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ABSTRACT

The G protein-coupled estrogen receptor 1 (GPER1) has
gained recognition as a pivotal component of estrogen
signalling, functioning independently from traditional nuclear
estrogen receptors. GPER1 demonstrates a strong binding
affinity for 17p-estradiol (E2) and can be activated by a range
of estrogenic agents such as tamoxifen, genistein, bisphenol A,
and atrazine. lIts signalling mechanisms are multifaceted,
involving Ga_s and Ga_ilo subunits, which initiate diverse
downstream pathways including cyclic AMP (cAMP)
generation, PI3K/Akt activation, and intracellular calcium flux.
These signalling outcomes are highly context-dependent,
varying with cell type and receptor environment. The
development of pharmacological agents such as the GPER
agonists G-1 and 5408-0877, as well as the antagonist G15,
has facilitated deeper exploration of GPER's biological
functions, though concerns remain regarding the specificity of
these compounds.

GPER1 manifests itself in several forms of cancer, including
breast, ovarian, endometrial, and testicular cancer. GPER
activation frequently enhances migration and proliferation of
tumor cells, and elevated GPER expression is inter linked to
poor clinical outcomes, notably in breast and gynaecological
cancers. Notably, tamoxifen—traditionally used as an anti-
estrogen therapy—acts as an antagonist of GPER, potentially
driving proliferation in GPER-positive tumours, including ERa-
negative breast cancers.

Beyond oncology, GPER1 is essential for Homeostasis
of glucose and metabolic control. Studies in GPER knockout
mice reveal sex-specific impairments in insulin secretion and

1. INTRODUCTION

11 GPCR  30/G-PROTEIN-COUPLED
RECEPTOR 1

GPER1, formerly known as GPR30, is a membrane-bound
receptor capable of mediating estrogenic responses through its
high affinity for 17B-estradiol (E2)."2 Multiple knockout mouse
models have been developed to study GPER1'’s function relative
to other estrogen receptors.® The selective GPER1 agonist G-1
exhibits strong binding and is widely used to investigate GPER1
signaling. Other ligands include 5408-0877, which mimics G-1

OESTROGEN

1|Page

glucose tolerance, with estrogenic the modulation of pancreatic
B-cell activity by estrogen and survival appearing to be GPER-
dependent. These effects are mediated through both
cAMP/PKA and PLC/IP3 mechanism, as PI3K/Akt and EGFR
signalling cascades. GPER also protects (-cells from
glucolipotoxicity and Oxidative stress and promotes islet cell
proliferation, implying a potential role in the healing process of
diabetes.

Collectively, GPER1 represents a multifunctional ER have in
cancer progression, metabolic regulation, and endocrine
function. Its dualistic signalling nature and tissue-specific
actions highlight the intricacy of signaling by estrogen and
underscore necessity of additional study to clarify its
therapeutic potential and risks in hormone-sensitive conditions.
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activity, and the antagonist G15, though G15 has been less
frequently employed in studies. These agents-G-1, 5408-0877,
and G15—are the main pharmacological tools for probing GPER1,
although their specificity remains under evaluation.*

GPER1 exhibits unusual signalling by coupling both to Ga_s
proteins, which increase cAMP, and Ga_ifo proteins, which
attenuate it. This dual coupling was demonstrated in MDA-MB-231
breast cancer cells engineered to express GPER1, where
E2 stimulated both cAMP production and pertussis toxin (PTX)-
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sensitive ERK1/2 activation.® This dual behaviour—sometimes
activating, sometimes inhibitihg—has been further observed
across different cell types. For instance, in vascular smooth
muscle cells, E2-induced apoptosis required GPER1-mediated
PI3K activation and PKA inhibition, both PTX-sensitive 6.
Similarly, in SkBr3 cells, E2 triggered GPER1-dependent, PTX-
sensitive c-Fos upregulation, correlating with earlier findings of
cAMP generation in these cells.

While most G protein-coupled receptors (GPCRs) bind one type of
G protein, GPER1 can engage both Ga_s and Ga_ilo, a property
shared only by select receptors like B-adrenergic receptors, which
switch coupling depending on the ligand. Whether GPER1
similarly switches coupling is still unclear. GPER1 also mediates
rises in cytosolic Ca?*, a response that is PTX-sensitive and
independent of phospholipase C (PLC), implicating Ga_ilo
involvement rather than classical Ga_q signalling. This calcium
signalling also varies by ERa status: in ERa-positive MCF-7 cells,
GPER1 activation leads to a sustained IP3 receptor—dependent
Ca?* increase; in ERa-negative SkBr3 cells, the response is brief
and ryanodine receptor-mediated.’

Beyond calcium signalling, GPER1 activation leads to PI3K and
PTX-sensitive Src activation, initiating phosphorylation cascades
involving Akt and SHC. Akt phosphorylation is linked to anti-
apoptotic and cardioprotective effects, while SHC phosphorylation
promotes cleavage of heparin-binding EGF, likely via
metalloproteinases, resulting in EGF receptor transactivation.
However, the positioning of PI3K/Akt in GPER1 signalling remains
debated. Some studies suggest PI3K/Akt acts downstream of the
PTX-sensitive Src/SHC/EGF/ERK1/2 axis, while others, such as
Revankar et al. (2005), found this activation to be PTX-insensitive,
challenging the involvement of Ga_i/o proteins.8

1.2 ESTROGEN RECEPTORS

Estrogen functions through three main receptors: ERa, ERS, and
GPER. The classical nuclear receptors, ERa and ER, act as
ligand-activated transcription factors. 910 Their tissue distribution
varies; ERa is abundant in the uterus, bone, and luminal breast
epithelial cells, whereas ERB dominates in the lung, colon, and
breast stromal myoepithelial cells.!.'2 Both receptors influence
gene expression by binding DNA directly or interacting with other
transcription regulators, often resulting in reduced gene
expression levels.'® Besides their genomic effects, which take
minutes to hours, ERa and ERp can also mediate rapid, non-
genomic responses occurring within seconds to minutes. These
include triggering kinase cascades and mobilizing intracellular
calcium (Ca?*).™ This rapid signalling likely involves membrane-
associated palmitoylated receptor forms or splice variants, rather
than the nuclear receptors responsible for gene transcription. s
GPER, a G-protein-coupled receptor identified in the late 1990s,
facilitates rapid non-genomic estrogen signalling. Upon activation,
GPER initiates several downstream effects, including cAMP
synthesis, intracellular Ca?* release, and activation of kinases like
MAPK and PI3K.'¢ Interestingly, GPER activates PI3K and MAPK
indirectly by transactivating the epidermal growth factor receptor
(EGFR), via cleavage of membrane-bound HB-EGF, even though
GPER is mainly localized in the endoplasmic reticulum and EGFR
in the plasma membrane.'” GPER is found in low levels at the
plasma membrane and also within the nucleus, ER, and Golgi
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apparatus.”® Some studies suggest nuclear GPER may act in
transcriptional regulation, potentially in tandem with EGFR, though
this role is not fully confirmed.'® GPER influences gene expression
through transcription factors like CREB, albeit regulating fewer
genes than ERa and ErB.2 Notably, GPER activation increases c-
fos expression in thyroid, endometrial, and GPER-positive breast
cancer cells, while also upregulating genes such as Bcl-2 and
CCN2.21,22

1.3 GPER-RELATED SIGNALLING PATHWAY
I.  Nuclear factor-Kappa B (NF-kB) Signalling Pathway
Epithelial-mesenchymal transition (EMT) in epithelial cells can
worsen mastitis. GPER1 activation has been shown to suppress
EMT in goat mammary epithelial cells by inhibiting the NF-kB
signalling pathway, thereby slowing mastitis progression.
Additionally, Okamoto et al. reported that the GPER agonist G-1
reduces lipopolysaccharide (LPS)-induced IL-6 overexpression in
mouse macrophages via NF-kB inhibition, highlighting estrogen’s
anti-inflammatory effects.
Il. Hippo Signalling Pathway
As reported by Zhou et al. (Xie et al., 2021), GPER expression is
significantly higher in breast invasive ductal carcinoma cells than
in adjacent normal tissue. GPER’s downstream signalling is
closely linked to the Hippo/YAP/TAZ pathway, which plays a key
role in breast cancer development. Deng et al. found that
Bisphenol S activates YAP in triple-negative breast cancer cells,
promoting its nuclear accumulation and gene activation. Blocking
GPER reduces Bisphenol S-induced activation of the Hippo/YAP
pathway.
ll. Mitogen-Activated Protein Kinase Signalling Pathway
Triclosan has been found to mimic estrogen by activating GPER,
leading to increased expression of miR-144 and disruption of
neuro-related genes, contributing to neurodevelopmental toxicity
through protein kinase C signalling. In estrogen receptor-positive
(ER+) breast cancer cells, GPER activation also stimulates the
MAPK/ERK pathway, elevating TRIM2 levels. This, in turn,
suppresses BIM expression in tamoxifen-resistant cells,
suggesting a potential therapeutic target for overcoming drug
resistance in ER+ breast cancer.?
IV. Phosphatidylinositol 3-kinase
Pathway
In SKBR-3 breast cancer cells lacking nuclear estrogen receptors
but expressing GPER, cryptotanshinone—a compound from the
Chinese herb Danshen—was found to inhibit PI3K and
phosphorylated AKT by blocking GPER-mediated PI3K/AKT
signalling. In MCF-7 cells, cryptotanshinone also downregulated
this pathway and induced apoptosis through GPER activation.2425
V. The Signaling Pathway of Extracellular Signal-Regulated
Kinase (ERK)
In hepatocellular carcinoma (HCC), SMMC-7721 and HCCLM3
cell lines show high GPER expression. Qiu et al. (2021) found that
GPER-positive  HCC patients—mostly female, HBV surface
antigen-negative—had smaller tumours, lower serum AFP, and
longer survival than GPER-negative cases. GPER agonist G1
activated EGFR/AKT and EGFR/ERK pathways in HCC cells.
Additionally, in a trinitrobenzene sulfonic acid-induced mouse
model of Crohn’s disease, GPER activation reduced mortality and
C-reactive protein via ERK signalling regulation.

(PI3K)/Akt Signalling
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Figure 1 : Nongenomic and genomic estrogen signalling
pathways.”

1.4 ESTROGEN THERAPY AND OBESITY

Estrogen signalling plays a key role in obesity development
among menopausal women, who are three times more likely to
develop obesity and metabolic syndrome than premenopausal
women.2  Hormone replacement therapy (HRT) using
estrogen/progestin has been shown to reduce insulin, fasting
glucose, and visceral fat levels. Estrogens also help lower
cardiovascular risks, such as total cholesterol and LDL, which
typically rise during menopause.?’

Clinical outcomes vary based on estrogen type and delivery
method. A WHI study reported that combination therapy (0.625
mg conjugated equine estrogens + 2.5 mg medroxyprogesterone
acetate) or estrogen-only therapy led to reduced body fat in the
first three years, with no further loss by year six, as per DXA body
composition scans.? Estradiol (E2), the primary active estrogen,
is available in oral and transdermal forms. Transdermal delivery
offers more stable serum levels and avoids first-pass liver
metabolism, reducing hepatic side effects compared to oral
HRT.

1.4.1 Estrogens in the Regulation of Metabolic Inflammation
Lipid-overloaded adipocytes undergo ER stress and mitochondrial
dysfunction, leading to hypoxia, fibrosis, and cell death. This
triggers the expression of pro-inflammatory genes, attracting
immune cells that further impair adipocyte function via
inflammatory mediators. Obesity is marked by chronic low-grade
inflammation, or metaflammation, contributing to cardiometabolic
disorders.

In lean individuals, M2 macrophages in adipose tissue release
anti-inflammatory signals. In obesity, however, adipocytes secrete
higher levels of IL-6 and TNFa, attracting M1 macrophages that
sustain inflammation and promote cell death. Estrogen’s
immunomodulatory effects in adipose tissue depend on its
concentration, receptor subtype, and immune cell type. Evidence
suggests estrogen can suppress pro-inflammatory signals.
Macrophages lacking ERa show impaired phagocytosis and
increased IL-1B, IL-6, and IFN-y secretion. ERa-deficient myeloid
cells in mice lead to elevated insulin, leptin, and PAI-1, resulting in
insulin resistance and accelerated atherosclerosis—partly due to
estradiol's regulation of Tgm2. Both male and female aERKO
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mice show increased adiposity and inflammation. In BERKO mice,
ERa knockdown induces fibrosis, while ERB remains functional.
ArKO mice show increased M1 macrophages and inflammation,
whereas aromatase overexpression reduces it—an effect not
replicated by 17B-E2. In obese human adipose tissue, ER gene
expression inversely correlates with IL-18 and IL-6. Estradiol also
suppresses LPS/IFN-y-induced activation of M2 macrophages.30-3
1.4.2 Estrogens as Anti-Obesity Agents

Female mice gain less weight than males on a high-fat diet due to
lower caloric intake and higher physical activity. They also store
fat subcutaneously, which is less harmful than visceral fat.3
Estrogen receptors, especially ERa, are widely distributed, with
ERPB mainly in the hypothalamus, lungs, and reproductive tract.
17B-estradiol (E2) enhances fat breakdown, reduces fat synthesis,
and supports energy regulation via leptin signalling.®> E2 also
modulates inflammation—amplifying it during acute stress for
immune defence, but suppressing it chronically to prevent tissue
damage—contributing to lower inflammation-related disease risk
in females.36

1.5 GPER FUNCTIONS IN DIABETES AND GLUCOSE
HOMEOSTASIS

GPER plays a vital role in regulating glucose metabolism. Female
GPER knockout (KO) mice show impaired glucose tolerance,
reduced insulin secretion, and higher glucose levels than wild
types, while male KO mice show minimal changes. STZ-treated
female KO mice also had lower B-cell mass and insulin content.%
GPER KO mice display age-related insulin resistance with
elevated inflammatory markers and lipids, despite normal fasting
glucose.® GPER deletion blunts E2's effects on glucose
regulation, confirming its role in E2-mediated homeostasis.®®
GPER also supports B-cell function and survival by enhancing
insulin release and activating protective signalling pathways.40
1.5.1 Mechanism of GPER Signalling in DM: The Potential
Role of Epigenetic Modifications

Epigenetic mechanisms, including miRNA regulation, may
mediate GPER’s role in diabetes. E2 enhances miR-30b-5p
expression via GPER, yet this miRNA is reduced in T2DM and
nephropathy. BPA exposure activates GPER, suppressing miR-
338 and PDX-1, impairing insulin secretion. Diabetes-related
GPER modulation could affect B-cell survival and function. Though
GPER epigenetic dysregulation is unconfirmed, other estrogen
receptors like ERa and ERB show epigenetic alterations in
diabetes. Genistein, a phytoestrogen, increases GPER and ERB
expression, promotes B-cell survival, and may offer epigenetic
benefits. Further studies are needed to explore GPER'’s direct
epigenetic involvement in diabetic conditions.4!42

1.5.2 Therapeutics implantation

Though ERa and ERP have been widely studied, GPER’s
metabolic role remains less understood. STX, a GPER activator,
modulates hypothalamic neuron activity and limits weight gain in
ovariectomized animals. GPER KO mice exhibit increased visceral
fat and body weight, more prominently in females. However, some
studies report no significant weight difference, while others note
increased fat mass and adipocyte size in KO mice on low-fat diets.
These inconsistencies suggest GPER's role in metabolism varies
with sex, diet, and genetics. Understanding its exact contribution
may support GPER-targeted therapies for obesity and metabolic
disorders.*?
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1.6 GPCER IN CANCER

17B-estradiol is vital for breast development and plays a
significant role in breast cancer progression. It drives tumour
initiation, growth, and metastasis via estrogen signalling.
Therapies like tamoxifen, aromatase inhibitors, fulvestrant, and
raloxifene aim to disrupt this signalling. However, agents such as
tamoxifen and fulvestrant also activate GPER, complicating
treatment outcomes. In MCF-7 cells, estradiol deprivation
increases GPER levels, while tamoxifen promotes proliferation via
GPER-EGF signalling.#445

GPER is expressed in about 50% of breast cancers, regardless of
ER status, and is linked to larger tumors and metastasis. In
tamoxifen-treated patients, high GPER expression correlates with
poor survival, suggesting reduced treatment efficacy. Beyond
breast cancer, GPER is also found in endometrial, ovarian,
thyroid, lung, prostate, testicular, and brain tumours. GPER
activation by estradiol or agents like genistein and bisphenol A
can promote proliferation. Notably, genistein enhances acid
ceramidase expression, facilitating MCF-7 cell growth. In ovarian
and endometrial cancers, higher GPER levels associate with
worse outcomes.*

1.6.1 Mechanism

GPER signalling can support or suppress tumour growth
depending on the tissue type. In ER-positive breast tumours,
GPER may induce endocrine resistance. Conversely, G-1-
mediated GPER activation inhibits melanoma growth and
improves PD-1 immunotherapy. In breast cancer fibroblasts,
GPER induces pro-tumorigenic factors like VEGF and CTGF,
enhancing migration and angiogenesis. It also exerts anti-
inflammatory effects in immune cells by suppressing cytokines (IL-
1B, TNF-a, IFN-y), potentially aiding cancer prevention and
autoimmune therapy. GPER reduces adipokine secretion and
adiposity, which may indirectly impair tumour progression by
limiting nutrient supply.+?
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Figure 2: Impacts of G protein coupled estrogen receptor
signalling in multiple tissue types that affect
carcinogenesis.*’
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1.6.2 Therapeutics

GPER’s expression in various cancers suggests diagnostic and
therapeutic potential. In multiple cell lines, G-1 activates
proliferation, though it suppresses growth in some (e.g.,
melanoma, prostate). In prostate cancer models, G-1 inhibits only
castration-resistant types. Discrepancies in G-1 effects may stem
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from dosage or tumour biology. High GPER expression is
associated with poor outcomes in breast, ovarian, and endometrial
cancers. Tamoxifen-treated metastases often show higher GPER
levels than primary tumours. In ER-/GPER+ cancers, tamoxifen is
less effective than aromatase inhibitors. GPER knockout mice
exhibit reduced tumour size and metastasis, confirming its tumour-
promoting role.4849

1.7 G PROTEINS IN ASTHMA

G proteins, through GPCRs, play a key role in asthma by
regulating airway smooth muscle tone, inflammation, and immune
response. Receptors like [2-adrenergic, muscarinic, and
histamine couple with G proteins (Gs, Gi, Gqg/11, G12/13),
triggering signalling cascades essential to airway physiology and
asthma pathogenesis.

1.7.1 Estrogen Receptors in Asthma

Estrogen receptors ERa and ER influence asthma via genomic
actions (gene expression) and non-genomic effects (rapid
signalling). These mechanisms affect muscle tone, inflammation,
and mucus production, with GPCR interactions contributing to
sex-based differences in asthma severity.
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Figure 3: GP-coupled receptor signalling in airway smooth
muscle.5

1.8 INTERACTION BETWEEN G PROTEINS AND ER

In asthma, estrogen receptors (ERs) and G protein-coupled
receptors (GPCRs) demonstrate cross-talk, affecting each other’s
signalling. ERs influence GPCR expression and function, while
GPCR pathways modulate ER activity. This interaction is
particularly important in airway tissues where inflammation,
immune responses, and smooth muscle tone are regulated.
Estrogen and GPCR signalling contribute to sex-based differences
in asthma severity and prevalence.

1.8.1 Mechanism

The integration of GPCR and ER signalling pathways governs
cellular behaviour in asthma. GPCRs regulate calcium levels and
muscle tone, while ERs contribute both genomic and non-genomic
effects. Together, they coordinate immune and inflammatory
responses that shape disease outcomes.

1.8.1.1 Function of G protein signalling in airway physiology
Regulation of smooth muscle tone by GPCRs

GPCRs regulate airway smooth muscle tone via G proteins. Gaq
triggers Ca* release through PLC( and IP3, activating MLCK and
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contracting muscle. Ga12/13 activate RhoA, enhancing calcium
sensitivity and contraction. In contrast, Gas activation (via B2-
agonists like albuterol) increases cAMP and PKA activity,
inhibiting MLCK and relaxing muscle. Drugs like theophylline
prolong relaxation by preventing cAMP degradation. These
pathways highlight both contractile and relaxant roles of G
proteins in airway physiology.50-52

1.8.2 Therapeutics

1.8.2.1 Protein signalling: A potential new target of antiallergy
therapy

While GPCR-targeted drugs like B-agonists have advanced allergy
treatment, long-term use leads to receptor and Gas protein
downregulation, reducing efficacy. Emerging research highlights
the need to explore downstream G protein signalling as a
therapeutic target. Regulator of G protein Signalling (RGS)
proteins, key modulators of this pathway, bind Ga subunits (Gai,
Gaq, Gas), accelerating GTP hydrolysis to GDP, thus deactivating
downstream signalling. This ability to quickly terminate signalling
presents RGS proteins as potential drug targets for restoring
GPCR function and managing allergic inflammation effectively.5
1.8.2.2 RGS proteins

RGS proteins, over 20 in mammals, regulate GPCR cascades by
dampening G protein signals. They promote GTP hydrolysis on
Ga subunits, reducing activation lifespan and signal transmission.
RGS proteins also block G proteins from interacting with effectors,
independently of GAP activity. RGS1, RGS2, RGS3, RGS14, and
RGS16 are expressed in immune cells and influence responses
like chemotaxis and cytokine signalling. Expression is modulated
by antigen and cytokine signals, indicating feedback control.
RGS2-/- mice show impaired T-cell function and antiviral
responses, suggesting vital roles for RGS proteins in immune
regulation and inflammation.54-56

CONCLUSION

In conclusion, GPER1, a non-classical estrogen receptor, plays a
multifaceted role in mediating estrogenic signals via its interaction
with G proteins such as Ga_s and Ga_i/o. This receptor has
gained attention for its involvement in essential physiological
processes, including glucose homeostasis, B-cell survival, fat
metabolism, and cancer progression. Its high-affinity binding to
17B-estradiol enables the activation of intracellular pathways such
as CAMP generation, calcium mobilization, and PI3K/Akt
signalling. Selective pharmacological agents like G-1, G15, and
5408-0877 have provided insights into it signalling mechanisms,
although further studies are necessary to clarify their receptor
specificity and tissue-specific effects.

In metabolic regulation, particularly in diabetes and obesity,
GPER1 has shown a protective role. Studies on knockout models
highlight its contribution to insulin secretion and preservation of 3-
cell function, especially in females. These effects point to a sex-
specific metabolic advantage mediated by estrogen signalling
through GPER1. Moreover, its activation holds potential
therapeutic benefits for improving insulin sensitivity and combating
metabolic disorders.

In cancer biology, GPER1 influences the progression of estrogen-
responsive malignancies such as breast, ovarian, and endometrial
cancers. Interestingly, drugs like tamoxifen and fulvestrant,
designed to block classical estrogen receptors, may paradoxically
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activate GPER1 and inadvertently promote tumour growth in
certain contexts.

Overall, GPER1 serves as a crucial link between endocrine
signalling, metabolic regulation, and tumour biology. With ongoing
research, selective targeting of GPER1 could offer innovative
strategies for managing both metabolic and hormone-driven
cancers, particularly where classical estrogen receptor pathways
are absent or compromised.
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