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Let’s Talk about Sex: A Novel Mechanism by Which Estrogen
Receptor b Limits Hypoxia-Inducible Factor Expression in
Pulmonary Endothelial Cells

Even before seminal studies on cattle demonstrated that hypoxic
exposure at high altitude resulted in pulmonary hypertension
and cor pulmonale, several observational studies and anecdotal
reports showed that residence at high altitude caused significant
cardiopulmonary changes (reviewed in Reference 1). In the
decades since then, substantial effort has been brought to bear to
identify the mechanisms involved in hypoxia-induced pulmonary
hypertension (HPH). Studies using animals exposed to chronic
hypoxia showed that males were more susceptible to hypoxia and
pinpointed estrogens as a key reason for protection in females
(2–4), although studies using mice overexpressing the serotonin
transporter found that estrogen enhanced HPH (5). Other
studies demonstrated a critical role for hypoxia-inducible factors
(HIFs), transcription factors that regulate genes that contribute to
adaption and maladaptation to hypoxia, in HPH (reviewed in
Reference 1). Further evidence of a role for HIFs came from studies
in populations residing at high altitude, which demonstrated
that genetic mutations in HIF pathways were associated with
cardiopulmonary protection (reviewed in Reference 6).

Although considerable evidence points to the role of sex
hormones and HIFs in HPH, how these pathways might be linked
is still a matter of some debate. Early studies indicated that the
major estrogen sex hormone, estradiol (E2), reduced HIF signaling
in hypoxic pulmonary arterial endothelial cells (PAECs) (4).
More recently, the effect of E2 on bone morphogenetic protein
signaling in PAECs was shown to be dependent on the level of
oxygen and HIF activation, with E2 enhancing signaling under
normoxic conditions but antagonizing signaling under hypoxic
conditions (7).

It was against this background of oxygen-dependent E2 effects
that Frump and colleagues (pp. 114–126) in this issue of the
Journal pursued studies exploring the effects of hypoxia on
estrogen receptors (8). In a comprehensive manner, the authors
used gain- and loss-of-function approaches in both cultured cells
and a murine model of HPH to define the relationship between
the a and b subtypes of estrogen receptors (ERa and ERb,
respectively) and factors in the HIF pathway, including the a
(oxygen-sensitive) subunits of HIF-1 and HIF-2 (HIF-1a and
HIF-2a, respectively) and prolyl hydroxylase 2 (PHD2), a main
factor in controlling degradation of HIFs. They found that
hypoxic exposure increased ERb expression specifically in lung
tissue, with immunohistochemical staining revealing expression
predominantly in the endothelium. The hypoxia-induced
upregulation of ERb was confirmed in cultured rat and human
PAECs, and was mediated by HIF-1. Intriguingly, loss of ERb, by
silencing RNA in PAECs or genetic deletion in mice, caused a
marked upregulation of HIF-2a during hypoxia. In cultured cells,

both ERb activation and hypoxia increased expression of PHD2,
which functioned to suppress HIF-2a levels. Although the
effect of hypoxia on ERb protein expression was modest, the
effect on PHD2 protein was striking, suggesting that in addition
to increased ERb protein levels, the observed translocation of
ERb to the nucleus was also an important factor in upregulating
PHD2 expression.

These studies convincingly demonstrate that ERb expression
and nuclear translocation are increased by hypoxia in a HIF-1–
dependent manner, and describe a novel negative-feedback
mechanism by which ERb subsequently upregulates PHD2 to limit
HIF-2 activation in hypoxic PAECs. However, several important
questions remain. For example, it is unclear why the effect of ERb
is apparently more specific for HIF-2a, as PHD2 should target both
paralogs for degradation. These disparate results suggest that other,
as yet unidentified factors are likely involved in the selective
repression of HIF-2a. It is also unclear whether ERb is a direct
transcriptional target of HIF-1 or HIF-1–dependent intermediates
are involved. The longer time course of the response may point to
the latter as a more likely scenario.

The authors are to be commended for their efforts to correlate
their in vitro results with an in vivo model of HPH. Results from
mice deficient for ERb corroborate the conclusion that this
receptor was clearly responsible for at least part of the beneficial
effects of E2 on hypoxia-induced remodeling and suppressed HIF-2
expression. Nonetheless, the in vivo studies also have several
limitations. In particular, because normoxic controls were not
included, it is not possible to determine the extent to which PHD2,
HIF-1a, and HIF-2a expression was changed by hypoxia alone in
this model. Similarly, ERa- and ERb-deficient mice exposed to
hypoxia in the absence of E2 were not evaluated. Surprisingly, in
contrast to the in vitro results, E2 did not appear to have an effect
on expression of either PHD2 or HIF-1 in vivo. There are several
potential explanations for this discordance, including the timing
of the measurements and the use of whole-lung homogenates to
examine in vivo expression levels. The latter is of particular
importance because the in vitro studies primarily used
macrovascular ECs, which are known to exhibit a phenotype
distinct from that of microvascular ECs (9), which constitute the
bulk of the EC population in the lung and are where the majority
of disease occurs. The authors also observed increased ERb
expression in hypoxic pulmonary arterial smooth muscle cells
(PASMCs). Importantly, remodeling during HPH primarily results
from PASMC proliferation, hypertrophy, and/or migration, and
other reports have pointed to a role for HIFs in these responses
(10, 11). Thus, from the present data it cannot be determined
with certainty whether the target of E2/ERb protection in vivo is
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PAECs, PASMCs, or a combination of the two. The fact that
HIFs can be upregulated in PASMCs by PAEC-derived factors,
such as endothelin-1 (12), provides a potential link between
modulation of PAEC HIF levels by E2 and PASMC function
and remodeling; however, further experiments will be needed to
test this hypothesis.

Finally, a question remains as to how this information can be
translated into therapy for patients. The data from themurine model
would suggest that manipulating E2 might be beneficial, although
the protocols used were preventative and it is unknown whether
administering E2 after increased pressure and remodeling was
already established would have reversed HPH. Additionally,
hypoxia is typically not a feature of pulmonary arterial hypertension
(PAH), the most severe form of pulmonary hypertension. It
should be noted that elevated HIF levels have been reported in
patients with PAH (13) and there is a clear sex bias, with PAH
having a higher prevalence in females, although affected males
appear to exhibit a more severe phenotype with worse survival
(reviewed in Reference 14). This stands in contrast to HPH, which
is more common in males. Recent studies reported that anastrozole
treatment significantly reduced E2 levels in patients with PAH
and improved 6-minute walk distance (15), suggesting that E2
exerts a detrimental effect in this population. These findings
are consistent with increased E2 levels in the PAH rat model
(SU5416/hypoxia), where reducing E2 corresponded to attenuated
pulmonary hypertension (16). In contrast, other data from this
model indicated that E2 promotes better cardiac function (17).
In the current study by Frump and colleagues, hemodynamic
parameters in the E2-treated hypoxic mice were not reported, and
it is unclear what effect E2 or loss of ERb might have had on
right-ventricular function in these animals. Thus, additional
investigation will be required to determine the extent to which
E2 and ERb modulate HIF expression and pulmonary vascular
and right-ventricular responses in PAH.

As ever, sex and hormones remain a complicated topic.
However, with respect to hypoxia and pulmonary hypertension, the
study by Frump and colleagues sheds important new light on this
complex issue by identifying a novel ERb/HIF feedback pathway
that affords protection against HPH. The next step will be to use
this new information to begin developing therapies that can
specifically target this pathway as a means to promote benefit in the
pulmonary circulation while, if necessary, limiting any potential
detrimental effects in the right ventricle. n

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

Larissa A. Shimoda, Ph.D.
Division of Pulmonary and Critical Care Medicine
Johns Hopkins School of Medicine
Baltimore, Maryland

References

1. Maron BA, Machado RF, Shimoda L. Pulmonary vascular and ventricular
dysfunction in the susceptible patient (2015 Grover Conference
series). Pulm Circ 2016;6:426–438.

2. Lahm T, Albrecht M, Fisher AJ, Selej M, Patel NG, Brown JA, et al.
17b-Estradiol attenuates hypoxic pulmonary hypertension via
estrogen receptor-mediated effects. Am J Respir Crit Care Med 2012;
185:965–980.

3. Resta TC, Kanagy NL, Walker BR. Estradiol-induced attenuation of
pulmonary hypertension is not associated with altered eNOS
expression. Am J Physiol Lung Cell Mol Physiol 2001;280:L88–L97.

4. Earley S, Resta TC. Estradiol attenuates hypoxia-induced pulmonary
endothelin-1 gene expression. Am J Physiol Lung Cell Mol Physiol
2002;283:L86–L93.

5. White K, Dempsie Y, Nilsen M, Wright AF, Loughlin L, MacLean MR. The
serotonin transporter, gender, and 17b oestradiol in the development
of pulmonary arterial hypertension. Cardiovasc Res 2011;90:373–382.

6. Simonson TS. Altitude adaptation: a glimpse through various lenses.
High Alt Med Biol 2015;16:125–137.

7. Ichimori H, Kogaki S, Takahashi K, Ishida H, Narita J, Nawa N, et al.
Drastic shift from positive to negative estrogen effect on bone
morphogenetic protein signaling in pulmonary arterial endothelial cells
under hypoxia. Circ J 2013;77:2118–2126.

8. Frump AL, Selej M, Wood JA, Albrecht M, Yakubov B, Petrache I, et al.
Hypoxia upregulates estrogen receptor b in pulmonary artery
endothelial cells in a HIF-1a–dependent manner. Am J Respir Cell Mol
Biol 2018;59:114–126.

9. Stevens T. Functional and molecular heterogeneity of pulmonary
endothelial cells. Proc Am Thorac Soc 2011;8:453–457.

10. Yu AY, Shimoda LA, Iyer NV, Huso DL, Sun X, McWilliams R, et al.
Impaired physiological responses to chronic hypoxia in mice partially
deficient for hypoxia-inducible factor 1a. J Clin Invest 1999;103:
691–696.

11. Ball MK, Waypa GB, Mungai PT, Nielsen JM, Czech L, Dudley VJ, et al.
Regulation of hypoxia-induced pulmonary hypertension by vascular
smooth muscle hypoxia-inducible factor-1a. Am J Respir Crit Care
Med 2014;189:314–324.

12. Whitman EM, Pisarcik S, Luke T, Fallon M, Wang J, Sylvester JT, et al.
Endothelin-1 mediates hypoxia-induced inhibition of voltage-gated
K1 channel expression in pulmonary arterial myocytes. Am J Physiol
Lung Cell Mol Physiol 2008;294:L309–L318.

13. Tuder RM, Chacon M, Alger L, Wang J, Taraseviciene-Stewart L,
Kasahara Y, et al. Expression of angiogenesis-related molecules in
plexiform lesions in severe pulmonary hypertension: evidence for a
process of disordered angiogenesis. J Pathol 2001;195:367–374.

14. Lahm T, Tuder RM, Petrache I. Progress in solving the sex hormone
paradox in pulmonary hypertension. Am J Physiol Lung Cell Mol
Physiol 2014;307:L7–L26.

15. Kawut SM, Archer-Chicko CL, DeMichele A, Fritz JS, Klinger JR, Ky B,
et al. Anastrozole in pulmonary arterial hypertension. A randomized,
double-blind, placebo-controlled trial. Am J Respir Crit Care Med
2017;195:360–368.

16. Dean A, Gregorc T, Docherty CK, Harvey KY, Nilsen M, Morrell NW,
et al. Role of the aryl hydrocarbon receptor in Sugen 5416-induced
experimental pulmonary hypertension. Am J Respir Cell Mol Biol
2018;58:320–330.

17. Lahm T, Frump AL, Albrecht ME, Fisher AJ, Cook TG, Jones TJ, et al.
17b-Estradiol mediates superior adaptation of right ventricular
function to acute strenuous exercise in female rats with severe
pulmonary hypertension. Am J Physiol Lung Cell Mol Physiol 2016;
311:L375–L388.

EDITORIALS

12 American Journal of Respiratory Cell and Molecular Biology Volume 59 Number 1 | July 2018

http://www.atsjournals.org/doi/suppl/10.1165/rcmb.2018-0030ED/suppl_file/disclosures.pdf
http://www.atsjournals.org

