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ABSTRACT

This review provides an overview of menopau-
sal hormone therapy and pulmonary disease
risk, with a focus on the effect of hormone
replacement therapy (HRT) on pulmonary
function and its relation to lung diseases. This
summary is based on authors’ knowledge in the
field of HRT and supplemented by a PubMed
search using the terms ‘‘menopause hormone
therapy,’’ ‘‘asthma’’, ’’lung cancer’’, ‘‘chronic
obstructive pulmonary disease’’, ‘‘lung func-
tion’’, and ‘‘pulmonary hypertension‘‘. Available

evidence indicates that there is limited research
on the role of sex hormones in the susceptibil-
ity, severity, and progression of chronic respi-
ratory diseases. However, some studies suggest
that the hormonal changes that occur during
the menopausal transition may have an impact
on pulmonary function and respiratory dis-
eases. Women are in need of convenient access
to a safe and effective modality for personalized
HRT based on an artificial intelligence (AI)-dri-
ven platform that will enable them to receive
personalized hormonal treatment through fre-
quent, convenient, and accurate measurements
of hormone levels in peripheral blood.
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Key Summary Points

1. Female sex hormones play a critical role
in preserving lung function in middle-
aged women. Studies have shown that
long-term HRT is associated with a
decreased loss of lung function over a
20-year period.

2. The increasing health and economic
impact of respiratory conditions
highlights the importance of targeted
interventions during HRT to prevent
permanent damage to lung function.

3. The ongoing discussion centers around
the connection between female
reproductive hormones and conditions
like asthma and obstructive pulmonary
disease (COPD), alongside the effects of
hormone replacement therapy (HRT) on
the occurrence of lung cancer and
pulmonary hypertension (PH). It is our
belief that consistent observation is
crucial to guarantee the secure and
efficient application of HRT.

4. We are of the opinion that women
should have convenient access to a secure
and efficient avenue for personalized
hormone replacement therapy (HRT). One
viable option involves utilizing an AI-
powered platform. Such a platform should
empower women to undergo hormonal
treatment by consistently, conveniently,
and precisely monitoring their hormone
levels.

DIGITAL FEATURES

This article is published with digital features,
including an infographic, to facilitate under-
standing of the article. To view digital features
for this article, go to https://doi.org/10.6084/
m9.figshare.24126312.

INTRODUCTION

Menopausal hormone therapy (MHT), previ-
ously known as hormone replacement therapy
(HRT), was once considered a highly effective
treatment for various postmenopausal symp-
toms, such as vasomotor symptoms, vaginitis,
and osteoporosis. About 80 years ago, the Food
and Drug Administration approved the use of
conjugated equine estrogen as a form of sys-
temic exogenous estrogen to alleviate these
symptoms. Historically, mixtures of conjugated
estrogens (Fig. 1) have been the most common
agents for postmenopausal women. In the
1960s and 1970s, the use of estrogen replace-
ment therapy (ERT) (i.e., estrogens alone) sig-
nificantly increased among postmenopausal
women due to the immediate and noticeable
symptom relief. However, around 1980, epi-
demiological studies revealed that ERT treat-
ment increased the incidence of endometrial
carcinoma, leading to the introduction of HRT,
which includes a progestin. Over the years, side
effects have prompted a substantial reduction in
estrogen dose for HRT. Despite these complica-
tions, the benefits of estrogen therapy in alle-
viating vasomotor symptoms, preventing bone
fractures, and improving urogenital atrophy
have resulted in its continued use in post-
menopausal women [1].

In 1998, the Women’s Health Initiative
(WHI) began the largest randomized study to
date, aimed to assess the effects of HRT on
common causes of death and disability in
postmenopausal women, including cardiovas-
cular disease, cancer, and osteoporosis. How-
ever, the WHI trial suffered from an incomplete
experimental design, leading to ambiguous
results. As a result, the widespread use of HRT
significantly declined. Although the epidemio-
logical data did not strongly support clear harm
to women’s health, many symptomatic post-
menopausal women experiencing symptoms
were left without an effective treatment option.
Despite this, the unwarranted use of HRT con-
tinues in various parts of the world. Subsequent
studies have reinforced the notion that HRT
provides significant benefits to symptomatic
women who begin treatment within 10 years of
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menopausal onset or to those under the age of
60 years. Presently, HRT is administered in the
form of estrogen alone for women without a
uterus or as a combination of estrogen and
progesterone for women with a uterus. Studies,
including the WHI, have played a significant
role in raising awareness about the risks associ-
ated with HRT, particularly in relation to car-
diovascular diseases, stroke, venous
thromboembolism, and breast cancer. While
millions of women worldwide receive HRT as a
preventive measure for chronic diseases like
osteoporosis, concerns have emerged regarding
its use in the presence of other disorders. The
relationship between female reproductive

hormones and asthma, obstructive pulmonary
disease (COPD), as well as the impact of HRT on
the incidence of lung cancer and pulmonary
hypertension (PH), remains a subject of ongo-
ing debate. Although numerous studies and
clinical trials have explored the association
between menopausal HRT, limited research has
been conducted to investigate the connection
between HRT and lung diseases. This review
aims to examine the gender in lung diseases,
explore the potential mechanisms of action of
HRT, and assess the association between HRT
and the most commonly occurring lung
diseases.

Fig. 1 Structures of small molecule steroids
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DATA SOURCES

A comprehensive literature search was per-
formed using keywords related to hormone
replacement therapy, post-menopausal women,
asthma, chronic obstructive pulmonary disease,
pulmonary hypertension, and lung function. A
systematic search was performed in PubMed
and Embase databases from inception to
December 31, 2022. Initially, titles of the iden-
tified studies were screened, and abstracts of the
relevant studies were read. We selected only
full-text English language articles describing
HRT effect on women with different lung dis-
eases. Disagreements were settled by discussion
and consensus among the authors. Relevant
results are summarized and discussed in this
review. Two reviewers (EE and MGK) indepen-
dently screened research sources to identify
publications that described the use of HRT in
relation to lung diseases. This article is based on
previously conducted studies and does not
contain any new studies with human partici-
pants or animals performed by any of the
authors.

Gender Disparity in Lung Disease

The sexual dimorphism of lung disease is
influenced by a complex and dynamic interplay
of factors, including lung structure, hormones,
and development. Sexual dimorphism charac-
terized by differences between males and
females can be observed in various disease types
across different organ systems. In the case of
respiratory diseases, differences in lung struc-
ture between males and females may contribute
to patterns of sexual dimorphism. Female lungs
tend to be smaller, with fewer respiratory
bronchioles and smaller airways [2], while male
lungs have a larger luminal area for the airways
in relation to lung size [3]. These structural
disparities may play a role in the observed sex-
ual dimorphism in respiratory diseases. Addi-
tionally, females undergo a complex sex
hormone cycle that changes over the course of
development and maturation, which further
contributes to the differences. Although
numerous studies have reported statistical

differences between sexes in relation to respi-
ratory diseases, there is a lack of comprehensive
research on the specific role of sex hormones in
influencing the susceptibility, severity, and
progression of chronic respiratory diseases.
Numerous studies have revealed gender dispar-
ities in the prevalence and severity of various
lung pathologies. For instance, idiopathic pul-
monary fibrosis is found to be twice as common
in males [4], while cystic fibrosis and PH exhibit
greater severity in women [5]. The interplay
between sex and diseases becomes particularly
evident in chronic lung diseases like asthma,
COPD, and lung cancer. Recent research has
started to uncover the potential influence of sex
hormones on these diseases, offering new
opportunities for investigation and treatment.

Female Reproductive Hormones
and Hormone Replacement Therapy

The menopausal transition is characterized by a
notable hormonal shift, marked by decreased
levels of estrogen and progesterone [6]. These
sex steroids are known to affect numerous cel-
lular pathways and functions beyond nonre-
productive tissues, leading to the suggestion
that reduced estrogen levels could have appli-
cations for lung disease [7]. While a consider-
able number of studies have been conducted on
this topic, the precise impact of the menopausal
transition on lung disorders remains unclear.
During this transition, low estrogen levels
commonly give rise to an array of disruptive
symptoms, including hot flashes, night sweats,
and the genitourinary symptoms of menopause
[8]. To alleviate these symptoms, systemic
exogenous estrogen administration in the form
of conjugated equine estrogen was approved by
the Food and Drug Administration around
80 years ago. Today, HRT is administered in the
form of estrogen alone for women without a
uterus or as a combination of estrogen and
progesterone for women with a uterus. As HRT
therapy can also serve as a preventive measure
for chronic diseases like osteoporosis, millions
of women worldwide receive it. However, con-
troversy exists regarding the potential benefits
and harms of HRT. While it provides relief for
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menopausal symptoms, there are concerns
about its association with other disorders. HRT
has long been considered a biologically plausi-
ble treatment for menopausal symptoms, but
the potential side effects have not been thor-
oughly assessed until recently [9]. Studies, such
as the one from WHI, have raised awareness
about the risks associated with HRT, particularly
in relation to cardiovascular diseases, stroke,
venous thromboembolism, and breast cancer
[10]. However, there has been relatively less
attention paid to the effects of HRT on respira-
tory disease.

Potential Mechanisms of Action
of Hormone Replacement Therapy

The hypothalamic–pituitary–gonadal (HPG)
axis plays a crucial role in regulating reproduc-
tive function. This hormonal cascade starts with
the hypothalamus, where gonadotropin-releas-
ing hormone (GnRH) protein is released. GnRH
then stimulates the pituitary gland, leading to
the secretion of luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) proteins
[11]. These hormones, in turn, act on the
gonads to regulate the synthesis of various sex
hormones, including small molecule hormones
estrogen, progesterone, testosterone and pro-
tein hormones activin, inhibin, and follistatin
[12]. Changes to the HPG axis can have signif-
icant effects on reproduction [13]. For instance,
during the post-menopausal period, there is a
significant decline in sex hormone synthesis,
which results in the loss of hypothalamic feed-
back inhibition. This leads to an increase in
GnRH and gonadotropin (LH, FSH) levels after
ovarian senescence. The absence of estrogen
and progesterone production by the ovaries
during menopause disrupts the delicate balance
within the HPG axis, causing changes in hor-
monal regulation and reproductive function
[14]. While the effects of estrogen on the female
reproductive system are well established, recent
research has uncovered its specific impact on
the cardiovascular system, particularly the vas-
culature. Studies have suggested that estrogen
in the dose used for hormone replacement has
beneficial effects on the circulatory system;

however, the overall conclusions from clinical
studies remain largely equivocal [15]. On one
hand, estrogen has been found to reduce
atherosclerosis and inflammatory processes in
the vasculature, suggesting a protective role
[16]. Additionally, estrogen may act as an
antioxidant, further contributing to cardiovas-
cular health [17]. However, these effects
account for only a portion of the total cardio-
vascular benefits associated with estrogen. Fur-
ther research is needed to better understand the
interplay between estrogen and cardiovascular
function.

Estrogen acts as a vasodilator and hypoten-
sive agent, promoting vascular relaxation
through the stimulation of endothelium-
derived vasodilatory substances, such as nitric
oxide (NO), or by acting directly on the vascular
smooth muscle (VSM). These cardiovascular
effects of estrogen have been associated with
potential benefits in extending both the quality
and quantity of life. However, it is important to
note that estrogen can also have lethal conse-
quences in other tissues, though further clarifi-
cation on the specific risks is warranted [18].

Moreover, estrogen cardiovascular effects are
time-dependent, as its initiation of HRT more
than 10 years after menopause onset was no
longer beneficial. To address this intriguing
paradox, careful monitoring and personalized
treatment dosing may be necessary. It is crucial
to consider individual factors when determin-
ing the appropriate estrogen therapy for each
patient.

Furthermore, these changes in hormone
levels can have systemic effects on various
physiological processes, including respiratory
function. Understanding the broader implica-
tions of estrogen’s effects on the cardiovascular
system in relation to other physiological sys-
tems is an area of ongoing research.

The Effect of Hormone Replacement
Therapy on Pulmonary Function

There is evidence suggesting that sex steroids,
such as estrogen and progesterone, may have a
positive impact on pulmonary functions in
young women [19]. The relationship between
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HRT and pulmonary functions in post-
menopausal women remains an area of limited
understanding. Menopause is often associated
with the exacerbation of preexisting asthma
and may even coincide with the clinical onset
of asthma. Several studies have investigated the
impact of HRT and pulmonary function tests
(PFT) in postmenopausal women, yielded con-
flicting results. Some studies that exclusively
utilized estrogen for HRT, with a relatively small
number of asthma cases, reported a negative
effect of estrogen on lung function [20]. How-
ever, another study employing a cross-over
mechanism found that among women with
asthma using estrogen for HRT, interruption or
resumption of the drug did not significantly
affect respiratory function [21]. Moreover, a
prospective randomized controlled trial
observed significant increases in measured and
percent-predicted forced expiratory volume
(FEV1) and forced vital capacity (FVC) values
after HRT application, particularly continuous
combined estrogen and progesterone therapy
[22]. The population-based European Commu-
nity Respiratory Health Survey, conducted
across multiple countries, examined the associ-
ation between HRT and lung function in post-
menopausal women. In this study, spirometry
data were collected for 1075 women at baseline
and after a follow-up period of 20 years. The
study focused on women who were non-
menopausal at baseline but became post-
menopausal during the follow-up period. The
findings of this study indicated that long-term
oral HRT was significantly associated with
decreased loss of lung function over the 20-year
period. These sex steroids play an important
role in the preservation of lung function in
middle-aged women. The accelerated decline in
lung function observed with menopause is
likely attributed to the decreasing levels of
estrogen [23].

HRT and Different Lung Diseases. Clinical
Implications

A growing body of evidence suggests that the
hormonal changes that occur during the
menopausal transition may have an impact on

pulmonary function, lung vessels, and respira-
tory diseases (Fig. 2). Although the exact
mechanisms by which the decline in estrogen
and progesterone production affects respiratory
health are not well understood, it has been
proposed that sex hormones may act directly on
airway and immune cells to modulate respira-
tory disease pathways [24]. Diminished pul-
monary function is an important predictor of
mortality and morbidity [25]. Poor lung func-
tion is a hallmark of chronic respiratory diseases
such as asthma and COPD, which are charac-
terized by decreased lung function and repre-
sent a significant portion of worldwide public
health and economic burdens. With an aging
population and increased life expectancy, an
increasing number of women are spending a
significant proportion of their lives in the
postmenopausal state. Therefore, it is crucial to
comprehend the impact of significant hor-
monal changes of menopause on respiratory
health. This understanding can help the devel-
opment of appropriate prevention and man-
agement strategies for women at risk of chronic
respiratory diseases. The rising health and eco-
nomic impacts of respiratory conditions
underscore the importance of targeted inter-
ventions and optimal disease management to
prevent permanent impairment of lung func-
tion. To deliver safe hormonal supplement to
support post-menopausal health, we believe
that HRT monitoring and a personalized treat-
ment are essential.

Lung Cancer

The impact of estrogens on the growth of
tumors in female reproductive organs by inter-
acting with estrogen receptors is well estab-
lished, as evidenced by many studies [26–28].
However, the role of estrogens in lung cancer
remains unclear. It is believed that exogenous
hormones may play a role in lung cancer
development, however, the biologic mecha-
nisms underlying hormone metabolism and
lung cancer are not well understood. Lung
cancer is one of the most diagnosed cancers and
the leading cause of cancer death globally.
Women appear to be more susceptible than
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men to developing lung adenocarcinoma, par-
ticularly among non-smokers, and have better
survival than men worldwide [29]. Furthermore,
estrogen and progesterone receptor expression
in healthy lung cells and tumor cells have been
confirmed, and that estrogens may promote
lung tumorigenesis while progesterone inhibits
it (Fig. 3). However, the influence of hormone

changes and exposures on lung cancer risk and
outcomes are not fully investigated. It is possi-
ble that hormone changes and exposures in
women may play a role as indicated by Moore
KA and colleagues [30], which found among
15,000 individuals that estrogen exposure
appeared to have a protective effect on lung
cancer-specific mortality with differences seen

Fig. 2 Estrogen causes short- and long-term effects on pulmonary vessels (Figure was adapted with permission from
Springer publisher)

Fig. 3 Estrogen and progesterone have different effects on cancerous cells
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in premenopausal and postmenopausal women,
and between postmenopausal women and men.
Additionally, there is evidence that growth of
progesterone receptor-positive non-small-cell
lung cancers grow with progesterone receptor
stimulation [31]. Studies evaluating the use of
HRT and its impact on incident lung cancer
have yielded conflicting results. Many of these
studies have limitations such as not examining
individual HRT formulations, duration of use,
limited adjustment for the confounding effects
of tobacco use, and/or limited to nonsmokers
[32, 33]. We believe that frequent estrogen level
monitoring during HRT for lung cancer patients
can increase our knowledge about the patho-
genetic influence of estrogen of the disease
progress and survival.

Asthma

Asthma is a chronic disease of the airways
characterized by a history of respiratory symp-
toms including wheezing, shortness of breath,
repetitive coughing, and chest tightness, plus
variable expiratory airflow limitation, all of
which may vary over time and in intensity.
Asthma is commonly linked to inflammation
and increased sensitivity of the airways in
response to specific or non-specific triggers,
though these factors alone may not be neces-
sary or sufficient for an asthma diagnosis
[34]. Adult-onset asthma is often progres-
sive and the cause of considerable morbidity.
The major increase in asthma prevalence
observed in most developed countries in recent
years suggests that it may in part be due to
environmental factors [35]. Although asthma is
a multifactorial disorder, which affects people
of all ages, there is clear evidence that there are
significant age dependency and sex-related dif-
ferences in the clinical manifestations of the
disease [36]. Differences in asthma incidence
during the life cycle suggest that reproductive
hormones influence the development of asthma
and its severity. Adult asthma and hospital
admissions for asthma are more prevalent in
women than in men, and asthma severity has
been shown to vary during the menstrual cycle
[37]. HRT has long been suspected to play a role

in asthma in women [38] (Fig. 4). In addition,
some women may experience asthma exacer-
bations because of HRT, and certain publica-
tions suggest the existence of a subgroup of
asthma patients who experience poorer symp-
tom control while on HRT, possibly due to
specific variations in the estrogen receptor gene
[39]. Several animal models suggest that both
progesterone and estrogen may directly affect
the lungs by reducing contractility and
increasing relaxation of bronchial smooth
muscle [40]. Further, estrogen withdrawal
increases bronchial airway contraction [41].
Progesterone, which is responsible for main-
taining relaxation of smooth muscle in the
main organs, has been found to reduce the
contractility of bronchial smooth muscle. Syn-
thetic progesterone may also have androgenic
properties and depress responses to histamine,
thus causing improvements in pulmonary
function among oral contraceptive women [42].
Studies examining oral contraceptive usage in
women with moderate-to-severe asthma are
scarce, characterized by small sample sizes, and
lack adequate control for potential confounding
factors like dose of medication usage, allergic
status, allergen exposure, and allergic reaction.
Currently, no studies have compared lung
symptomatology or pulmonary function based
on the dosage or type of oral contraceptive
medication or HRT. Nonetheless, many physi-
cians believe that oral contraceptive usage could
potentially alleviate menstrual fluctuations in
both pulmonary function and symptomatology
by providing a consistent hormonal environ-
ment. Within the national longitudinal cohort
of perimenopausal and postmenopausal indi-
viduals, there is a lack of data on this topic.
These results were overall similar for peri- and
postmenopausal women [43]. HRT might play
an important role in the development of
asthma in mature women and clinicians pre-
scribing HRT should be aware that new airway
symptoms might develop, and that patients
with pre-existing asthma might get worse fol-
lowing HRT initiation [44]. Based on these
studies, we are suggesting that asthma patients
can also benefit from HRT if frequent and
accurate hormonal blood levels are monitored.

Pulm Ther (2023) 9:461–477 469



COPD

Chronic obstructive pulmonary disease (COPD)
is a widespread global ailment affecting millions
of individuals and ranking as the fourth leading
cause of death worldwide. As reported by the
Global Burden of Disease study, an estimated
74.5 million adults were living with COPD in
2015, and it was responsible for more than
3 million deaths [45, 46]. With the aging pop-
ulation and ongoing exposure to risk factors for
COPD, its burden is projected to escalate in the
forthcoming decades. Moreover, COPD fre-
quently coexists with other medical conditions
that can influence the progression of the dis-
ease. Many individuals endure the effects of
COPD for extended periods and succumb pre-
maturely to COPD itself or its associated
comorbidities. Common comorbidities linked
to COPD include heart problems, pulmonary
hypertension, impaired exercise capacity,
weight loss, respiratory infections, etc. These
factors contribute to a deteriorated health status
and poor prognosis. Unfortunately, these
comorbidities often go undiagnosed in many
low-income regions. While medical treatment
for COPD tends to focus primarily on the pri-
mary organ dysfunction, it is essential to rec-
ognize and treat these comorbidities, as they are
potentially remediable.

The incidence of COPD in women has been
reported to be increasing [47]. Although

smoking is the main risk factor for COPD,
females tend to develop COPD faster than males
even though they smoke fewer cigarettes [48].
In non-smokers, females make up two-thirds of
cases with COPD [49]. Research has shown that
cell proliferation contributes to the intimal
thickening of pulmonary arteries in smokers
and non-smokers people with COPD [50]. The
injury of vessel’s smooth muscle and endothe-
lial cells in of smokers and individuals with
COPD has been linked to the potential growth-
promoting effects of estrogen. The metabolism
of estrogen in the lungs and respiratory tree can
result in oxidative stress, which further con-
tributes to the proliferation of these cells.
Estrogens undergo hydroxylation to form cate-
chol estrogens, which act as substrates in redox
reactions catalyzed by cytochrome P450 [51].
Consequently, the potentiation of oxidative
stress by estrogen may increase the susceptibil-
ity of female smokers to COPD and worsen the
course of the disease. Various animal models
have been utilized to explore potential sex-re-
lated disparities in COPD risk. Chronic exposure
of mice to cigarette smoke has induced
emphysematous-like changes in the structure of
alveoli, with these changes occurring more
rapidly in females compared to males. This
information holds significance in understand-
ing the mechanisms involved in the develop-
ment and progression of COPD [52]. It is
important to note that cigarette smoke is

Fig. 4 Relation between the sex hormones levels and
asthma in female and male subjects. Females undergoing
contraceptive hormonal treatment decreased asthma preva-
lence but hormone replacement therapy (HRT) increased

asthma incidence (Figure was copyright re-used with
permission from Wiley publisher)
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composed of more than 4000 different chemi-
cals that undergo two different phases of
metabolism. Metabolites from cigarette smoke
are toxic, and the lungs may suffer oxidant
damage as a result. Estradiol up-regulates cyto-
chrome P450 enzymes, making female lungs
more susceptible to oxidant damage in response
to cigarette smoke. Animal experiments have
supported this concept [53]. Female lungs had
higher expression of cytochrome P450 enzymes
and demonstrated increased accumulation of
potent oxidants from other metabolites. The
increased cytochrome P450 expression is related
to increased levels of estradiol and increased
metabolism of cigarette smoke to generate oxi-
dants, suggesting that female sex hormones
contribute to oxidative stress and greater airway
injury [54].

The available evidence concerning the rela-
tionship between HRT and COPD is limited. A
clinical trial conducted as part of the Cardio-
vascular Health Study found that older women
(aged over 65 years) currently receiving HRT
exhibited higher lung function parameters
compared to women who were not receiving
HRT [55]. Respiratory function indices were also
higher among current HRT users in comparison
to those who had never used HRT or were past
users. These findings demonstrate a potential
short-term effect of HRT on the bronchial tree
in COPD. However, caution should be exercised
when making recommendations for women
with previously diagnosed COPD due to
inconsistencies in the available results. It is
important to note that women with asthma
exacerbations and type A and B of COPD who
receive HRT are at a heightened risk of devel-
oping osteoporosis, breast cancer, and may also
face an increased risk of cardiovascular events.
Hence, HRT presents potential benefits and risks
for these patients beyond its pulmonary effects.
Some women may experience exacerbations
because of HRT, and certain publications sug-
gest the existence of a subgroup of asthma
patients who experience poorer symptom con-
trol while on HRT, possibly due to specific
variations in the estrogen receptor gene [56].
This may also hold true for COPD. However,
further research is needed to clarify the associ-
ation between HRT and chronic pulmonary

diseases. As there is significant interpatient
variability in hormonal blood levels following
HRT administration, measuring and monitoring
of the exact hormonal blood levels during HRT
treatment can potentially help in understand-
ing the aforementioned controversial results.

Pulmonary Hypertension

Pulmonary hypertension (PH)) is a severe and
potentially fatal disease that primarily affects
the pulmonary vasculature. It is characterized
by the proliferation of neointimal cells and
hypertrophy of smooth muscle cells, leading to
the formation of occlusive lesions in the
smallest pulmonary arteries [57, 58]. PH is a
prevalent condition, with around 250,000 hos-
pitalizations in the United States annually,
either as a primary or secondary diagnosis
[59, 60]. Although the global prevalence of
acquired and congenital pulmonary hyperten-
sion remains uncertain, significant progress has
been made in comprehending the molecular
mechanisms underlying the development of the
disease and the development of novel thera-
peutic strategies over the past decade [61].
Nevertheless, PH continues to be a devastating
clinical condition that significantly impacts
patients’ morbidity and mortality. Previously
considered a rare disease, recent studies have
reported a prevalence of 15 to 50 cases per
million individuals [62, 63]. The World Health
Organization (WHO) classifies pulmonary
hypertension into five distinct groups. Group 1
comprises pulmonary arterial hypertension
(PAH), including idiopathic PAH, herita-
ble PAH, PAH associated with congenital heart
disease, liver disease, HIV infection, connective
tissue diseases, and drug/toxin-induced PAH.
Group 2 encompasses PH due to left heart dis-
ease, which includes both systolic and diastolic
dysfunction. Group 3 involves PH associated
with lung diseases such as chronic obstructive
pulmonary disease (COPD), emphysema, and
pulmonary fibrosis. Group 4 is characterized by
PH resulting from chronic thromboembolic
pulmonary hypertension. Finally, Group 5
comprises PH secondary to various miscella-
neous diseases, including sarcoidosis, sickle cell
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anemia, chronic hemolytic anemia, and differ-
ent metabolic disorders.

Although PH affects both sexes, it is more
frequently observed in females than in males,
with a ratio of 4.1:1. The exact mechanisms
responsible for this gender disparity remain
unclear, but one potential explanation is the
damaging effect of estrogens on the pulmonary
vasculature. Many women are exposed to
estrogens through hormone replacement ther-
apy. However, conflicting data exist regarding
the role of HRT in PH. Therefore, it is important
to specify the PH group in which the studies
were conducted. With an improved under-
standing of the specific genetic mutations
associated with PAH, heritable PAH includes
patients with identified mutations in the bone
morphogenic protein receptor type 2 (BMPR2)
gene, activin receptor-like kinase type 1 (ALK-1)
gene, and endoglin. Research on heritable PAH
has demonstrated that estrogens suppress the
expression of wild-type BMPR2 in model sys-
tems by binding to the BMPR2 promoter via the
estrogen receptor-a [64]. The concept that
estrogens increase susceptibility to PAH by
reducing BMPR2 expression aligns with previ-
ous data showing reduced BMPR2 expression in
PAH lungs, even among individuals with nor-
mal genotypes [65]. Furthermore, specific
estrogen metabolites may promote the prolif-
eration of pulmonary vascular cells more than
others, adding additional complexity to the
relationship between estrogens, sex, and sus-
ceptibility to PAH [66]. While a small retro-
spective study found an association between
HRT and a lower rate of PH due to systemic
sclerosis [67], another report described the rapid
onset of heritable PH following HRT [68]. Many
physicians do not recommend routine use of
HRT unless there is a compelling reason to
continue. We believe that the actual level of
estrogen during HRT use can explain these dif-
ferences depending on the PH group. A ran-
domized, double-blind, placebo-controlled trial
of anastrozole in patients with idiopathic PAH
demonstrated that reducing estradiol levels did
not have an effect on the primary outcome of
PH, nor did it impact circulating biomarkers,
functional class, or health-related quality of life
[69]. In vivo studies have indicated that

estrogen plays a critical role in regulating
endothelial cell proliferation and function [70].
Estrogen has been shown to induce the expres-
sion of vascular endothelial growth factor
(VEGF), reduce protein synthesis necessary for
apoptosis, and upregulate protective genes
involved in cell death pathways, potentially
contributing to both apoptosis resistance and
endothelial cell proliferation [71]. Given our
current understanding of PH pathology, which
involves the transformation of pulmonary vas-
cular endothelium into a highly proliferative
and apoptosis-resistant phenotype [72], there is
a growing interest in the impact of estrogen
exposure on PH, particularly in groups 1 and 5
of the PH classification. Notably, an intriguing
study revealed that 71% of premenopausal and
86% of postmenopausal women with PH (with
56% having primary heritable or idiopathic PH
and 27% having connective tissue disease)
reported previous or current use of hormone
therapy for more than 10 years [73].

In conclusion, PH is a debilitating disease
that predominantly affects women. While basic
scientific research has provided limited and
conflicting information regarding the effects of
sex hormones on the pulmonary vasculature,
recent evidence strongly suggests that altered
levels and metabolism of estrogen likely play a
significant role in the pathophysiology of PH,
particularly in idiopathic and heritable forms of
the disease. Further research focusing on the
influence of sex hormones, gender-specific
therapy responses, genomics, and sexual
dimorphism in pulmonary function is crucial
for advancing our understanding and manage-
ment of this devastating condition.

Future Direction

Women experience more than a third of their
lifetimes within the peri- and post-menopausal
phases. Notably, trends suggest that by 2030,
approximately 1.2 billion women worldwide
will find themselves in these crucial life stages.
The female journey from puberty to menopause
encompasses profound hormonal transforma-
tions, yet the current landscape of hormonal
treatment lacks the foundation of data-driven
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precision medicine. Hormone replacement
therapy (HRT) stands as a central approach to
managing menopausal symptoms. This thera-
peutic method involves the introduction of
hormone supplements to restore equilibrium to
systemic hormonal levels, thereby enhancing
and sustaining both emotional and physical
well-being.

Numerous health conditions, including
depression, diabetes, fatigue, cardiovascular
disease, insomnia, migraine headaches, obesity,
osteoporosis, and cancer, can arise from dis-
ruptions in hormonal balance. While the ben-
efits of HRT are evident, it is imperative that
hormone supplementation be administered in a
regulated and closely monitored manner.
Excessive usage of hormones can lead to adverse
side effects and potentially grave health haz-
ards. Furthermore, the ideal levels of hormones
and individual sensitivity to hormone therapy
exhibit substantial variance from person to
person. Consequently, the establishment of
personalized treatment protocols, incorporating
predetermined dosages for achieving optimal
balance, emerges as a pivotal necessity.

Artificial intelligence (AI) and machine
learning technology are making significant
strides in the field of medicine, primarily due to
their unparalleled capability to provide highly
accurate predictions. AI-powered systems have
demonstrated their prowess in forecasting clin-
ical data [74]. Notably, predictive analytic
algorithms have already been employed to
guide decision-making at critical junctures of
ovarian stimulation [75]. Furthermore, a pre-
dictive model has been developed to furnish
tailored estimations of the cumulative proba-
bilities of successful live births before embark-
ing on in vitro fertilization (IVF) [76]. While our
investigation yielded no data regarding the
nexus of AI and hormone replacement therapy
(HRT), we hold the conviction that AI has the
potential to wield a substantial influence in this
domain. With the global population aging, the
demand for efficient and effective hormone
replacement treatments is mounting. To
address this burgeoning need, researchers and
medical practitioners can explore the capacity
of AI to redefine the landscape of HRT. Envi-
sioning a future where personalized computer-

assisted HRT is the norm, we anticipate a more
exacting and controlled approach to maintain-
ing hormonal equilibrium within the body.
Through the utilization of AI-driven systems,
medical professionals and patients can admin-
ister hormones with enhanced precision and
consistency, ensuring the administration of
optimal dosages tailored to individual require-
ments. Furthermore, this approach can be
attuned to each patient’s distinctive hormonal
profile, ushering in a more personalized
dimension to the treatment process.
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