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Abstract

Female predominance in pulmonary arterial hypertension (PAH) has been known for several
decades and recent interest in the effects of sex hormones on the development of disease has
substantially increased our understanding of this epidemiologic observation. Basic science data
suggest a beneficial effect of estrogens in the pulmonary vasculature both acutely and chronically,
which seems to contradict the known predilection in women. Recent human and rodent data have
suggested that altered levels of estrogen, differential signaling and altered metabolism of estrogens
in PAH may underlie the gender difference in this disease. Studies of the effects of sex hormones
on the right ventricle in animal and human disease will further aid in understanding gender
differences in PAH. This article focuses on the effects of sex hormones on the pulmonary
vasculature and right ventricle on both a basic science and translational level.
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Pulmonary hypertension is a heterogeneous group of disorders that all share the common
feature of mean pulmonary artery pressure of 25 mmHg or higher [1]. These diverse
diseases include disorders that elevate left atrial pressure, such as left heart failure and
valvular disease, advanced lung disease, chronic thromboembolic disease and disorders that
affect the small pulmonary arteries in isolation; so-called pulmonary arterial hypertension
(PAH) [1]. In PAH, progressive pulmonary arteriolar obstruction and obliteration ultimately
result in right heart failure and death [2]. PAH can be idiopathic or heritable but is also
associated with connective tissue disease, congenital left-to-right shunt,
hemoglobinopathies, HIV disease, schistosomiasis and liver disease [1]. A strong female
predominance of several types of PAH has been well demonstrated for over 30 years, yet the
mechanisms that drive this predilection have largely been unknown. Recent basic science
and clinical data are shedding new light on why this disease is at least three-times more
frequent in women than men, and hopefully will result in improved therapeutic options in
the near future. This article will discuss this emerging research along with recommendations
for the care of female patients with PAH.
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PAH overview

Classification of pulmonary hypertension

Pulmonary hypertension is defined as a mean pulmonary artery pressure of 25 mmHg or
more. In 2008, the classification scheme for pulmonary hypertension was revised and the
subtypes divided into five groups (Box 1). PAH, or group 1, is the focus of this article, and
encompasses diseases that primarily affect the small pulmonary vessels. Included within
PAH are idiopathic and heritable forms of PAH, connective tissue disease-associated PAH,
PAH caused by drug or toxins, schistosomiasis, portopulmonary hypertension, PAH
associated with HIV, and other forms. These disease processes are manifested by
progressive arteriolar obliteration and definitive diagnosis requires right heart catheterization
with demonstration of a mean pulmonary artery pressure of 25 mmHg or higher and a
pulmonary artery occlusion pressure of 15 mmHg or lower [1]. A subgroup denoted group 1
includes two rare disease processes that can be difficult to distinguish from idiopathic PAH
antemortem: pulmonary veno-occlusive disease and pulmonary capillary hemangiomatosis.
The other major causes of pulmonary hypertension (groups I11-V) include pulmonary venous
hypertension (secondary to left heart systolic or diastolic dysfunction or valvular disease;
group 1), pulmonary hypertension secondary to chronic lung disease and/or hypoxia (group
I11), chronic thromboembolic disease (group 1V), and miscellaneous causes, such as
sarcoidosis or mediastinal fibrosis (group V).

Evaluation of pulmonary hypertension

Evaluation of pulmonary hypertension involves determining the etiology for pulmonary
hypertension, assessing the severity of disease and, finally, considering appropriate therapy.
When pulmonary hypertension is suspected (usually by clinical symptoms of dyspnea and/or
syncope or findings of right heart failure), echocardiography with Doppler estimation of
pulmonary artery pressure often serves as a useful initial screening test. Echocardiography
provides the additional advantage of evaluation of left-sided function and valves, helping to
exclude pulmonary venous hypertension as a major contributing cause of pulmonary
hypertension. A careful history and physical examination focusing on known risk factors,
pulmonary function testing and chest imaging to detect structural anomalies and advanced
lung disease, and ventilation perfusion lung scanning to evaluate for chronic
thromboembolic disease, are other important aspects of the initial evaluation for pulmonary
hypertension. Right heart catheterization is required for definitive diagnosis of PAH, and
also provides valuable information regarding disease severity and therapeutic options [2].
Vasodilator and fluid challenge performed during right heart catheterization help to identify
patients responsive to calcium-channel blocker therapy and those with diastolic dysfunction,
respectively.

Box 1. Clinical classification of pulmonary hypertension
e Group I: PAH
— Idiopathic PAH
— Heritable PAH
— Drug and toxin induced

— Associated with connective tissue disease, HIV, portopulmonary
hypertension, schistosomiasis and chronic hemolytic anemia

— Group 1: Pulmonary veno-occlusive disease and/or pulmonary capillary
hemangiomatosis
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e Group Il: Pulmonary hypertension owing to left heart disease (including systolic
and diastolic dysfunction, and valvular disease)
e Group IlI: Pulmonary hypertension owing to lung diseases and/or hypoxia
e Group IV: Chronic thromboembolic pulmonary hypertension

e Group V: Pulmonary hypertension with unclear multifactorial mechanisms
(including hematologic disorders, sarcoidosis, pulmonary Langerhans cell
histiocytosis and metabolic disorders)

PAH: Pulmonary arterial hypertension.
Modified from [1].

Basic science of PAH

A number of important pathways have been identified that lead to development of PAH. In
seminal work evaluating families with heritable PAH, BMPR2 mutations were found to
segregate faithfully with disease status. In these families, persons who were found to have
BMPR2 mutation had a one in five chance of developing PAH [3-5]. Further work has
shown that heritable PAH was linked in a majority of cases to mutations in the same BMPR2
gene, a TGF-p superfamily member [3]. Mutations in this gene and altered expression have
also been reported in other forms of PAH [6-9]. This membrane-bound receptor is nearly
ubiquitous and it is as not yet known precisely how dysfunction causes PAH, though active
research is ongoing and has recently pointed to differential cellular proliferation in BMPR2
dysfunction, altered cytoskeleton and cellular migration as well as defective angiogenesis
[10-13]. Further research is needed to determine the critical affected pathways in PAH
development. Additional pathways that play important roles in PAH development and have
led to pharmacologic interventions include the prostacyclin pathway, which mediates
vasoconstriction, platelet activation and vascular remodeling [14,15]; endothelin-1, a potent
vasoconstrictor and mitogen [16,17]; and phosphodiesterase-5, which alters downstream
signaling in the nitric oxide pathway [15,18].

Epidemiology

Although older literature had suggested that PAH was exceptionally rare [2], modern
registries have highlighted the relatively high prevalence of PAH in certain disease
populations such as scleroderma and a slightly increasing prevalence in the aging general
population. There are two major registries that have been published in the modern treatment
era, the French Registry [19] and the Registry to Evaluate Early and Long-Term Pulmonary
Avrterial Hypertension Disease Management (REVEAL) [20], which collected cases from the
USA. Both have shed light on PAH epidemiology today and raised important gender-related
questions [19,20]. First, the French Registry showed a prevalence of 15 cases of PAH per 1
million persons in the population, which was substantially elevated from previous estimates
[19,20]. While both studies confirmed the largest subcategory of PAH was idiopathic, there
was a higher proportion of connective tissue disease-associated PAH in the REVEAL
registry [19,21]. Mean age at the time of study was similar in the two registries.

The first papers describing what we now call idiopathic and heritable PAH demonstrated a
clear female predominance in this disease, and these findings persist today [4,22]. Heritable
PAH, most commonly caused by autosomal BMPR2 mutation, has a female—male ratio of
nearly 2.7:1 and there is an unexplained increased number of females born to carriers of the
mutation [4,23,24]. These findings of female predominance persist in PAH that is not
genetically linked, that is, idiopathic PAH and connective tissue disease-associated PAH.
Interestingly, there are discrepancies between France and the USA — the French Registry
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found a female—male ratio of 1.9:1 and the REVEAL registry found a ratio of 4.3:1 [19,20].
Differences in female predominance may be partially accounted for by the increased
population of connective tissue disease-associated PAH in the REVEAL population, but are
not completely explained by this difference in enrollment. Some have speculated that
differences in environmental sex hormone exposures may underlie the observed ratios.

Other subcategories of PAH have been studied and show gender specificity. Portopulmonary
hypertension affects females more than males [25,26] and there is a strong female
predominance in scleroderma-associated PAH [27,28], with a nearly 10:1 female-male ratio
in the REVEAL registry. This association is likely not adequately explained by the female
predominance of scleroderma in general, with most reports suggesting a 2-5:1 ratio [29].

While the morbidity and mortality of PAH remains substantial, the advent of three distinct
classes of pulmonary vasodilators has improved survival in PAH. The decision to initiate
therapy and the selection of a vasodilator is often complex, and frequently reserved for
subspecialty centers with an interdisciplinary team to assist and monitor response to therapy.
Patients without right heart failure and a significant response to vasodilator testing during
right heart catheterization (defined as a decrement in mean pulmonary artery pressure by at
least 10 mmHg to a mean pressure of <40 mmHg) can be initiated on calcium channel
blocker therapy [30,31]. Unfortunately, this group of patients represents the minority of
PAH. At present, there are eight US FDA-approved therapies for treatment of PAH. This
includes the prostacyclins, which now include intravenous (epoprostenol and treprostinil),
subcutaneous (treprostinil) and inhaled (iloprost and treprostinil) formulations, and remain a
mainstay of PAH management. Two classes of oral agents are also available: the endothelin
receptor antagonists (ambrisentan, bosentan and, in Europe, sitaxsentan) and
phosphodiesterase-5 inhibitors (sildenafil and tadalafil). Combination therapy is frequently
employed in progressive disease, but to date there remains little controlled data to suggest
routine use of combinations of agents, with the exception of the PACES trial, which showed
a mortality benefit with the addition of sildenafil to epoprostenol [32]. Randomized trials are
currently underway to answer this important question.

Other symptomatic therapies for PAH are focused on management of heart failure with
judicious use of diuretics and implementation of dietary salt and water restriction. Oxygen
should be employed when appropriate to minimize hypoxia, which can worsen pulmonary
hypertension. Anticoagulation with warfarin has been recommended on the basis of
retrospective studies [33,34], but controlled trials are lacking. Lung transplantation is a
consideration in selected individuals with progressive disease despite maximal medical
therapy. Rarely, atrial septostomy is used as a salvage or palliative measure for end-stage
PAH.

PAH in women: understanding the epidemiology

Potential hypotheses

Female predominance in PAH prevalence can potentially be explained by several simple
hypotheses. First, estrogen may be detrimental to the right ventricle (RV) or the pulmonary
vasculature and thus influence development of pulmonary vascular disease or the right
ventricular response to the stress of pulmonary hypertension. Second, testosterone may be
beneficial for the pulmonary vasculature and RV, and lower levels in females inadequately
protect from insults. Third, women have an environmental exposure that men do not, such as
anorexigens, estrogenic medications or compounds, or other environmental exposure.
Finally, other factors associated with being female increase risk, such as autoimmunity,
pregnancy with exposure to fetal cells, or other indirect relationships. There is strong
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literature to support increased frequency of autoimmunity in females; however, this is not
well studied as a causative factor in pulmonary vascular disease [35,36]. Similarly, there is
limited literature on the environmental exposures in males and females that increase risk for
pulmonary hypertension. While this would potentially be a fruitful avenue of future
research, we have focused this article on the sex hormone effects in pulmonary hypertension
owing to the limited literature on environmental exposures and pulmonary vascular disease.
We will explore recent developments in animal models and human PAH regarding the
effects of sex hormones and their metabolites on the development of pulmonary vascular
disease.

Sex hormone metabolism

In order to understand the different potential actions of sex hormones and their metabolites
on the pulmonary vasculature, a brief review of these compounds will be presented here. All
steroid hormones are derived from cholesterol and are primarily synthesized in the gonads,
adrenal glands and, in the case of pregnancy, the fetoplacental unit. Figure 1 depicts the
conversion of cholesterol to sex hormones. First, cholesterol is converted to pregnenolone,
which is then either metabolized through 17-hydroxy-pregnenolone to
dehydroepiandrosterone (DHEA) and then to androstenedione or to progesterone.
Progesterone is converted to testosterone and then, via the aromatase enzyme, to estradiol.
Estradiol functions as the primary sex hormone in women, though it can be converted to the
weaker estrogenic compound estrone or metabolized through other pathways. Using
CYP1B1 and CYP1AL, estradiol is converted to the catechol estradiols, 2-hydroxyestradiol
(2-OHE)) or 4-hydroxyestradiol (4-OHE>), which can in turn be converted via catechol-O-
methyltransferase (COMT) to the methoxyestradiols, 2-methoxyestradiol (2-MEOE;) or 4-
methoxyestradiol (4-MEQEy)). Estrone, conversely, is metabolized to 16a-hydroxyestrogen
(16a-OHE). While estradiol is the primary sex hormone in women, there is growing
literature that these other metabolites are not simply byproducts, but rather have independent
and important actions of their own [23,37-40].

Estrogen acts through a- and B-receptors, which may be either cytosolic or membrane bound
[41]. While classically thought to alter gene transcription, recent literature supports estrogen
acting through an alternative, nonclassical G-protein-coupled receptor signaling pathway
[42].

Basic science: estrogen

Both animal models of pulmonary hypertension and studies of isolated pulmonary vessels
have been used to understand the effects of estrogens on the pulmonary vasculature. In
isolated vessels exposed acutely to hypoxia or phenylephrine, both potent vasoconstrictors,
estrogen has been shown to be vasodilatory in both male and female vessels, showing that
estrogen’s actions are present in both sexes [43]. Interestingly, physiologic estrogen
fluctuation as seen with menstruation can attenuate pulmonary artery constrictor responses,
thus suggesting that small changes in plasma estrogens can have major consequences for
vascular function [43]. Estrogen mediates these effects through both a- and B-receptors
using a nitric oxide-dependent mechanism [44].

Animal models to study pulmonary hypertension have been heavily criticized as not
representing human disease adequately, but nonetheless gender differences have been shown
in these models and they allow a platform to study the effects of estrogenic compounds that
is not possible in humans. The two most commonly used rodent models are chronic
exposure to hypoxia, which produces moderate, irreversible pulmonary hypertension, and
monocrotaline, which is a vinca alkaloid that causes moderate pulmonary hypertension
through extensive inflammatory lesions in the vasculature. Estrogen has been shown to
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attenuate disease in both models [37,45-47]. Ovariectomy in both hypoxia and
monocrotaline models has been found to cause more severe pulmonary hypertension,
supporting the protective role of estrogens in the pulmonary vasculature [37,48].
Interestingly, the non-estrogenic metabolite of estrogen, 2-MEOE,, attenuates both
monocrotaline-induced pulmonary hypertension and also bleomycin-induced pulmonary
hypertension and associated fibrosis in both male and female rats [37,38]. Thus, it appears
that estrogen metabolites might be important mediators of the observed beneficial effects of
estrogen in the pulmonary vasculature in the context of animal models and isolated vessel
studies.

As we develop and gain experience with transgenic animal models of pulmonary
hypertension, sex differences are beginning to be studied in these unique milieus.
Interestingly, the two knockout mice strains with reported gender differences in
development of pulmonary vascular disease, VIP~/~ and ApoE~/~, both have a more severe
phenotype in males [49,50]. New observations of the effects of estrogen on transgenic
BMPR2 mutant mice should allow better understanding of how female sex affects the
development of human heritable PAH [51,52]. Although these transgenic mice may not
perfectly reflect human disease, as they are not haploinsufficient or dominant-negative
mutations as are found in much heritable PAH, they still offer the opportunity to study this
mutation in vivo.

As the RV is the primary mediator of survival in pulmonary hypertension, the effects of sex
hormones in this organ may potentially mediate survival or predilection to disease in human
PAH. Although there has been much exploration of the left ventricular effects of sex
hormones, presently little is known about how estrogen and testosterone affect the RV’s
response to the load stress of pulmonary vascular disease. In the VIP~~ mouse described
earlier female mice develop less RV hypertrophy than male mice, but this could be
accounted for by less vascular disease in this transgenic model. More research on sex
hormone effects in the RV are sorely needed as we begin to consider how manipulations in
these pathways might affect the entire cardiopulmonary unit in animal models and human
disease.

Basic science: testosterone & DHEA

A potential explanation for the female predominance in human PAH is lower testosterone
levels in females. There is ample laboratory evidence that testosterone acts as a pulmonary
vasodilator acutely and that its effects are mediated not through classic androgen receptor
signaling, but rather through a calcium antagonistic action [53-55]. However, male
predominance in VIP~/~ and ApoE~/~ mice with pulmonary hypertension makes it unlikely
that testosterone deprivation is the reason that human PAH occurs more often in women.

Dehydroepiandrosterone, which serves as a precursor to both testosterone and estrogens
(Figure 1), has been considered a potentially important mediator of the female predominance
in PAH. This hormone is synthesized in the adrenal glands and is produced at the highest
level of all circulating steroid hormones. DHEA attenuates hypoxic vasoconstriction and
protects against development of pulmonary hypertension in male rat models [56-58].
Further research is needed on this compound to discern its role in pulmonary hypertension.

In summary, estrogen appears to have beneficial effects on the pulmonary vasculature in
terms of acute responses to vasoconstrictors and animal models of disease such as chronic
hypoxia and monocrotaline. Increased male predominance in some transgenic models has
thus far not been explained and the effects of sex hormones on the RV are unknown.
Testosterone appears to be less important to the pulmonary vasculature based on very
limited data. Thus, we have a discrepancy between the clear female predominance in human
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PAH and animal models showing a favorable effect of estrogen. This may be explained by
differences in estrogen metabolism or differences in other sex hormones, such as
testosterone and DHEA, or by differences between animal models and human disease.

There are emerging data in human disease that begin to explain female predominance in a
handful of PAH subtypes.

Heritable & idiopathic PAH—AIthough the nearly 3:1 male—female ratio in heritable
PAH has been known for nearly three decades, the mechanism was largely unknown until
now. BMPR2 mutation, which is autosomal dominant, would not be expected to have this
ratio, unless there is a sex-specific modification that occurs in this disease or if there are
fewer male children born to female carriers. Indeed, there are a slightly higher number of
female children born to mutation carriers, but this is not enough to account for the observed
differences. Gene arrays in both affected and unaffected BMPR2 mutation carriers have
implicated CYP1B1 as a potential reason why females are more affected in heritable PAH,
as gene expression was approximately ten-times lower in affected female patients than
unaffected female mutation carriers [23,59]. CYP1B1 is a cytochrome P450 enzyme that
catalyzes oxidation of estrogens to 2-OHE, and 4-OHE, with known roles in tumorigenesis
and metabolism of environmental toxins (Figure 1) [60-67]. If CYP1B1 expression were
lower in only affected BMPR2 mutation carriers, then the expected result would be an
alteration in the levels of 2-OHE, and 16a-OHE such that the potentially beneficial 2-OHE»
level would be depressed and 16a-OHE would be accumulate as an alternative metabolic
pathway. Austin and colleagues measured CYP1B1 genotypes in 140 mutation carriers and
showed that wild-type CYP1B1 was more common in affected versus unaffected mutation
carriers. They further explored the functional consequences of this genotype difference in
urinary sex hormone excertion and showed that in affected mutation carriers the urinary
ratio of 2-OHE, to 16a-OHE was substantially lower compared with unaffected carriers
[23]. These findings showed that altered estrogen metabolism through polymorphisms in
CYP1B1 may account for the female predominance in heritable PAH and modify the risk of
disease development in mutation carriers.

Recently, similar gene arrays have compared patients with idiopathic PAH to healthy
controls and to patients with pulmonary hypertension due to advanced idiopathic pulmonary
fibrosis. While showing clear alterations in the usual associations with PAH such as altered
BMPR?2 expression, these investigators also showed that women with PAH had higher
expression levels of estrogen receptor o than normal women [68]. This again confirms the
importance of estrogen signaling in PAH, but the functional consequence of this data is not
presently known.

Portopulmonary hypertension—There is an elevated risk of development of PAH in
patients with cirrhosis, so called portopulmonary hypertension. In cirrhosis, Kawut and
colleagues have shown through a large collaboration studying the pulmonary vascular
consequences of cirrhosis that female sex and autoimmune hepatitis are risk factors for
development of portopulmonary hypertension [25]. Roberts and colleagues have studied the
same cohort to determine if common single-nucleotide polymorphisms segregate with
development of disease. They showed that aromatase polymorphisms were more common in
patients with portopulmonary hypertension and, importantly, these polymorphisms translate
into higher estrogen levels in patients with portopulmonary hypertension than those with
uncomplicated cirrhosis [26]. Estrogen metabolite levels in portopulmonary hypertension
patients are not known, but this research combined with the heritable PAH data may suggest
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that higher levels of estrogen and its metabolites might potentiate portopulmonary
hypertension in cirrhotic patients and, potentially, other susceptible groups.

Exogenous sex hormones in PAH—A frequently encountered clinical question is
whether oral contraceptive or hormone replacement therapy use contribute to development
of PAH and whether such drugs are contraindicated in established PAH. Unfortunately,
there is presently very limited data on this topic. The burden of exposure to these
compounds is heavy and the potential for these drugs to exacerbate underlying genetic
tendencies to develop PAH is high [69]. In a small retrospective cohort of patients with
scleroderma, hormone replacement therapy use was associated with a lower risk of
development of PAH [70], while there is a report of rapid development of PAH in a patient
with BMPR2 mutation after exposure to oral contraceptives [71]. These conflicting data in
small numbers of patients do not allow meaningful conclusions to be drawn on the role of
pharmaceutical or environmental estrogens in the development of PAH. A large-scale
epidemiologic study of this topic would greatly improve our ability to make
recommendations on their use or avoidance in patients at risk for PAH or with established
disease.

Right ventricle & sex hormones—Interest in RV effects of sex hormones has grown as
there is greater recognition of the importance of this structure on morbidity and mortality in
PAH. Human effects of estrogen and testosterone in right ventricular function have not been
reported, but testosterone in particular is an intriguing potential mediator of right ventricular
structure given its known pro-hypertrophic effects in skeletal muscle. The Multi-Ethnic
Study of Atherosclerosis (MESA)-RV study will provide knowledge about the RV in
healthy individuals and recent data have shown that higher DHEA levels are associated with
worse RV function in both men and women without known pulmonary vascular disease
[72]. Further data on this topic will hopefully help to explain differential survival in males
and females with established PAH.

Prognosis—Although there is a strong preference for females developing PAH more
frequently than males, the data on survival after disease diagnosis actually favor women
[73,74]. In adult patients, male gender has been associated with higher mortality in both the
REVEAL and French registries of PAH. In addition, in examining the pediatric cohort of
patients with heritable PAH, male gender is again associated with worse prognosis, although
this difference does not persist in adulthood, where the male and female mortality is similar
[23]. These observations about male mortality in pediatric heritable PAH are quite recent
and underlying mechanisms are not presently known. In adult PAH patients undergoing
equilibrium radionuclide angiography to measure right ventricular function, male sex was
associated with lower right ventricular ejection fraction and even in normal males, right
ventricular ejection fraction is lower in males [75,76]. It is possible that estrogen is
important for development of pulmonary vascular disease, but survival, which is closely
linked to right ventricular function, may be subject to different sex hormone effects; perhaps
estrogens are beneficial in the RV’s stress responses or testosterone is deleterious. Or, it is
possible that with advanced pulmonary hypertension and diminished cardiac output in
males, testosterone levels drop and this has a negative effect on right ventricular function.
Alternatively, since male sex was most important in determining mortality when the patients
were older than 60 years of age in the REVEAL registry, the effects of declining
testosterone levels with age might be important in this older cohort [74]. It is likely that the
sex hormone effects on development of pulmonary vascular disease and the effects on
survival in established disease are different.
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Recommendations for treating PAH in women

PAH treatment

Pregnancy

With the marked increase in treatment options and reported clinical trials of PAH therapy,
we have had the opportunity to explore if there are any gender-specific differences in
response to therapy. None of the large-scale trials showed that one sex benefitted more than
the other from a particular therapy [77-85]. So selection of treatment for PAH in women is
the same as for men and should follow well-established guidelines [30,86,87].

While pregnancy is not proven to cause or accelerate development of PAH, it is often a time
when disease presents owing to the increased cardiac output required to supply the
fetoplacental unit and the fixed pulmonary vascular resistance in patients with PAH that
cannot accommodate this increased flow. Not surprisingly, maternal mortality in pregnant
PAH patients is high, ranging from 30 to 56% prior to availability of current PAH therapy
[88]. A recent literature review of the effects of modern PAH treatment on maternal
mortality showed that there have been some improvements, with mortality now ranging
from 17% in idiopathic PAH and 28% in congenital heart disease-associated PAH up to
33% in other causes of PAH [89]. The primary risk factors for death that the authors
identified were primagravid status and use of general anesthesia with delivery [89]. The risk
of pregnancy is unacceptably high in PAH and we routinely counsel our patients on
avoidance of pregnancy, preferably by sterilization. We have previously shown that
hysteroscopic sterilization in this population is safe and well tolerated, thus avoiding risks of
general anesthesia [90]. As endothelin receptor antagonists are pregnancy category X (i.e.,
known teratogens), these agents must only be used in women who are sterile,
postmenopausal, are using two forms of birth control or have an intrauterine device (IUD)
placed. Thus, it is our practice not to use these agents in women who remain of childbearing
potential and are unwilling or unable to use birth control as recommended. In patients who
present with a new diagnosis of PAH while pregnant, referral to a specialized center with
extensive experience in PAH treatment and high-risk obstetricians will facilitate optimal
management.

Pharmaceutical estrogens

The very limited and conflicting data on the risk of pharmaceutical estrogens in PAH
development and the lack of data on the role of these compounds in progression of
established disease do not presently allow literature-based recommendations to patients. It is
our practice to discourage routine use of oral contraceptives or hormone replacement
therapy in patients with PAH unless there is a compelling reason to do so. As mentioned
previously, pregnancy avoidance often requires use of two forms of birth control or an IUD.
We prefer IUDs when possible as they avoid significant systemic exposure to hormones.

Expert commentatry & five-year view

There is strong interest in defining the molecular mechanisms that put patients at risk for
development of or progression in PAH, and gender is the strongest modifier of risk in the
general population. Modern registries such as the REVEAL registry and the French Registry
have brought the female predominance of this disease to the forefront again. Understanding
the gender difference in PAH is now being pursued on a molecular and epidemiologic level
and it is likely that in the next 5 years we will better understand why PAH develops more
often in females and whether environmental estrogen exposure contributes to disease
development. Use of transgenic mouse models in particular will allow study of the basic
mechanisms of the effects of sex hormones on the pulmonary vasculature. In addition, a
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growing body of literature on the RV will allow us to explore gender effects on this modifier
of survival in PAH and potentially help us to explain the paradoxical findings of increased
PAH development in women while men with established PAH die more rapidly.

On another front, both animal and human data have suggested that global derangement in
metabolism driven by hormone alterations is present in PAH [10,50,91-94]. While
discussion of these important developments is outside the scope of this article, we believe
that the role of sex hormones in PAH development will likely be closely tied to other
metabolic disorders such as insulin resistance. Thus, a combination of risk factors will
converge to cause pulmonary vascular injury, altered repair and ultimately the clinical
phenotype of PAH. With greater understanding of the role of hormonal changes in PAH, we
will hopefully be able to make sound recommendations on the use of hormone replacement
therapy and oral contraceptives. More basic and clinical data are needed prior to considering
therapeutic manipulation of sex hormones in PAH or at-risk patient populations.

Key issues

e There is a strong female predominance in many forms of pulmonary arterial
hypertension (PAH).

¢ Animal and human data suggest that altered estrogen levels and altered
metabolism of estrogens may underlie predisposition to PAH in certain groups.

e Sex hormones have effects on both the pulmonary vasculature and the right
ventricle, the primary determinant of survival in PAH.

e Epidemiologic studies of sex hormone exposure in patients at risk for PAH may
help discern the pulmonary vascular and right ventricular effects of these drugs
in susceptible populations.
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Figure 1. Sex hormone metabolism

2-MEOE,: 2-Methoxyestradiol; 2-OHE,: 2-Hydroxyestradiol; 4-MEOQOE,: 4-
Methoxyestradiol; 4-OHE,: 4-Hydroxyestradiol; COMT: Catechol-O-methyltransferase;
DHEA: Dehydroepiandrosterone.
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Table 1

Summary of sex hormone data in rodents and humans.
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Sex hormone  Animal data

Human data

Estrogen Estrogen may be beneficial acutely; metabolites of estrogen are
the primary mediators of this benefit

Altered estrogen levels and metabolism are implicated in
heritable PAH and portopulmonary PAH

Testosterone  Acutely vasodilates; long-term studies not available in
pulmonary hypertension models

No data

DHEA May be favorable in mouse models of pulmonary hypertension

Higher levels associated with lower RV mass in healthy
individuals; no data on DHEA in PAH

DHEA: Dehydroepiandrosterone; PAH: Pulmonary arterial hypertension; RV: Right ventricle.

Modified from [1].
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