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Abstract

Lung diseases are major global causes of morbidity and mortality, yet the molecular basis of their observed sex differences
remains unclear. Beyond their roles in reproductive biology, estrogens are central regulators of pulmonary homeostasis through
three principal receptors: 1) estrogen receptor a (ERa), 2) estrogen receptor b (ERb), and 3) the G-protein-coupled estrogen
receptor 1 (GPER1). These receptors are widely expressed across the airway epithelium, smooth muscle, fibroblasts, lung endo-
thelium, and immune cells, where they integrate slow, genomic transcriptional programs and rapid, membrane-initiated signaling
cascades to regulate inflammation, oxidative balance, and tissue remodeling. ERb, often the dominant pulmonary isoform, tends
to preserve extracellular matrix integrity and attenuate maladaptive inflammation, whereas ERa frequently amplifies proinflamma-
tory transcriptional programs. GPER1 mediates rapid nongenomic responses that modulate vascular tone, airway smooth-muscle
reactivity, and innate immune function, and is both an important regulator of allergic inflammation and a modulator of oncogenic
signaling. Together, estrogen receptor subtype balance, subcellular localization, and ligand context determine whether estro-
genic signaling is protective or pathogenic. Clinically, this framework helps explain life course and sex differences, such as post-
pubertal female predominance of asthma, menstrual and pregnancy-related exacerbations, and enhanced chronic obstructive
pulmonary disease (COPD) susceptibility in women at lower tobacco exposure. In this review, we synthesize mechanistic and
clinical evidence across lung diseases; delineate areas where data remain incomplete or contradictory; and outline opportunities
for experimental and translational innovation. These include development of receptor-selective or biased ligands, inhaled or
localized delivery, and implementation of sex-aware clinical trial designs to leverage estrogen-receptor biology for precision
respiratory therapeutics.
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INTRODUCTION

Chronic respiratory diseases remain a global health chal-
lenge, accounting for nearly 10% of all deaths and affecting
more than 485 million individuals (1). Despite decades of
research, the molecular mechanisms that underlie the strik-
ing sex differences in these conditions remain incompletely
understood. Women are more likely to develop severe, cor-
ticosteroid-resistant asthma, display accelerated chronic
obstructive pulmonary disease (COPD) progression at lower
levels of smoke exposure, and exhibit distinct lung-cancer
phenotypes and outcomes (2, 3). These epidemiologic
trends highlight the influence of sex hormones, particularly
estrogens, on lung structure and function.

Estrogens exert pleiotropic effects far beyond reproduc-
tion, influencing vascular tone, metabolism, immune sur-
veillance, and wound repair (4). Their biological actions are
mediated by three principal receptors: 1) estrogen receptor a
(ERa; ESR1), 2) estrogen receptor b (ERb; ESR2), and 3) the G-
protein-coupled estrogen receptor 1 (GPER1; GPR30). These

receptors are expressed in multiple lung cell lineages,
including the airway epithelium, smoothmuscle, fibroblasts,
endothelial cells, and alveolar macrophages (5). Acting as
ligand-dependent transcription factors or membrane-associ-
ated signal transducers, estrogen receptors (ERs) integrate
endocrine cues with environmental and inflammatory stim-
uli (6). This integration provides a molecular basis for sex-
specific modulation of airway responsiveness, oxidative bal-
ance, and tissue remodeling (7).

At the genomic level, ERa and ERb regulate transcription
of genes controlling cytokine production, extracellular
matrix (ECM) turnover, and mitochondrial antioxidant
defense (8). ERb generally promotes anti-inflammatory and
cytoprotective outcomes, whereas ERa tends to amplify
nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB)-driven inflammation and fibroblast activa-
tion (9). Membrane-initiated estrogen signaling, primarily
through GPER1, engages rapid second-messenger cascades,
cyclic adenosine monophosphate (cAMP), Ca2þ , and phos-
phoinositide 3-kinase (PI3K)/AKT that influence airway
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smooth-muscle contractility and innate immune responses
(10). Together, these mechanisms position ERs as dynamic
regulators of lung physiology capable of mediating both pro-
tective and pathogenic effects depending on cellular context
and hormonal milieu.

Recognizing the central role of estrogen signaling in lung
homeostasis reframes our understanding of respiratory dis-
ease pathogenesis. The interplay between systemic hormone
levels, receptor subtype balance, and downstream transcrip-
tional or kinase signaling may explain why disease trajecto-
ries differ between sexes and across life stages such as
puberty, pregnancy, and menopause. This review synthe-
sizes emerging evidence on the multifaceted roles of ERa,
ERb, and GPER1 in lung biology, delineates receptor-specific
mechanisms in asthma, COPD, fibrosis, and lung cancer, and
explores the translational potential of receptor-biased thera-
peutics for sex-aware precisionmedicine.

SEX DIFFERENCES IN LUNG DISEASES

Sex-related differences in the prevalence, severity, and
progression of lung diseases are well documented and reflect
the complex interaction between hormonal fluctuations,
receptor signaling, and immune regulation rather thanmere
genetic or environmental variation. Across the life course,
hormonal transitions such as puberty, pregnancy, andmen-
opause reshape the expression and activation of ERs contrib-
uting to marked variability in airway physiology and disease
outcomes. Epidemiologically, asthma occurs more fre-
quently in boys during childhood but shifts to higher preva-
lence and greater severity in adult women after puberty,
coinciding with rising systemic estrogen levels and cyclical
hormonal changes throughout the reproductive years (2, 3, 7,
11, 12). In contrast, women experience a steeper decline in
lung function and earlier onset of COPD despite lower cumu-
lative tobacco exposure, suggesting that estrogen and its
receptors sensitize the female lung to oxidative injury and
inflammation (2, 3, 12, 13). These clinical observations under-
score that sex hormones, particularly estrogens, serve as key
modulators of pulmonary immune tone, airway remodeling,
and vascular function.

Mechanistically, ERa, ERb, and GPER1 exhibit cell- and
context-dependent actions that drive sex-specific responses.
ERb and GPER1 generally exert anti-inflammatory and cyto-
protective effects by dampening NF-κB-dependent cytokine
production, reducing oxidative stress, and promoting IL-10-
mediated immunoregulation (6, 9, 10, 14–16). These protec-
tive pathways are typically more pronounced in females,
contributing not only to greater resistance to acute injury
but also to exaggerated allergic inflammation when estrogen
levels fluctuate. By contrast, ERa amplifies Th2 cytokine pro-
duction (IL-4, IL-5, and IL-13) and can promote airway
hyperresponsiveness and fibroblast activation, mechanisms
that may account for the higher prevalence of severe,
steroid-resistant asthma among women (6, 11, 17, 18).
Estrogen-driven regulation of mitochondrial metabolism
and antioxidant enzymes further contributes to sex differ-
ences in oxidative injury and repair capacity, with ERb
localization to mitochondria enhancing oxidative phospho-
rylation and reactive oxygen species detoxification in
female lung cells (16, 19). These receptor-level distinctions

integrate endocrine signals with immune and metabolic
control, explaining why identical exposures can produce
divergent outcomes across sexes.

At the translational level, recognition of sex differences
in receptor expression and signaling offers opportunities
for personalized therapy. Preclinical and clinical data sug-
gest that ERb-selective agonists and GPER1 modulators
may provide anti-inflammatory and antifibrotic benefits
preferentially in females, whereas modulation of ERa sig-
naling could be beneficial in males or in postmenopausal
women with low endogenous estrogen activity (6, 14, 20,
21). Life-stage-specific hormonal states, such as puberty,
pregnancy, menopause, must therefore be considered
when designing and interpreting studies of ER-targeted
interventions. Incorporating sex as a biological variable in
experimental design and early-phase clinical trials will be
essential for optimizing the safety and efficacy of emerg-
ing estrogen receptor-based therapies in pulmonary dis-
ease (3, 12, 21).

MECHANISMS OF ESTROGEN RECEPTOR
SIGNALING IN THE LUNG

Estrogen Receptors as Multimodal Signaling Platforms

ERs (ERa, ERb, and GPER1) operate as a multilayered sig-
naling network in the lung (6, 10, 22). Although ERa and ERb
classically regulate gene expression by binding estrogen
response elements and interacting with core transcription
factors (23), GPER1 andmembrane-associated ER pools elicit
rapid second-messenger responses (cAMP, intracellular
Ca2þ , PI3K/AKT, and MAPK) that modulate ion channels,
cytoskeletal dynamics, and kinase signaling (14, 24). This
dual architecture permits immediate physiological modula-
tion (e.g., bronchodilation or rapid changes in cytokine
release) while also enabling longer-term transcriptional
reprogramming that can alter remodeling and repair.

Genomic (Nuclear) Signaling

Ligand-activated ERa and ERb regulate transcription of
cytokines, ECM regulators [MMPs/tissue inhibitor of
metalloproteinases (TIMPs)], antioxidant enzymes, and
cell-cycle genes. In many pulmonary contexts, ERb is asso-
ciated with anti-inflammatory and cytoprotective tran-
scriptional programs that upregulate antioxidant defenses
(SOD2, catalase) and restrain fibroblast-to-myofibroblast
differentiation, whereas ERa tends to potentiate NF-κB-
dependent inflammatory gene expression and coactivator
recruitment (p300/CBP, SRC family) (23). Chromatin state
and cofactor availability therefore determine receptor-spe-
cific transcriptional outputs; sustained estrogen exposure
or disturbed coactivator balance may produce long-lasting
epigenetic changes that contribute to sex-biased disease
susceptibility (25).

Nongenomic (Membrane-Initiated) Signaling and GPER1

Membrane-localized ERs and GPER1 drive rapid signaling
thatmodulates airway tone, vascular reactivity, and immedi-
ate immune responses. GPER1 activates adenylyl cyclase
(increasing cAMP), mobilizes intracellular Ca2þ , and triggers
PI3K/AKT and extracellular signal-regulated kinase (ERK)
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cascades; in airway smooth muscle (ASM) and endothelium,
these actions modulate contractility and nitric oxide path-
ways, and in macrophages/epithelium, they can promote
anti-inflammatory IL-10 production (15, 26). Since mem-
brane-initiated signaling acts within seconds tominutes, it is
particularly relevant to acute exacerbations and rapid func-
tional modulation.

Isoforms, Splice Variants, and Localization

Alternative splicing creates receptor isoforms (e.g., ERa36
and ERa46) with distinct localization and signaling proper-
ties (27, 28). ERa36 frequently localizes to themembrane and
cytoplasm and can activate epidermal growth factor receptor
(EGFR)/Src-PI3K/AKT pathways in a ligand-dependent or
ligand-independent manner, promoting proliferation and
survival signals implicated in repair and tumor progression
(28); ERa46 can antagonize full-length ERa transcriptional
activity (29). The ratio of full-length to truncated isoforms is
dynamic and responsive to inflammatory cytokines and oxi-
dative stress, providing a mechanistic basis for context-
dependent receptor functions (30).

Mitochondrial and Redox Control

ERb and GPER1 influencemitochondrial function and cel-
lular redox homeostasis. Mitochondrial ERb interacts with
mitochondrial DNA to promote the expression of oxidative
phosphorylation genes and ROS-detoxifying enzymes,
thereby preserving ATP production and limiting oxidative
damage. GPER1 signals can enhancemitochondrial biogene-
sis through AKT-dependent modulation of peroxisome pro-
liferator-activated receptor gamma coactivator 1-alpha (PGC-
1a) and nuclear respiratory factor 1 (NRF1) (20). Together,
these pathways couple hormone signaling to metabolism
and antioxidant defenses, key determinants of tissue resil-
ience against pollutants, allergens, and infection (31).

Cross Talk and Contextual Modulation

ER signaling interfaces with glucocorticoid receptors
(GRs), progesterone receptors, and growth-factor receptors
including epidermal growth factor receptor (EGFR) and vas-
cular endothelial growth factor receptor (VEGFR) and is
modulated by posttranslational modifications (phosphoryla-
tion, SUMOylation), ligand bias, and environmental endo-
crine disruptors (32). These interactions amplify context
dependence: the same ligand can yield different outcomes
across cell types and disease states depending on receptor
composition, localization, cofactor availability, and the
inflammatory/redoxmilieu (32, 33).

Integration with Cellular Microenvironments

Beyond their direct effects within individual cells, ERs
also influence communication between different lung cell
types. ER signaling modifies the release and molecular
content of extracellular vesicles, including microRNAs
that are transferred between epithelial, immune, and mes-
enchymal cells. Through these vesicle-mediated signals,
ERb and GPER1 can suppress proinflammatory macro-
phage activation, limit fibroblast proliferation, and pro-
mote epithelial repair (17). These paracrine interactions
integrate immune regulation with tissue remodeling,

highlighting how ER signaling coordinates multicellular
responses in the lung.

Experimental Considerations and Methodological
Advances

Addressing unresolved questions requires improved speci-
ficity in reagents and models. Recommended approaches
include using highly selective agonists/antagonists along-
side genetic manipulation (CRISPR) and expression regu-
lation (siRNA) to deconvolve receptor subtype function;
using membrane-impermeable estrogen conjugates [estro-
gen-bovine serum albumin (BSA) conjugate] to isolate
membrane effects; combining single cell and spatial tran-
scriptomics with quantitative proteomics and phospho-
proteomics to map receptor expression and signaling in
situ; and adopting physiologic hormone concentrations
and life-stage models (puberty, pregnancy, and meno-
pause) in preclinical studies (34, 35). Key experimental pri-
orities include defining spatiotemporal ER signaling
during injury/repair, quantifying isoform ratios across dis-
ease states, elucidating ligand bias and posttranslational
modulation, and mapping ER cross talk with VEGFR and
EGFR to inform combinatorial therapies (36).

The interplay between genomic, nongenomic, and mito-
chondrial signaling pathways is summarized schematically
in Fig. 1, which illustrates how ERa, ERb, and GPER1 coordi-
nate estrogenic regulation of inflammation, oxidative bal-
ance, and airway remodeling in the lung.

ERs exhibit distinct expression patterns across pulmonary
structural and immune cell populations, determining the
magnitude and specificity of estrogenic responses in the
lung. Single cell and targeted expression analyses demon-
strate that ERa, ERb, and GPER1 are not uniformly distrib-
uted, but instead show cell-type-specific enrichment that
aligns with their functional diversity. For instance, ERb and
GPER1 predominate in the airway epithelium (6–8, 19),
smooth muscle (2, 11, 15), fibroblasts (18, 37, 38), and macro-
phages (9, 10, 17, 26), where theymediate anti-inflammatory,
antioxidant, and antifibrotic effects, whereas ERa is rela-
tively enriched in epithelial and lymphoid compartments
(17, 39–41), where it can drive proinflammatory signaling.
The relative expression of these receptors across major pul-
monary cell types is summarized in Fig. 2, providing a spatial
and functional framework for interpreting receptor-specific
mechanisms discussed in the subsequent disease sections.

ESTROGENIC REGULATION OF LUNG
DEVELOPMENT

Beyond its roles in the mature lung, estrogen signaling
also contributes to pulmonary development. Both ERa and
ERb are expressed during fetal and neonatal stages, where
they regulate alveolar septation, surfactant synthesis, and
epithelial differentiation (6, 7, 19). Estrogen enhances type II
alveolar cell function and surfactant protein expression,
supporting lung compliance and postnatal respiratory adap-
tation. Mitochondrial ERb facilitates energy metabolism
required for alveolarization, whereas GPER1 contributes to
vascular and airway morphogenesis through rapid Ca2þ

and PI3K/AKT signaling (6, 15, 19). Disruption of these
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developmental pathways may underlie sex-related differ-
ences in neonatal respiratory distress and long-term air-
way structure (3, 39).

DISEASE-SPECIFIC ROLES OF ESTROGEN
RECEPTORS

In Fig. 3, we summarize how receptor subtype, localiza-
tion, and signaling bias map onto disease mechanisms and
clinical patterns for major pulmonary disorders. Each sub-
section links mechanistic findings to translational implica-
tions and highlights gaps for future work.

Asthma

Asthma illustrates estrogenic regulation of both immune
and structural disease axes. Epidemiologically, postpuber-
tal female predominance, cyclical exacerbations with the
menstrual cycle, and pregnancy-associated changes indi-
cate hormone-dependent modulation of disease (39, 43,
44). Mechanistically, ERa promotes Th2 polarization and
enhances production of IL-4, IL-5, and IL-13, thereby sup-
porting eosinophilic inflammation, whereas ERb restrains
Th2 and Th17 differentiation and reduces IL-17a produc-
tion, actions that are especially relevant to neutrophilic,
steroid-resistant phenotypes (40, 41, 45). In airway smooth

muscle, ERb activation increases cAMP and decreases Ras
homolog family member A (RhoA) activity, leading to
relaxation and reduced proliferation; in contrast, ERa and
membrane variants (ERa36) can potentiate growth-factor-
driven proliferation and extracellular-matrix deposition
(11). Live-cell imaging by Ambhore et al. (12) demonstrated
that ERa and ERb differentially regulate lamellipodial pro-
trusion and focal-adhesion dynamics in airway-smooth-
muscle migration, with ERb suppressing and ERa promot-
ing remodeling.

Therapeutically, these findings identify ERb and GPER1 as
complementary targets for controlling airway inflammation
and remodeling. ERb-selective agonists (e.g., diarylpropioni-
trile and LY500307) reproduce estrogen’s anti-inflammatory
and bronchodilatory effects while avoiding ERa-mediated
proliferation, making thempromising treatments for chronic
and steroid-resistant asthma (16, 46). GPER1 activation (e.g.,
the agonist G-1) produces rapid, nongenomic bronchodila-
tion and suppresses Th2 cytokines through cAMP/PKA
and PI3K/AKT signaling while enhancing IL-10-dependent
immunoregulation (13, 47, 48). Together, ERb-selective and
GPER1-targeted agonists provide a dual-pathway approach,
ERb agonists addressing chronic remodeling, and GPER1
agonists mitigating acute inflammatory exacerbations, with
careful modulation of ERa activity to minimize proinflam-
matory effects (46).

Figure 1. Estrogen-receptor signaling in lung cells. Nuclear (genomic) estrogen receptor alpha (ERa) and estrogen receptor beta (ERb) signaling regulate
gene transcription through estrogen-response elements (ERE). Membrane-initiated (nongenomic) signaling through the G-protein-coupled estrogen
receptor 1 (GPER1) and ERa splice variants (ERa36/46) activates cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA), calcium (Ca2þ )/PKA,
and phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/extracellular signal-regulated kinase (ERK) cascades. Mitochondrial ERb supports oxidative
phosphorylation (OXPHOS) and reactive oxygen species (ROS) detoxification. Cross talk with epidermal growth factor receptor (EGFR), nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB), and transforming growth factor-beta (TGF-b)/mothers against decapentaplegic homolog (SMAD)
integrates these pathways to determine protective vs. pathogenic outcomes. Membrane ERa36/46 isoforms are shown near the plasma membrane,
where they mediate rapid cross talk (transactivation) with EGFR to propagate PI3K/AKT/ERK signaling.
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Chronic Obstructive Pulmonary Disease

COPD demonstrates notable sex differences: women
develop clinically significant disease with lower cumulative

smoke exposure and show faster decline in lung function in
some cohorts (49). ERb expression is downregulated in
COPD epithelium and fibroblasts; ERb activation restores
antioxidant enzyme expression (SOD, catalase) and attenuates

Figure 2. Distribution of estrogen receptor alpha (ERa), estrogen receptor beta (ERb), and G-protein-coupled estrogen receptor 1 (GPER1) across major
pulmonary cell types. Expression levels (high/moderate/low) are derived from published single cell and targeted studies (6, 7, 9–12, 15, 16, 18, 42).
Estrogen receptors are differentially expressed across pulmonary structural and immune cells, reflecting cell-type-specific regulatory functions.

Figure 3.Disease-specific mapping of estrogen receptor biology to cellular pathology and candidate therapeutic approaches. Protective signaling medi-
ated by estrogen receptor beta (ERb) and the G-protein-coupled estrogen receptor 1 (GPER1) counteracts inflammation, oxidative stress, and tissue
remodeling, whereas estrogen receptor alpha (ERa) contributes to proliferative or pathogenic signaling, particularly in lung cancer. Although both ERb
and GPER1 contribute to endothelial protection and vasodilation in pulmonary hypertension, current therapeutic development focuses primarily on
inhaled ERb-selective agonists for targeted pulmonary delivery. CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease; ECM, extracellular
matrix; ERa, estrogen receptor alpha; ERb, estrogen receptor beta; GPER1, G-protein-coupled estrogen receptor 1; ILD, interstitial lung disease; NSCLC,
non-small-cell lung cancer; PH, pulmonary hypertension; SERM, selective estrogen receptor modulator (a synthetic ligand that acts as a tissue-specific
estrogen receptor agonist or antagonist); SMC, smooth muscle cells; TGF-b/SMAD, transforming growth factor-beta/mothers against decapentaplegic
homolog signaling pathway.
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transforming growth factor-beta/suppressor of mothers
against decapentaplegic (TGF-b/SMAD)-driven fibroblast
proliferation in vitro (42). ERa signaling enhances NF-κB-
mediated IL-8 and TNF-a production and may amplify neu-
trophilic inflammation (50). Preclinical smoke exposure
models suggest that GPER1 agonism can reduce oxidative
injury and vascular dysfunction (46). These data support
testing ERb- and GPER1-targeted approaches for halting
progression and improving antioxidant defenses in COPD,
with stratification by sex and smoking history.

Pulmonary Fibrosis and Interstitial Lung Disease

Fibrotic progression involves sustained fibroblast activa-
tion, extracellular-matrix deposition, and aberrant repair
(37). ERb agonism inhibits myofibroblast differentiation and
collagen synthesis by antagonizing transforming growth fac-
tor-b (TGF-b)/SMAD signaling and enhancingmitochondrial
antioxidant defenses (38, 51). Conversely, ERa activation
under high-estrogen conditions can promote fibroblast
proliferation (18). Selective estrogen receptor modulators
(SERMs) synthetic compounds that bind ERs and act as tis-
sue-specific agonists or antagonists can therefore be lever-
aged to selectively activate ERb signaling in the lung while
minimizing systemic estrogenic effects. Together, ERb-
selective agonists and SERMs represent potential antifi-
brotic therapeutic strategies for interstitial lung disease
(ILD), though lung-specific efficacy and long-term safety
remain to be validated.

Pulmonary Hypertension

Pulmonary arterial hypertension presents an “estrogen par-
adox,”with higher incidence in women but comparatively bet-
ter survival than men (52). Mechanistically, ERb and GPER1
promote endothelial nitric oxide synthase (eNOS) activation
and inhibit vascular smooth muscle proliferation through
PI3K/AKT signaling, whereas ERa and certain estrogenmetab-
olites foster vascular remodeling (53). Activation of ERb, par-
ticularly through inhaled or lung-targeted agonists, has shown
promise in preclinical models by improving pulmonary vascu-
lar relaxation, reducing right ventricular pressure, and limiting
vascular remodeling (54–56).

The rationale for using an inhaled ERb agonist parallel, yet
differs from, the approaches described for asthma and COPD.
Like ERb-selective agents used in airway disease, inhaled ERb
agonists exploit the receptor’s antiproliferative and vasodila-
tory effects, but their delivery route is optimized to achieve
direct pulmonary vascular exposure while minimizing sys-
temic hormonal effects. In contrast, GPER1 agonists used in
asthma and COPD primarily target rapid, nongenomic bron-
chodilation and epithelial protection, whereas ERb agonism
in pulmonary hypertension (PH) focuses on sustainedmodu-
lation of vascular tone and remodeling. Collectively, these
findings identify ERb as a vasoprotective receptor and high-
light inhaled ERb agonists as a feasible, tissue-specific thera-
peutic strategy for PH.

Cystic Fibrosis

Women with cystic fibrosis (CF) often experience earlier
lung function decline and worse infection outcomes than
men (57, 58). Estrogenic regulation of CFTR expression and

epithelial ion transport involves both ERb and GPER1. ERb
supports antioxidant defense and epithelial repair, whereas
GPER1 modulates mucin secretion and ciliary function.
Combination therapies targeting both receptors could
restore epithelial transport and immune balance, mitigat-
ing infection-driven exacerbations in females.

Lung Cancer

In non-small-cell lung cancer (NSCLC), ERb predomi-
nance often correlates with better prognosis through tran-
scriptional repression of proliferation genes and promotion of
apoptosis. However, recent evidence also suggests a context-
dependent protumorigenic role of ERb. Liu et al. (59) demon-
strated that ERb can enhance tumor invasion by upregulat-
ing CXCR4 expression, thereby promoting migration and
epithelial-mesenchymal transition in NSCLC. Membrane
ER variants (ERa36) and GPER1 activate PI3K/AKT and
yes-associated protein (YAP) signaling that favor invasion
and therapy resistance (21). Estrogen also modulates
tumor immunology: ERa increases PD-L1 expression and
may affect responses to immune checkpoint therapy (60).
Combinatorial targeting of ERa36/GPER1 with EGFR or
PI3K inhibitors represents a promising translational strat-
egy but must be balanced against potential systemic and
tumorigenic risks.

THERAPEUTIC AND TRANSLATIONAL
IMPLICATIONS

The mechanistic clarity summarized above enables a
translational pivot from descriptive endocrinology to recep-
tor-targeted pulmonary therapeutics. Multiple strategic
paths converge: receptor-selective targeting, ligand biasing,
combinatorial approaches, and localized (inhaled) delivery
systems designed to achieve high pulmonary concentra-
tions while minimizing systemic estrogenic exposure and
off-target effects. Such delivery methods are especially val-
uable for ERb-selective agonists intended to treat airway
inflammation and vascular remodeling, where direct depo-
sition in the lung allows efficient receptor engagement and
reduced hormonal side effects (54–56).

Table 1 summarizes these translational strategies, outlining
experimental approaches, biomarkers, and model systems
that can validate receptor-specific mechanisms and optimize
delivery routes for ER-targeted interventions. Table 1 high-
lights how single-cell mapping, receptor fractionation, ex vivo
functional assays, and in vivo life-stage models together form
an integrated pipeline for translating mechanistic discoveries
into safe, receptor-selective therapies.

First, ERb-selective agonists (e.g., LY500307, WAY-200070,
and diarylpropionitrile) recapitulate anti-inflammatory and
antifibrotic effects in preclinical models without engaging ERa-
driven proliferation, supporting further translational explora-
tion (16). Second, GPER1 agonists such as G-1 produce rapid
bronchodilation and suppress inflammatory cytokines through
cAMP/PKA and PI3K/AKT and may be useful in treating acute
exacerbations or as adjuncts to slow disease progression (47,
62). Third, ERa antagonists and selective estrogen-receptor
modulators (SERMs) can repress NF-κB-driven inflammation
and potentially restore glucocorticoid sensitivity in steroid-
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resistant asthma, but their systemic effects require careful
assessment (63). The emergent class of biased ligands offers the
opportunity to stabilize receptor conformations that favor anti-
inflammatory coactivator recruitment (e.g., SRC-1 and PGC-1a)
while avoiding proliferative cofactor engagement (61).

Combined therapies that account for pathway cross talk
will likely be most effective. For example, pairing ERb
agonists or GPER1 activators with corticosteroids or anti-IL-
5/IL-13 biologics in asthma and COPD may synergize anti-
inflammatory responses; combining ERb activation with
antifibrotic agents (nintedanib and pirfenidone) merits
study in ILD; and coinhibition of ERa36/GPER1 with EGFR/
PI3K inhibitors could overcome resistance in ER-positive
lung cancers. Importantly, sex, hormonal stage, and receptor
expression should be integrated into trial design (64, 65).
Biomarkers such as circulating estradiol, tissue ER isoform
ratios, receptor localization, and phospho-signatures can
enable patient stratification and pharmacodynamic moni-
toring. Noninvasive imaging (ER-targeted PET) and exhaled-
breath metabolomics are promising avenues for real-time
assessment.

Finally, inhaled formulations or nanocarrier-based deliv-
ery systems couldmaximize local lung exposure while mini-
mizing systemic estrogenic effects and off-target risks. Drug
development priorities include GPER1-biased ligands that
preferentially activate anti-inflammatory PI3K/AKT arms
without engaging mTOR-driven proliferation, dual ERb/
GPER1 agonists that combine genomic and nongenomic ben-
efits, and computational/structural approaches to design
ligands with desired signaling bias.

CONCLUSIONS

ERs form an integrated, context-sensitive signaling network
that controls inflammation, redox homeostasis, and structural
remodeling in the lung. ERb and GPER1 often confer cytopro-
tective, anti-inflammatory, and antifibrotic effects, whereas
ERa and certainmembrane/splice variants can amplify inflam-
mation, proliferation, and remodeling. The balance among
receptor subtypes, splice forms, subcellular localization, and
microenvironmental context explains the dual, and sometimes
paradoxical, roles of estrogen in pulmonary disease and

Table 1. Priority experimental approaches and biomarkers to validate receptor-specific mechanisms and support
translational progress

Experiment Rationale Key Readouts/Biomarkers Suggested Models/Samples References

Single-cell and spatial
transcriptomic/proteomic
mapping

Define ERa, ERb, and GPER1
expression across lung
compartments; identify
sex- and disease-specific
receptor localization

ER isoform transcripts (ERa36/
46), coexpression with IL-10,
IL-17, and TGF-b/SMAD
markers; ERb/GPER1-high
cell clusters

Human airway biopsies,
resected lung tissue, single-
cell suspensions for scRNA-
seq þ spatial transcriptomics

(6–8, 19)

Receptor fractionation and
isoform quantification
(nuclear, membrane,
mitochondrial)

Distinguish genomic vs. non-
genomic receptor pools and
quantify truncated isoforms;
assess posttranslational
modifications

ER isoform ratios (full-length/
ERa36/46), phosphorylation
or SUMOylation status,
p-AKT activation

Primary airway epithelial cells,
fibroblasts, macrophages;
fractionated lung biopsies

(19, 28–30)

Airway smooth muscle (ASM)
contractility and calcium
dynamics assays

Evaluate nongenomic (GPER1-
mediated) bronchodilation
and ERb effects on contrac-
tility and proliferation

Intracellular Ca2þ
flux, cAMP

levels, p-MLC, RhoA activity,
relaxation response to ERb/
GPER1 agonists (G-1, DPN)

Primary human ASM cells,
tracheal rings, allergen-
challenged mice

(2, 11, 12, 15, 16)

Ex vivo airway biopsy or
air-liquid interface (ALI)
epithelial models

Assess receptor-dependent
epithelial barrier and inflam-
matory responses under
physiologic estrogen
exposure

TEER, MUC5AC expression,
IL-8, IL-6, IL-10 release,
epithelial repair rate
postinjury

Human ALI cultures (male/
female), bronchial explants ±
ER agonists

(6, 7, 42)

Mitochondrial functional
assays (Seahorse XF,
mtDNA expression)

Quantify ERb/GPER1 regulation
of oxidative phosphorylation
and redox balance

Basal/maximal OCR, ROS,
SOD2, CAT, GPX expres-
sion, mitochondrial
OXPHOS gene upregulation

Primary epithelial cells,
fibroblasts, macrophages;
isolated mitochondria

(15, 19, 61)

Ligand-bias pharmacologic
profiling

Identify ligands that favor ERb/
GPER1 protective signaling
while minimizing ERa/mTOR
proliferative signaling

p-AKT/p-mTOR ratio, coactiva-
tor recruitment (SRC-1,
PGC-1a), NF-κB inhibition,
transcriptional reporter
assays

Isoform-specific cell lines, high-
throughput ligand screens,
primary-cell validation

(14, 27, 62)

Life-stage and hormonal
exposure models (ovariec-
tomy ± HRT, allergen,
smoke, fibrosis)

Explore life-course-dependent
receptor shifts and hormo-
nal modulation under stress
or disease exposure

Disease phenotype (AHR,
fibrosis, vascular remodel-
ing), tissue ER expression,
cytokine profiles, mitochon-
drial activity

Ovariectomized mice ± estra-
diol/HRT; HDM or OVA
allergy, cigarette-smoke or
bleomycin fibrosis models

(3, 49, 56)

3-D organoid/coculture
models (epithelium-
immune-fibroblast)

Investigate paracrine
signaling, EV exchange, and
receptor-targeted therapeu-
tic effects in multicellular
contexts

EV miRNA cargo, macrophage
polarization (M1/M2),
fibroblast a-SMA, collagen
production, drug response
to ERb/GPER1 agonists

Human airway organoids or
cocultures (male/female
donors); patient-derived lung
explants

(9, 10, 17, 48)

AHR, airway hyperresponsiveness; ER, estrogen receptor; ERa, estrogen receptor alpha; ERb, estrogen receptor beta; EV, extracellular
vesicle; GPER1, G-protein-coupled estrogen receptor 1; HDM, house dust mite; HRT, hormone replacement therapy; MLC, myosin light
chain; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; OCR, oxygen consumption rate; OVA, ovalbumin; RhoA,
Ras homolog family member A; SMA, smooth muscle actin (a-SMA); TEER, transepithelial electrical resistance.
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underlies important sex differences in clinical patterns.
Advancing the field requires precise mechanistic dissection,
receptor-selective pharmacology, sex-aware clinical designs,
and long-term safety evaluation. With these tools, receptor-tar-
geted precisionmedicine for lung disease is an achievable goal.

Key Points

1) ERa, Erb, and GPER1 exert distinct but interacting
genomic, nongenomic, and mitochondrial effects in air-
way, vascular, and immune cells.

2) ERb and GPER1 largely mediate protective anti-inflam-
matory and antifibrotic signaling; ERa commonly pro-
motes proinflammatory and proliferative programs.

3) Sex-related disease variability arises from differences in
receptor subtype activity and localization: ERa-driven
inflammation predominates in female asthma and
COPD, whereas ERb and GPER1 signaling confer antifi-
brotic and vasoprotective effects in ILD and PH; altered
ERa36 and ERb distribution contribute to sex differen-
ces in lung cancer.

4) Therapeutic strategies should emphasize receptor selec-
tivity, ligand bias, local (inhaled) delivery, and sex/hor-
mone stratification in trials.

5) Critical next steps includemapping receptor topology at
single-cell resolution, developing biased ligands, and
integrating receptor biomarkers into clinical studies.

Outstanding Questions

1) What molecular determinants convert ER signaling
from protective to profibrotic in chronic injury?

2) How do ER splice variants (ERa36/46) and GPER1 inter-
act within single cells to drive divergent outcomes?

3) Can pharmacologic amplification of mitochondrial ERb
be achieved safely to mitigate oxidative stress in COPD
and fibrosis?

4) How should sex, hormonal status, and receptor bio-
markers be operationalized in clinical trial design and
regulatory pathways?

5) What are the long-term oncogenic and systemic safety
implications of chronic ERb or GPER1 activation?
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