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Summary
Pulmonary arterial hypertension (PAH) is a complex disease with significant morbidity and
mortality. Recent animal and human studies have highlighted abnormalities in regulation and
metabolism of insulin, sex hormones, adipokines, and lipids that may play a role in disease
development. Mouse studies suggest features of the metabolic syndrome including insulin
resistance, deficiencies in PPARγ and apolipoprotein E, and low adiponectin are linked to
development of PAH. In humans, insulin resistance, the metabolic syndrome, and low levels of
high-density lipoprotein have been associated with PAH. In addition, abnormal metabolism of
estrogens has been demonstrated in human and animal models of PAH, suggesting an important
relationship of sex hormones and pulmonary vascular disease. Improved understanding of how
metabolic and hormonal derangements relate to development and progression of pulmonary
hypertension may lead to better disease therapies and understanding of potential risk factors. This
review will focus on the animal and human data regarding metabolic and sex hormone
derangements in PAH.
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Introduction
Despite major advances in understanding of the pathobiology of pulmonary arterial
hypertension (PAH) and its survival in the last decade, PAH remains associated with
substantial morbidity and mortality and a cure remains elusive1–4. The diverse group of
diseases described to cause PAH5 highlights the complex pathobiology of this disease, and
suggests involvement of multiple inflammatory and signaling pathways ultimately leading to
endothelial damage, increased pulmonary vascular resistance, and right heart failure. Recent
work in animal models of PAH and human disease have demonstrated a relationship of the
metabolic syndrome and PAH, specifically highlighting the features of insulin resistance
6,7, dyslipidemia 8, and adiponectin deficiency9 in the development of pulmonary vascular
disease. The well-known female predominance of PAH 10,11 and mouse and human data
showing differences in sex hormone metabolism 12,13 in PAH underscore the influence of
sex hormones as another aspect of PAH pathobiology.

As PAH is a relatively rare disease, our understanding of the epidemiology and clinical
characteristics of PAH have been advanced through large registries of PAH patients. The
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REVEAL registry7 is a prospective study of nearly 3000 incident and prevalent cases of
PAH in the United States (U.S.), and it demonstrates important potential associations of
PAH and metabolic and hormonal influence. There is a strong female predominance in PAH
patients (80% female in this registry), and co-morbid conditions including features of the
metabolic syndrome were common: hypertension in 40%, obesity in 33%, diabetes mellitus
in 12%, and ischemic cardiovascular disease in 9%7. Thus PAH is commonly accompanied
by features of the metabolic syndrome. Improved understanding of these associations of
metabolic derangements and sex hormones in PAH is critical to our understanding of PAH
pathogenesis, and further study in these areas may uncover novel therapeutic targets and
more effective treatment for this devastating disease.

Metabolic Syndrome
The metabolic syndrome (MS) is a group of metabolic and biochemical risk factors for
developing cardiovascular disease and diabetes mellitus. The core features of MS include
hypertension, elevated triglyceride levels, low high-density lipoprotein, obesity (particularly
central obesity), and dysglycemia. Differing definitions of MS have lead to controversy over
the last decade, however a new consensus definition proposed by the International Diabetes
Federation and the American Heart Association/National Heart, Lung, and Blood Institute
was recently published14. Table 1 shows the clinical criteria for diagnosis of the metabolic
syndrome under this new consensus definition. The clinical cutoffs for central obesity (waist
circumference) differ based on country-specific definitions as shown.

Metabolic syndrome is common and the prevalence is increasing worldwide14, likely
related to increasingly sedentary lifestyles and obesity. MS is particularly common in the
U.S., where an estimated 34% of adults over the age of 20 years meet criteria for MS15. The
prevalence increases with age, and MS is found in over 54% of adults over the age of 60,
compared to only 20% of adults in the 20–39 age group15. Thus MS will continue to grow
as a clinical and public health concern as the global population ages.

The clustering of the components of MS has been described for decades, but the underlying
causative factors of MS remain unknown. It is believed that insulin resistance plays a central
role in development of MS, and may underlie all features of MS14,16. Central obesity is the
most common feature of the MS in US population studies, with a crude prevalence of
53.2%15 and central adiposity may in fact precede development of other features of MS17.

MS is characterized by an inflammatory biochemical phenotype. This milieu is thought to
contribute to endothelial dysfunction with activation of mediators resulting in oxidative
injury, platelet activation, thrombus formation and development of atherosclerotic plaques
and systemic microvascular disease18. The inflammatory biomarkers C-reactive protein
(CRP) and myeloperoxidase (MPO) are elevated in MS19–21, and adiponectin, an adipokine
with anti-inflammatory and insulin-sensitizing properties, is decreased in MS22,23. Insulin
resistance has been linked to endothelial dysfunction and altered nitric oxide response24,25.
Emerging literature summarized in this review points toward similar abnormalities of
inflammatory mediators, adiponectin, and insulin resistance in pulmonary vascular disease
and PAH in particular, thus the link between MS and PAH warrants further investigation.

Sex Hormones and the Metabolic Syndrome
There are important gender differences in the metabolic syndrome, and sex hormones have
been recognized as important mediators in cardiovascular risk and systemic vascular
disease. While there is no gender difference in age-adjusted prevalence estimates of MS in
the U.S. using the NHANES 2003–2006 data, there are differences in the prevalence of each
individual risk factor by sex with males having higher prevalence of hypertension,
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hyperglycemia, and elevated triglycerides than females15. Females had higher age-adjusted
prevalence of central obesity and low high-density lipoprotein than males15. A review of
gender differences in insulin resistance, central obesity, dyslipidemia and other features of
MS is beyond the scope of this paper, but there is a large body of literature describing
estrogen and testosterone effects on the components of MS [for a review, see Regitz-
Zagrosek Clin Res Cardiol 200626]. Androgen deprivation therapy in males with prostate
cancer has been shown to decrease insulin sensitivity, decrease lean body mass, elevate
triglyceride and low-density lipoprotein levels, and increase fat mass [for a review see
Saylor and Smith, J Urology 200927]. Estrogen and testosterone levels have been shown to
associate with adiponectin levels in post-menopausal women28. Several studies have shown
greater rates of insulin resistance in adolescent females29,30. Thus sex hormones may
underlie the features of MS seen in PAH and represent a common disease modifier.

Metabolic and Hormonal Derangements in PAH: Animal Models
Substantial evidence has accumulated recently from a basic science perspective linking
hormonal and metabolic derangements to pulmonary vascular disease. Insulin resistance,
adipokines, lipids and estrogen metabolites are all potentially linked to development of
pulmonary vascular disease in animal models and cell culture. Preclinical data will be
explored below, in addition to a proposed mechanism for synthesis of these data.

Insulin Resistance
Altered BMPR2 signaling is a common feature of many types of PAH: mutations in BMPR2
have been well-described in heritable PAH, and decreased expression of BMPR2 has been
found in other types of PAH not known to be associated with BMPR2 mutation31–33. One
downstream target of this pathway is the transcription factor peroxisome proliferator-
activated receptor γ (PPARγ) and its downstream effecter, ApoE34. PPARγ is best known
for its role in glucose metabolism and adipogenesis35–37, but is an attractive target in PAH
as it is highly expressed in the lungs, has been shown to have vasoprotective effects in
systemic vascular disease38, and also regulates multiple other pathways known to be
important in PAH including endothelin-1, MCP-1, and eNOS39,40. Moreover, there are
several PPARγ ligands currently FDA-approved for the treatment of diabetes mellitus, thus
making this molecule of potential therapeutic importance in PAH.

Lung tissue from PAH patients has been shown to have decreased expression of both
PPARγ and ApoE41,42. ApoE plays a role in reduction of circulating oxidized low-density
lipids and is thought to be protective in vascular disease43. Thus reductions in PPARγ and
ApoE were hypothesized to potentially be causative in the development of pulmonary
vascular disease. To study this potential relationship, Hansmann and colleagues evaluated
ApoE deficient (ApoE −/−) mice fed a high fat diet and found that they develop pulmonary
hypertension that could be reversed by administration of the PPARγ ligand rosiglitazone6.
These findings have been recapitulated in normal and PAH patient-derived BMPR2 mutant
pulmonary artery smooth muscle cells, where BMP-2 signaling had an antiproliferative
effect that was PPARγ and ApoE-dependent44. Furthermore, transgenic mice with smooth
muscle cell deletion of PPARγ spontaneously develop PAH44. Taken together, these
findings unify dysfunction in BMPR2 signaling to downstream changes in nuclear
transcription mediated by PPARγ and subsequently ApoE. It is attractive to postulate that
use of PPARγ ligands in human disease may bypass the abnormal BMPR2 signaling and
potentially be a potent antiproliferative treatment for PAH.
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Adipokines
A critical feature of MS is obesity, particularly central adiposity17. Adipose cells are
increasingly recognized not simply as innocent bystanders but as active participants in the
hormonal milieu through production of cytokines (so called adipokines) and other factors45.
The endocrine function of adipose tissue includes secretion of hormones that may have
pulmonary vascular effects such as adiponectin, ghrelin and leptin9,46,47.

Adiponectin is a protein exclusively produced by fat cells that has known anti-inflammatory
and insulin sensitizing properties48,49. Interestingly, in obese patients and those with type 2
diabetes, adiponectin levels are low and can be upregulated by PPARγ50. In the obese ApoE
deficient mouse2, adiponectin levels were higher in female mice, and these mice also were
also less likely to develop PAH compared to their male counterparts. Treatment of male
transgenic mice with rosiglitazone increases adiponectin levels and results in reduced
pulmonary artery pressures6,44. An adiponectin deficient mouse has also been studied and
shown to develop pulmonary hypertension9,51. Adiponectin is known to inhibit PDGF, a
potent mitogen for pulmonary artery smooth muscle cells, and this might be the mechanistic
link for development of PAH52. Thus adiponectin appears to be intricately linked to insulin
resistance and development of pulmonary vascular disease in animal models.

Dyslipidemia
Although hyperlipidemia is a key feature of MS, there is little basic science data to suggest
that disordered lipids alone cause pulmonary vascular disease. All ApoE deficient mice fed a
high fat diet develop elevated triglycerides and total cholesterol, though only a portion
develop PAH, which correlates with the presence of insulin resistance, not degree of lipid
derangement. Thus it is insulin resistance not abnormal lipids that promotes pulmonary
vascular disease6,.

Sex Hormones
The compelling epidemiologic data showing marked female predominance in PAH makes
study of the effects of sex hormones on the pulmonary vasculature of obvious
importance10,11,53. There are several potential hypotheses as to why women are more
prone to develop PAH than men. First, estrogens may promote pulmonary vascular disease,
second, testosterone may prevent development of pulmonary vascular disease or, third, there
may be some other factor associated with being a woman that predisposes to PAH. This
“other factor” may be an environmental exposure or, perhaps, circulating fetal cells from
pregnancy or some other unknown factor. Very little is known about the effects of
testosterone or progesterone on the pulmonary vasculature, so we will focus on estrogens
here.

In isolated pulmonary vessel studies, estrogen has been shown to have a salutary effect in
preventing hypoxic or phenylephrine-induced vasoconstriction 54–56. Similarly, animal
models of pulmonary hypertension such as monocrotaline and chronic hypoxia have shown
a protective effect of estrogen administration and worsening with ovariectomy and
subsequent estrogen deprivation57–61. These animal data are clearly in contrast to
observations in humans, which has led to the hypothesis that altered estrogen metabolism
may underlie phenotypic differences in animals and humans. Tofovic and colleagues have
shown that the estrogen metabolite 2-ME is the primary mediator of the beneficial effects of
estrogens in rodent PAH models57,62,63.

Interestingly, only male ApoE deficient mice fed a high fat diet develop pulmonary
hypertension. Female ApoE deficient mice have normal pulmonary artery pressures when
fed this specialized diet and this is associated with significantly higher adiponectin levels6.
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Testosterone inhibits secretion of adiponectin by adipocytes64 and thus may explain the
male predominance in this model. The implications of this finding for humans are presently
not clear. More study of the interplay between sex and metabolic hormones would greatly
increase our understanding of these critical factors in pulmonary vascular disease
development and progression.

Summary of Animal Data
How might all these various hormonal factors convene to cause pulmonary vascular disease?
The data suggest that altered BMPR2 signaling in PAH changes metabolic phenotype
through PPARγ-regulated transcription targets. As a downstream consequence, insulin
resistance develops and protective adiopokines such as adiponectin are diminished, thus
resulting in pulmonary vascular damage and proliferation (Figures 1, 2). It is possible that a
shift occurs in the metabolic state of the pulmonary artery smooth muscles cells, perhaps
triggered by insulin resistance and PPARγ-mediated altered transcription, that drives the
cells into the so-called Warburg effect, resulting in increased proliferation, oxidant stress
and further damage65,66. These hypotheses need to be further explored from both a basic
science and translational perspective to identify novel treatment modalities for this deadly
disease.

Metabolic and Hormonal Derangements in PAH: Humans
With emerging preclinical data showing a relationship of features of MS with pulmonary
hypertension, there have been several small analyses of MS and its component features in
humans. In a review of 122 consecutive patients referred for evaluation of pulmonary
hypertension, Robbins et al found features of the MS were especially common in patients
with pulmonary venous hypertension (World Health Organization Group II)67. Over 90% of
patients with pulmonary venous hypertension had two or more features MS, with obesity
(defined as BMI ≥ 30 kg/m2) and systemic hypertension as the most common features.
While features of MS were less common in PAH, over one-third of PAH subjects had two or
more features of MS, raising awareness of this syndrome in patients with PAH as well.
While the study was limited by its retrospective and single-center design and lack of formal
evaluation for features of MS, it was the first to draw attention to the important association
of MS and pulmonary vascular disease.

Insulin Resistance
Insulin resistance is a core feature of the metabolic syndrome. Given the association of
insulin resistance with pulmonary hypertension in animal models, several groups have
evaluated insulin resistance or dysregulated glucose metabolism in humans with PAH.
Using a validated, surrogate marker of insulin resistance (the triglyceride to high-density
lipoprotein ratio), the prevalence of insulin resistance in a cohort of female PAH patients
was found to be nearly 46%, significantly higher than the 22% prevalence by the same
measure in a population cohort7. PAH patients with insulin resistance had similar age, body
mass index, six-minute walk distance and NYHA functional class to those who were insulin
sensitive. Despite these clinical similarities, insulin resistant PAH patients had a worse six-
month event-free survival compared with insulin sensitive PAH patients7.

Using hemoglobin A1c (HbA1c), a marker of chronic glycemia and a recommended test for
diagnosis of diabetes and those at high-risk for diabetes, we found that 56% of PAH patients
without a prior diagnosis of diabetes had glucose intolerance (defined as HbA1c ≥ 6.0%)68.
Age and BMI were similar in PAH patients with glucose intolerance to those with normal
HbA1c, however PAH patients with glucose intolerance had more severe heart failure by
NYHA classification and significantly lower mean six-minute walk distance68.
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Thus insulin resistance and dysregulated glucose metabolism may be modifiers of
pulmonary vascular disease. One hypothesis is that insulin resistance and the accompanying
inflammatory milieu, dysregulated nitric oxide response, and endothelial damage may
worsen pulmonary vascular injury in a susceptible host, contributing to more severe disease.
Another hypothesis is that PAH leads to insulin resistance, perhaps through increased
sedentary lifestyle in the setting of vascular disease and heart failure. Further studies in
humans and animal models will hopefully begin to answer this important mechanistic
question.

Dyslipidemia
Reduced levels of high-density lipoprotein cholesterol (HDL-C) are another important
feature of the metabolic syndrome, and clinically, elevating HDL-C is often a target of drug
and lifestyle therapy to reduce the risk of cardiovascular disease69. In a recent study, PAH
patients were found to have a significantly lower HDL-C than control patients with
cardiovascular risk factors, and an HDL-C of 35 mg/dL discriminated PAH survivors from
nonsurvivors with a sensitivity of 100% and specificity of 60%8. Low HDL-C in PAH has
been reported in other studies as well7. HDL-C is known to have anti-inflammatory
properties 70–72 and thus abnormalities in HDL-C found in MS and PAH may be
contributing to pulmonary vascular injury, or low HDL-C may simply represent altered lipid
metabolism resulting from sedentary lifestyle and altered metabolism in the setting of
pulmonary vascular disease.

Currently, screening for and aggressive interventions for dyslipidemia are not part of
standard clinical practice in pulmonary arterial hypertension. It’s unknown whether
interventions to raise HDL-C in PAH have an effect on disease severity or outcome, and
further study in this area is needed. But growing evidence supporting another link of PAH
and the metabolic syndrome stresses the potential importance of this fertile area of research.

Sex hormones
Early reports of primary pulmonary hypertension, what we now call idiopathic PAH,
demonstrated a female predominance53,73 and recent large registries of PAH in France and
the U.S. continue to show this gender bias10,11. In the U.S. Chicago registry, of 578 total
PAH patients with more than half classified as IPAH, HPAH or anorexigen-associated, the
female to male ratio was 3:174. In the national REVEAL U.S. registry, the female to male
ratio of PAH was reported 4.3 to 1, significantly higher than the 1.9:1 female to male ratio in
the French cohort. Female predominance is seen in heritable forms of PAH as well: PAH
caused by mutation in BMPR2 has a female to male ratio of 2.7 to 153. Portopulmonary and
scleroderma-associated PAH both affect females more than males75–77.

While there have been multiple studies of the effects of estrogens and testosterone in PAH in
animal models, there is relatively little data in humans. There are no human studies of
testosterone effects on the pulmonary vasculature or right ventricle in PAH, although
emerging data suggests this may be a factor in normal right ventricular structure78. There
have been a few studies evaluating the role of estrogen signaling and metabolism in human
PAH, and interestingly, most of these studies suggest that higher levels of estrogens or
perhaps altered metabolism of estrogens contribute to the PAH75,76.

Gene array studies in affected and unaffected BMPR2 mutation carriers have pointed toward
abnormalities in the cytochrome P450 enzyme CYP1B1 as a potential explanation for the
gender bias seen in hereditary PAH. CYP1B1 is an enzyme that catalyzes the oxidation of
estrogens. Alterations in CYP1B1 expression could lead to alterations in the types of
estrogen metabolites produced. Austin and colleagues found that affected BMPR2 mutation
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carriers more commonly had wild-type CYP1B1 than unaffected mutation carriers, and that
affected patients had altered levels of estrogen metabolite ratios (2-OHE to 16α-OHE) in the
urine than unaffected individuals as would be predicted by altered CYP1B1 function12. This
study suggests that alterations in CYP1B1 may account for aberrant estrogen metabolism
and perhaps explain the female predominance in heritable PAH.

In another study of gene arrays in idiopathic PAH (IPAH) it was shown that patients with
IPAH have higher levels of estrogen receptor α than normal female controls79. A study of
portopulmonary hypertension has demonstrated that single nucleotide polymorphisms in
aromatase and estrogen receptor 1, critical enzymes in the pathway of estrogen signaling and
metabolism, are associated with a risk of developing portopulmonary hypertension76.
Polymorphisms in these enzymes correlated with higher estradiol levels, which seem to
implicate estrogen as a critical actor in the development of portopulmonary hypertension.
Further studies to better understand how estrogen affects the pulmonary vasculature and
interacts with the metabolic syndrome, and which estrogen metabolites are most involved is
critical to our understanding of these observations.

Future Directions
Although tremendous advances have been made in the last two decades with the advent of
multiple effective drug therapies for PAH, the underlying complex pathobiology is
incompletely understood, and there are no curative therapies available apart from lung
transplantation. Multiple studies in humans and animal models of PAH now point toward
metabolic and sex hormone disturbances that may underlie disease development or
progression. Understanding how sex hormones and the metabolic syndrome features of
obesity, dyslipidemia, systemic hypertension, and insulin resistance affect the pulmonary
vasculature may uncover novel therapeutic targets or clinical management strategies. Further
studies of metabolic derangements in heritable PAH in humans and animal models of
BMPR2 mutation are ongoing, and it is likely that in the next decade we may understand
why these metabolic disturbances are so prevalent in PAH. The strong epidemiologic, basic
science, and human data supporting a role for sex hormones in PAH development support
estrogen as another possible risk factor for pulmonary endothelial damage and development
of clinical PAH. Whether manipulation of sex hormone metabolism could be helpful in PAH
requires further study. More preclinical and human data is needed to understand whether
modification of obesity, insulin resistance, and dyslipidemia is favorable in PAH or at risk
groups.
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Figure 1. Metabolism and normal pulmonary vasculature
Under normal conditions, BMP-2 signaling stimulates the nuclear transcription factor
PPARγ to increase expression of adiponectin and ApoE, which in concert with normal
estrogen metabolism, promote normal pulmonary vascular function.
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Figure 2. Metabolic Derangements in PAH
Abnormal BMPR2 signaling in many forms of PAH drives altered PPARγ-induced
transcript production that results in three important derangements: insulin resistance, low
levels of adiponectin and low ApoE. These alterations, likely with altered estrogen
metabolism as well, may lead to the phenotype of PAH.
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Table 1

Criteria for diagnosis of the metabolic syndrome*

Feature Cutoffs

Elevated waist circumference Population and country-specific definitions**

Elevated triglycerides or drug treatment
for elevated triglycerides

≥150 mg/dL (1.7 mmol/L)

Reduced high-density lipoprotein
cholesterol (HDL-C) or drug treatment
for reduced HDL-C

< 40 mg/dL (1.0 mmol/L) in males
< 50 mg/dL (1.3 mmol/L) in females

Hypertension (or antihypertensive drug
therapy in patient with history of
hypertension)

Systolic ≥ 130 mm Hg and/or
Diastolic ≥ 85 mm Hg

Elevated fasting glucose (or drug
treatment for elevated glucose)

≥ 100 mg/dL

Presence of 3 of the 5 criteria denote presence of metabolic syndrome

*
Adapted from Alberti KG, Eckel RH, Grundy SM, et al. Harmonizing the metabolic syndrome: a joint interim statement of the International

Diabetes Federation Task Force on Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World
Heart Federation; International Atherosclerosis Society; and International Association for the Study of Obesity. Circulation 2009; 120:1640–
164510.

**
For U.S.: ≥ 102cm for men, ≥ 88 cm for women. National Institutes of Health. Clinical guidelines on the identification, evaluation, and

treatment of overweight and obesity in adults: the evidence report. Obes Res 1998; 6(suppl 2):51S–209S.
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