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Baird and colleagues contribute further evidence that the justification for sex-associated investigations
in pulmonary arterial hypertension extend beyond oestrogen signalling. Evaluation of the entire
steroid hormone milieu is crucial. http://ow.ly/7wbz30kp5VQ
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For nearly all forms of group 1 pulmonary hypertension (pulmonary arterial hypertension; PAH), incident
and prevalent patients are more likely to be female [1, 2]. The skew toward the female sex has long
prompted an interest in the sex hormones as contributors to disease pathogenesis, with a particular
interest in oestrogens. In 2010, TOFOVIC [3] employed the term “oestrogen paradox” based upon a
perceived discrepancy: while PAH is a female-prevalent disease in humans, many (but not all) animal
models demonstrate a protective effect of being female. However, over time, the intent of the “oestrogen
paradox” has been modified to incorporate a growing body of human data concerning sex and PAH. In
particular, the female predominance in PAH incidence is lower than the female predominance among
prevalent cases; and, females appear to tolerate right ventricular (RV) stress and live longer than older
males, if not all males [4–9]. While comprehensive data to determine why females may tolerate a
hypertensive pulmonary vasculature better than males is lacking, growing information suggests that either
baseline RV performance, and/or ability to adapt to stress with or without PAH therapy, may favour the
female heart [10–14].

The sex discrepancy in PAH has triggered a robust interest in the contribution of sex hormones to PAH
pathogenesis as well as the RV response to stress, such as due to PAH. Over the past decade, multiple
studies in total suggest an association between PAH and a systemic profile of higher oestrogens among
those with and without underlying susceptibility to PAH, such as BMPR2 mutations and connective tissue
disease [15–18]. For example, VENTETUOLO et al. [16] recently showed that female sex hormone levels
associate with the risk of PAH in men; specifically, high oestradiol (E2) levels in men conferred an
increased risk of PAH (50-fold increased risk for a 1-unit increase in E2) as well as reduced 6-min-walk
distance (6MWD) among male PAH patients. That study also expanded our consideration of the
hormonal profile in PAH, finding that higher dehydroepiandrosterone sulfate (DHEA-S) levels associated
with reduced risk of PAH as well as lower right atrial pressure and pulmonary vascular resistance among
males with PAH.
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The mounting preclinical and clinical evidence that sex hormones are perturbed in PAH (recent reviews
include those by FODERARO and VENTETUOLO [19], TOFOVIC and JACKSON [20], and LAHM and KAWUT [21])
has prompted efforts to repurpose pharmaceuticals directed at reducing the oestrogen milieu in PAH in
humans. KAWUT et al. [22] recently completed an early phase II randomised clinical trial of aromatase
inhibition using anastrozole in postmenopausal women and men with PAH; the results of that study,
including patient toleration, reduction in circulating E2 levels, and modest improvement in 6MWD,
support the concept that oestrogen antagonism warrants further study. In addition to a larger phase II
multicentre study of anastrozole (NCT03229499) currently enrolling, the National Heart, Lung, and Blood
Institute (NHLBI) recently funded studies of oestrogen receptor antagonism in PAH using tamoxifen
(NCT03528902) and fulvestrant (NCT02911844). But oestrogens are not the only focus of study from the sex
hormone milieu; prior mechanistic data from animals showed that DHEA increased soluble guanylate cyclase
levels in the pulmonary vasculature and reversed established hypoxic pulmonary hypertension [23, 24].
In fact, the NHLBI recently funded a proof-of-concept trial to study the impact of DHEA treatment on the
RV in PAH patients.

In the current issue of the European Respiratory Journal, BAIRD et al. [25] continue the exploration beyond
oestrogens into a population of post-menopausal females to provide further evidence that the sex hormone
milieu is altered in patients with PAH. In contrast to their previous study of males, women aged over
55 years were the focus of this study, which assessed E2, DHEA, testosterone, bioavailable testosterone,
progesterone, and sex hormone binding globulin levels compared to controls derived from the
Multi-Ethnic Study of Atherosclerosis (MESA)-RV Study [26]. Unlike E2 or progesterone, statistical
modelling demonstrated that every unit decrease in DHEA-S, total testosterone, bioavailable testosterone,
and SHBG increased the odds of PAH 3- to 4-fold, regardless of participant age and body mass index
(BMI). By modelling hormone levels and clinical metrics, they demonstrated that reduction in DHEA-S
levels most consistently associated with metrics of clinical worsening, including 6MWD, right atrial
pressure, pulmonary vascular resistance, and mean pulmonary artery pressure, as well as the risk of death
(median follow up of 2 years). While not associated with survival, higher levels of E2 did associate with
metrics of severity, including a lower functional class and 6MWD.

Multiple strengths characterised this case−control study, including the large number of subjects studied, as
well as the use of the carefully characterised MESA participants as controls. Given the importance of age
and BMI to hormone levels, matching according to these parameters was crucial to the methodological
approach. The large sample size allowed the authors to examine relationships among the hormones, with
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FIGURE 1 Simplified scheme of steroid hormone synthesis. DHEA: dehydroepiandrosterone; DHEA-S:
dehydroepiandrosterone sulfate. Adapted from [35].
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no evidence of association or effect modification detected among the hormones despite the fact that
DHEA is a known precursor of both androgens and oestrogens [27]. By extending our understanding of
the human PAH condition, this study supports the conduct of clinical trials to study the benefit and risks
of modifying oestrogen activity. In addition, their findings highlight our need to look beyond female
oestrogens, including the potential importance of DHEA-S to PAH pathogenesis and progression [16].

However, multiple opportunities for exploration remain following this study, many of which were
appropriately noted by the authors. While difficult to perform, longitudinal studies of sex hormone levels in
PAH are needed, ideally starting with treatment-naïve incident cases followed over time; the current study
was biased toward prevalent cases. Such studies would ideally include more depth of investigations with
regard to RV function and adaptation to stress over time, and integrate a broader array of biochemical
metrics (e.g. genomic, transcriptomic, and proteomic data). It is notable, for example, given the known
associations between PAH and the pregnant and post-partum state [28], that DHEA-S levels are lower in
pregnant females compared to those in the non-pregnant state [29]. In addition, if hormone levels such as
DHEA-S influence RV adaptation to stress, other groups of pulmonary hypertension should be studied to
determine if DHEA-S equally influences clinical metrics and mortality. Finally, while a significant challenge
due to cyclic alterations, the inclusion of pre-menopausal females in studies of sex hormones will be a
significant contribution. Regardless, the current study significantly advances our understanding of PAH
broadly with regard to sex hormone levels, and reinforces the need to evaluate beyond oestrogens.

While systemic levels are important, circulating sex hormone levels may not accurately reflect activity at
the tissue, or even cell-specific, level [30]. Furthermore, sex hormones are not the only hormones relevant
to PAH pathogenesis. In fact, the steroidogenic hormones derived from cholesterol, including but not
limited to sex hormones, undergo an intimately related process of synthesis and metabolism (figure 1). For
example, mineralocorticoids, in particular aldosterone, have been implicated in PAH via the promotion of
pulmonary vascular remodelling and fibrosis [31–33]. Likewise, metabolic irregularities including insulin
resistance and abnormal fatty acid metabolism may be characteristic of PAH (recently reviewed by TALATI

and HEMNES [34]); to what, if any, degree steroidogenic glucocorticoids contribute to this process has yet to
be elucidated.

The current study, as well as additional studies, have advanced the paradigm of PAH pathogenesis and
progression, and support novel strategies for PAH management currently under investigation. In addition,
there is now ample data to suggest that justification for sex-associated investigations in PAH extend
beyond oestrogen signalling. While it has served the field well, we respectfully suggest that it is time to
retire the term “oestrogen paradox” in PAH, and re-focus our thoughts on the entire sex hormone
pathway, and, perhaps, integrate sex hormones more broadly within the context of all steroidogenic
hormones. Whether its original intent, or updated meaning, this study by BAIRD et al. [25] highlights the
fact that the “oestrogen paradox” now insufficiently describes sex-associated differences in PAH. A more
inclusive approach will allow us to more effectively, and safely, modify hormone signalling in PAH.
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