1.2:1 in those older than 65 [7¢]. This finding
raises the question of whether age (and temporal changes in
the hormonal milieu over the life cycle) is an important mod-
ifier of the relationship between sex and PAH risk.

The Registry to Evaluate Early and Long-Term PAH
Disease Management (REVEAL), the largest US registry to
date, reported a more pronounced sex bias than had been
observed in other registries; 80 % of patients enrolled between
2006 and 2007 were women [15¢]. Whether the observations
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photomicrograph). Original magnification, x60. The opposing effects of
DHEA and estradiol within the lung vasculature are illustrated; similarly,
the direct effects of testosterone within the vasculature are also less clear.
3-3-OH-steroid-DH 3-f3-hydroxysteroid dehydrogenase, 17-3-OH-
steroid-DH 17-f-hydroxysteroid dehydrogenase, BMPR2 bone
morphogenetic protein receptor-2, CYP1B1 cytochrome P450 1B1
(reprinted with permission of the American Thoracic Society.
Copyright© 2016 American Thoracic Society. R. James White
“Estrogen: Friend or Foe in Pulmonary Hypertension?” American
Journal of Respiratory and Critical Care Medicine, Vol. 193, No. 10
(2016), pp. 1084-1086. The American Journal of Respiratory and
Critical Care Medicine is an official journal of the American Thoracic
Society.)

from REVEAL signal a true change in disease biology (e.g.,
via epigenetic factors) and/or a significant survival bias con-
ferred by female sex because of a predominantly prevalent
(versus incident) study population is not known. In China,
where targeted PAH therapies have only recently become
available, their earliest registry containing incident (i.e., un-
treated) patients demonstrated a female/male ratio of 2.4:1 and
71 % of patients were women, similar to the US NIH registry
[2, 17]. This is in contrast to a follow-up Chinese study which
reported a ratio of 3.1:1 female/male patients and 76 % wom-
en from a treated/prevalent cohort, similar to REVEAL [24].
The epidemiology of heritable PAH is similar to that of
IPAH, and women are roughly twice as likely to be affected
as men [27]. In a large cohort of individuals with bone mor-
phogenetic protein type II (BMPR2) receptor mutations (in-
cluding those with IPAH, heritable, and drug- and toxin-
induced PAH), roughly 70 % of the population were women
[28]. As we discuss below, cross talk between BMPR2 (the
major genetic mutation of heritable PAH) and estrogen



Curr Hypertens Rep (2016) 18: 84

Page 3 of § 84

Table 1 Registry data

demonstrating pulmonary arterial Registry Study cohort Subjects Mean age Sex ratio (female/
hypertension is a female (n) (SD) male)
predominant disease
US NIH [2] IPAH, HPAH 187 36" 1.7:1
US PHC [22] WHO Group 1 PAH 282 46 (£14) 3.1:1
Scottish Morbidity Record ~ IPAH, CHD, CTD 113 50 (x13) 2.3:1
(8]
French [14] WHO Group 1 PAH 674 50 (x15) 1.9:1
Chinese [17] IPAH, HPAH 72 36 (x12) 2.4:1
US Reveal [15¢] WHO Group 1 PAH 2525 53 (x14) 3.9:1
Spanish [23] WHO Group 1 PAH 866 45 (£17) 24:1
UK/Ireland [4] IPAH, HPAH, 482 50 (£17) 1.4:1
anorexigen
New Chinese [24] IPAH, CTD 276 IPAH: 33 3.1:1
(£15)
CTD: 41 (+14)
Mayo [26] WHO Group 1 PAH 484 52 (£15) 3.1:1
COMPERA [3] WHO Group 1 PAH 1283 68 (55-75)° 1.8:1

NIH National Institutes of Health, PHC pulmonary hypertension connection, COMPERA Comparative,
Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension, /PAH idiopathic pulmonary
arterial hypertension, /PAH heritable pulmonary arterial hypertension, WHO World Health Organization, CTD

connective tissue disease
#No standard deviation provided
® Median age (Q1-Q3)

signaling has been proposed as an important mechanistic driv-
er responsible for female predominance in pulmonary vascu-
lar disease.

Beyond idiopathic and heritable PAH, other World Health
Organization (WHO) Group 1 PAH subgroups are character-
ized by female predominance, including connective tissue dis-
ease (CTD) and portopulmonary hypertension-associated
PAH. CTD itself occurs more commonly in women than in
men; when associated with PAH, female/male ratios between
3.8:1 and 10:1 have been reported [6, 14, 15, 24, 26]. Women
with systemic sclerosis are eight times more likely than men
with systemic sclerosis to be affected by PAH [29]. In patients
with systemic lupus erythematosus, women are 17 times more
likely to be affected with PAH than men [6].

Female sex is also a risk factor for the development of
portopulmonary hypertension. The French Registry reported
that 40 % of patients with portopulmonary hypertension were
women [14]. Although this ratio is tipped toward male sex, it
is higher than expected because the prevalence of female sex
overall in portal hypertension is low. In a prospective cohort of
patients with chronic liver disease, the pulmonary vascular
complications of liver disease (PVCLD) investigators demon-
strated that female sex is an independent risk factor for the
development of portopulmonary hypertension and increases
the risk nearly 3-fold (adjusted odds ratio 2.90, 95 % confi-
dence interval [CI] 1.2-7.01, p=0.018) [30]. This has been
confirmed in other registries including the REVEAL registry
[11, 14, 30]. In other conditions associated with WHO Group
1 PAH, including human immunodeficiency virus infection

and congenital heart disease, sex does not appear to be a risk
factor, raising the question of whether sex hormones can be
implicated in all forms of PAH.

Sex-Based Differences in Outcome

Although female sex is clearly a risk factor for the develop-
ment of PAH, longitudinal observations from modern regis-
tries have shown that women have increased survival as com-
pared to men with PAH. In 2010, both the French [31¢] and
US REVEAL [13] registries published similar findings and
found male sex to double the risk of death in PAH. This risk
was shown to be independent of commonly held disease sur-
rogates such as the 6-min walk distance (60MWD) and cardiac
index [13, 20, 31¢]. Updated survival data from the REVEAL
registry in 2012 and 2015 continue to demonstrate an in-
creased risk of death in men compared to women, but this
finding was only in individuals aged 60 years and older
[32], which suggests that age-related changes in the hormonal
milieu may impact risk throughout the lifespan. The 2015
REVEAL update looked at survival 5 years from enrollment
and continued to demonstrate significant differences in out-
come based on sex. These differences were noted irrespective
of whether the PAH diagnosis was incident or prevalent, such
that 5-year survival estimates for newly diagnosed (incident)
men were 53 =4 versus 63 = 2 % for women and 57 = 2 versus
68 =1 % for previously diagnosed (prevalent) men versus
women [10]. Limited data suggests that male sex confers a
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higher risk of death in specific WHO Group 1 subtypes. For
example, Chung et al. demonstrated an almost 4-fold increase
in the risk of death (hazard ratio 3.9, 95 % CI 1.1-13.9, p=
0.03) among men as compared to women with PAH associat-
ed with systemic sclerosis [33].

Age-Sex Interaction

Hormonal changes throughout a person’s lifecycle (e.g., pu-
berty, menarche, menopause, waning androgen levels with
aging) may impact pulmonary vascular and RV function.
These influences may manifest as interactions between sex,
age, and epidemiologic observations in PAH. Limitations of
current registries make it difficult to define the impact of age
on sex-based differences in PAH prevalence, incidence, and
outcome, however.

In alarge study (n = 1211) of patient-level pooled data from
11 clinical trials in PAH, we examined the associations be-
tween sex and baseline hemodynamic measures (which are
markers of disease burden tied to survival) and found that
women with idiopathic and CTD-associated PAH had more
favorable hemodynamic indices (lower right atrial pressure
[RAP], lower pulmonary vascular resistance [PVR], higher
cardiac index) as compared to men with idiopathic and
CTD-associated PAH [34]. Younger men had higher mean
pulmonary arterial pressure (mPAP) than younger women,
but this difference was attenuated after age 45 years. In both
men and women with idiopathic PAH, hemodynamic burden
tended to decrease with age.

Similar observations have been made in the COMPERA
registry, which demonstrated a strong female predominance
among younger patients with PAH that dissipated after age
>65 [7¢]. As in our study, in REVEAL, male sex was associ-
ated with higher RAP and mPAP at diagnosis and overall men
had worse survival, especially in older age [13, 32]. Benza
et al. identified age >60 years in males as a significant nega-
tive predictor of outcome in REVEAL, which was then vali-
dated as part of a risk stratification equation [13]. In a follow-
up study, Shapiro and colleagues stratified the REVEAL co-
hort by age at enrollment and found poorer 2-year survival
among older males (>60 years of age) and worse hemodynam-
ics in men in general [32]. While there are some inconsis-
tencies across studies, these results support the theory that
sex hormones may play a role in PAH pathogenesis and that
changes in the hormonal milieu caused by aging may impact
disease epidemiology.

Differences in Right Ventricular Function by Sex

Since the RV is the proximate cause of death in PAH, sex- or
sex hormone-driven influences on RV function may explain
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why more women develop PAH yet have improved survival
as compared to men. Until recently, there have been signifi-
cant knowledge gaps in our understanding of RV structure and
function in both health and disease. Studying the RV in health
may inform studies in PAH (and other causes of right heart
failure) and our understanding of changes in RV adaptation
during different stages of disease and across the lifespan.

Multi-Ethnic Study of Atherosclerosis (MESA)-RV is the
largest population-based, cardiovascular disease-free cohort
with available RV indices measured via cardiac magnetic res-
onance imaging, the gold standard for assessment of the RV.
Female sex was associated with higher right ventricular ejec-
tion fraction (RVEF), lower RV mass, and smaller RV vol-
umes after adjustment for multiple comorbid factors and body
size in MESA-RV [34, 35]. These sex-based differences in
RVEF and volumes were recently recapitulated in the
Framingham Heart Study Offspring cohort [36]. Both the
MESA and Framingham studies have shown age to be an
important modifier of the relationships between sex and mea-
sures of RV morphology [34-36].

Sex appears to be a unique determinant of RV structure and
function in health, which begs the question whether sex hormone
pathways are associated with RV phenotype. Higher estradiol
(E2) levels were associated with higher RVEF and lower RV
end-systolic volume in post-menopausal women using hormone
therapy in MESA-RYV, but this relationship did not persist in non-
hormone therapy users or men [37]. In men, higher levels of
testosterone were associated with higher RV stroke volume and
greater RV mass and higher dehydroepiandrosterone (DHEA)
levels tracked with greater volumes and mass in both sexes
[37]. Using this same study population, we demonstrated that
genetic variation in CYP1B1 (the major enzyme responsible
for E2 metabolism) was associated with increased RVEF in
post-menopausal women [38¢]. This polymorphism was tightly
linked to variants that increase the risk of PAH in BMPR2 car-
riers [39¢] and angioinvasion in cancer [40-—43]. In men from
MESA-RYV, two polymorphisms in the androgen receptor gene
were associated with RV end-diastolic volume and mass and
these relationships were dependent on circulating testosterone
levels, indicating that these variants may have biological rele-
vance [38¢]. Taken together, these observations lend support to
the hypothesis that sex hormones may have pleiotropic effects on
the pulmonary circulation and RV that may change based on an
individual’s sex, age, and/or genetic predisposition, giving rise to
unique sex-based phenotypes in pulmonary vascular disease.

The RV has not been robustly studied in PAH, and less is
known about sex-based differences in the RV response to in-
creased pulmonary afterload. Changes in RV structure and func-
tion with PAH therapies are strongly tied to survival in PAH,
more so than changes in PVR [44-46]. Kawut et al. demonstrat-
ed that male sex was associated with lower RVEF (measured by
radionuclide angiography) in PAH [47]. Among a cohort of 101
patients with idiopathic, heritable, or anorexigen-associated
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PAH, men and women had similar reductions in PVR but RVEF
declined in men and improved in women over time with PAH
therapies. A significant proportion (39 %) of the transplant-free
survival difference seen between men and women was explained
by treatment-related improvements in RVEF [48¢], suggesting
the survival bias conferred by female sex in PAH may be ex-
plained by sex- or sex hormone-mediated effects on the RV.

Differences in Response to PAH Treatments by Sex

Limited evidence suggests that treatment response to targeted
PAH therapies may vary according to sex. Major molecular
pathways implicated in PAH and targeted by available PAH
therapies (e.g., nitric oxide [NO], endothelin) are influenced
by sex and sex hormones. For example, women have greater
levels of NO biosynthesis compared to men, while men have
higher levels of circulating endothelin-1 (ET-1) and greater
ET-1-mediated vasoconstriction compared to women
[49-51]. Sex hormones have also been shown to directly mod-
ulate NO signaling pathways and circulating ET-1 levels
[52-54]. A patient-level pooled analyses of six randomized
placebo-controlled trials of endothelin receptor antagonists
(ERAs) showed that women had a 30-m greater improvement
in 6MWD on active treatment as compared to men treated
with ERAs [55]. Conversely, Mathai et al. showed that men
treated with tadalafil, a phosphodiesterase type 5 inhibitor
targeting the NO pathway, were more likely to meet the min-
imally important difference in 6 MWD and improve the phys-
ical component of a health-related quality-of-life score than
women treated with tadalafil [56]. While these studies raise
interesting questions about potential treatment response het-
erogeneity according to sex, further studies are needed to con-
firm these observations and to understand the mechanisms
that may explain these findings.

Sex Hormones and Disease Pathobiology

Numerous experimental studies in various PH models have
implicated sex and sex hormones in pulmonary vascular dis-
ease pathobiology. While beyond the scope of this discussion,
these preclinical studies are discussed in depth in a recent
review by Lahm et al. [57¢]. Current proposed hypotheses to
explain the estrogen paradox of PAH include mechanisms
related to sex hormone metabolism, aromatization, and recep-
tor signaling and their interaction with an individual’s genetic
substrate, the BMPR2 pathway, and the RV.

Few clinical studies have tied estrogen (and other hor-
mones) to known mechanistic pathways in PAH. Mutations
in BMPR2, a member of the transforming growth factor
[TGF]-p family, are present in 70-80 % of families with
PAH and roughly 25 % of patients with IPAH [58, 59].

These mutations are transmitted in an autosomal dominant
fashion with incomplete penetrance, and with a significant
female predominance. TGF-f3 signaling including the
BMPR?2 pathway is felt to play a major role in disease
pathogenesis.

Only recently have we come to understand the rela-
tionships between BMPR2 signaling and sex hormones.
E2 is metabolized by cytochrome P4501B1 to two ma-
jor metabolites (2-hydroxyestrone [2-OHE]) and 16«-
hydroxysterone [16x-OHE;]) which have different ef-
fects on inflammation and mitogenesis and have previ-
ously been implicated in cancer of the gonadal organs
[60]. Austin and colleagues discovered alterations in E2
metabolism in heritable PAH and demonstrated that a
CYPI1BI1 polymorphism increased the risk of PAH pen-
etrance in female, but not male, BMPR2 carriers [39¢].
This polymorphism is linked to the variant associated
with RV function in healthy women from MESA
[38+]. In addition, the presence of the CYP1B1 mutation
in PAH patients was associated with a more mitogenic
E2 metabolite profile as measured in the urine [39e, 61,
62]. This same group described direct estrogen receptor
alpha binding to the BMPR2 promoter, which leads to
reduced BMPR2 gene expression in females [61]. This
important connection may be a major driver underlying
the female predominance of idiopathic and heritable
PAH, but more work is needed to understand the con-
tributions of estrogen receptors (and signaling of other
sex hormones) in disease pathogenesis.

Roberts et al. demonstrated that genetic variation in sex
hormone pathways is associated with an increased risk of
portopulmonary hypertension in patients with severe liver
disease (the PVCLD cohort) [63]. Polymorphisms in
genes encoding for estrogen receptor 1 and aromatase
(the enzyme responsible for testosterone to E2 conver-
sion) were associated with the odds of developing
portopulmonary hypertension. Moreover, biologic activity
of the aromatase variants was suggested by a correlation
between increased circulating E2 levels and genotype
[63]. More recently, we have demonstrated that men with
idiopathic, heritable, or CTD-associated PAH have higher
levels of E2 and lower levels of DHEA-sulfate compared
to age- and body mass index-matched healthy controls
[64¢]. High E2 and low DHEA-sulfate levels were asso-
ciated with the risk of PAH, such that a 1-unit increase in
E2 increased the risk of PAH 50-fold, and this hormone
profile was associated with markers of disease severity.
Specifically, higher E2 levels were associated with shorter
6MWD (p=0.03), whereas higher levels of DHEA-sulfate
were associated with lower RAP (p=0.02) and PVR (p=
0.01) in men with PAH [64¢]. These studies strongly im-
plicate sex hormone processing and signaling in pulmo-
nary vascular disease risk.
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Recent work has shown that aromatase (which ac-
counts for most of the estrogen production in post-
menopausal women and men) is produced in the smooth
muscle cells of the small muscular pulmonary arteries of
both experimental PH and women with PAH [65, 66].
Administration of the aromatase inhibitors anastrozole
and metformin reduced pulmonary arterial pressures,
pulmonary vascular changes, and indices of RV hyper-
trophy in animal models [65-67]. A recently completed
randomized, double-blind, placebo-controlled trial dem-
onstrated a significant reduction in circulating E2 levels
with anastrozole treatment versus placebo but no effect
on echocardiographic RV measures at 12 weeks in 18
subjects with WHO Group 1 PAH [68°]. Active treat-
ment also resulted in an improvement in 6MWD
(+26 m) compared to placebo (—12 m) (median %
change from baseline was +8 versus —2 %, respectively
[p=0.042]), and there were no adverse events. This
pilot study demonstrates the feasibility of hormonal ma-
nipulation as a treatment strategy in PAH, but larger and
longer studies are needed to confirm these results.

Conclusions

While there has been much progress in our understanding of
the sex paradox of PAH, there are continued major knowledge
gaps. Unmet needs in the field include defining how age im-
pacts epidemiologic observations and how temporal changes
in sex hormones across the life cycle and stages of disease
affect the cardiopulmonary interaction. Better characterization
of sex- or sex hormone-based phenotypes may guide progno-
sis as well as more precise treatment regimens with currently
available agents (e.g., PDESi and ERAs, based on sex-based
treatment responses) or future treatments that impact the hor-
monal milieu or the RV response directly. While the focus thus
far has been on the study of women (and female sex hor-
mones), future work should elucidate the role of androgens
in pulmonary vascular and RV dysfunction and include men
with PAH, who may represent a more severe phenotype from
whom we can gain further insights. Finally, additional mech-
anisms of sexual dimorphism should be explored, such as the
role of inflammation and immune function regulation (known
to be regulated by sex hormones) in PAH and RV failure.
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