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Abstract

G protein- coupled receptors (GPCRs) are the largest and most diverse class of 

signaling receptors. GPCRs regulate many functions in the human body and have 

earned the title of “most targeted receptors”. About one- third of the commer-

cially available drugs for various diseases target the GPCRs. Fibroblasts lay the 

architectural skeleton of the body, and play a key role in supporting the growth, 

maintenance, and repair of almost all tissues by responding to the cellular cues 

via diverse and intricate GPCR signaling pathways. This review discusses the 
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1  |  GPCRS— A MAJOR SIGNALING 
FAMILY

G- protein- coupled receptors (GPCRs) are a highly diver-
sified class of membrane receptors in the human genome 
comprising more than 800 membrane receptors.1 GPCRs 
contain a single polypeptide unit folded into a globular 
structure and are embedded in the plasma membrane 
via seven transmembrane domains.2 Therefore, GPCRs 
are also known as the seven pass- transmembrane protein 
receptors.3 GPCRs are critical regulators of various phys-
iological processes and have been exploited as potential 
therapeutic targets for numerous diseases. Analogically, 
GPCRs act as a transmitter in communicating the input 
signals, i.e., the extracellular cues in the form of environ-
mental stimulants like hormones, ions, photons, odor-
ants, and neurotransmitters to a functional output in the 
form of intracellular signals.4 This transmission of exter-
nal stimuli is facilitated by one or more of the four major 
G proteins namely Gαi/o, Gαq/11, Gα12/13, and Gαs 
(Figure 1).2

Besides the four major G proteins, there are also small 
single subunit G- proteins such as the signaling protein 
Ras and the heterotrimeric GPCRs containing three dif-
ferent subunits— alpha, beta, and gamma subunits respec-
tively.5 The alpha and the gamma subunits are anchored 
to the plasma membrane via the lipid anchors while the 
beta subunit is attached to the gamma subunit. In the rest-
ing state, the GPCR is bound intrinsically to GDP, which 
is attached to the heterotrimeric subunits in the cytoso-
lic domain. Upon stimulation, the GPCR behaves like an 
exchange factor mediating the release of GDP from the 
alpha subunit of the G- protein. The GDP is replaced by 
GTP and the GPCR is activated and undergoes conforma-
tional changes. The conformational changes as a result of 

the GTP bound Gα subunit lead to the dissociation of the 
heterotrimeric structure into heterodimeric Gβγ subunit 
and Gα subunit.6 When the GTP is hydrolyzed to GDP, the 
subunit regains its original conformation to form the het-
erotrimeric structure. Each of the free subunits can inter-
act with their downstream mediators and drive the second 
messenger signaling swiftly, thereby regulating cellular 
physiology (Figure  1). Thus, depending on the extracel-
lular cues, the GPCRs can promptly act as rapid bimodal 
switches for their signaling.

2  |  FIBROBLASTS IN NORMAL 
PHYSIOLOGY

Fibroblasts are the major active cellular components of 
the connective tissues. They are large spindle- shaped cells 
that synthesize the extracellular matrix (ECM) and colla-
gen, laying the architectural framework of animal tissues 
while also contributing to the signaling niche through 
extracellular cues.7 Fibroblasts that are of mesenchymal 
origin express the filamentous protein Vimentin, whereas 
those that are derived from epithelial cells upon epithe-
lial to mesenchymal transition express fibroblast surface 
markers such as fibroblast activation protein (FAP) and fi-
broblast specific protein (FSP).8,9 Fibroblasts actively par-
ticipate in tissue homeostasis through wound repair and 
healing. Firboblast break down the fibrin clot and produce 
a protective cushion of the ECM to support the neighboring 
cells during wound healing and contraction.10 Fibroblasts 
primarily originate as fibrocytes which are inactive mes-
enchymal cells and are primarily involved in supporting 
tissue maintenance and metabolism.11 Following tissue 
injury, several cytokines, chemokines, and growth factors 
are released which promote maturation, differentiation, 

National Institutes of Health (NIH), 
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dynamic architecture of the GPCRs and their intertwined signaling in pathologi-

cal conditions such as idiopathic pulmonary fibrosis, cardiac fibrosis, pancreatic 

fibrosis, hepatic fibrosis, and cancer as opposed to the GPCR signaling of fibro-

blasts in physiological conditions. Understanding the dynamics of GPCR signaling 

in fibroblasts with disease progression can help in the recognition of the complex 

interplay of different GPCR subtypes in fibroblast- mediated diseases. This review 

highlights the importance of designing and adaptation of next- generation strate-

gies such as GPCR- omics, focused target identification, polypharmacology, and 

effective personalized medicine approaches to achieve better therapeutic out-

comes for fibrosis and fibrosis associated malignancies.
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and activation of the fibrocytes to fibroblasts. The acti-
vated fibroblasts trigger the release of ECM proteins such 
as collagen, tenascin, laminin, and elastin leading to stro-
mal remodeling to facilitate wound repair.12 In addition, 
the malleable nature of fibroblasts in terms of their elas-
ticity and plasticity, helps them migrate to the site of the 
wound and commit to  their developmental fates. Under 
diseased conditions, dysregulated fibrogenesis leads to 
scarring, lesion formations, overgrowth, and hardening of 
tissues, resulting in excessive fibrosis and organ failure. 
Life- threatening diseases such as idiopathic pulmonary fi-
brosis, cardiovascular fibrosis, liver cirrhosis, pancreatitis, 
and cancers involve extensive tissue remodeling and fibro-
sis. Treatment strategies for these diseases focus, among 
others, on targeting the inflammatory signaling pathways 
to disrupt the fibroblast activating cues.13 However, the 

mechanisms of autocrine self- activation of the heteroge-
neous fibroblasts under stressed conditions have not been 
completely elucidated, except for myofibroblast activation 
via a positive feedback loop. Myofibroblasts produced in 
the process of EMT from either resident mesenchymal 
cells, epithelial or endothelial cells, or those derived from 
bone- marrow stem cells have been widely reported to be 
the key mediators of the fibrosis.13 Klingberg et al. have 
reported that transforming growth factor β1 (TGF- β1) and 
extra domain A containing fibronectin (EDA- FN) induce 
autocrine self- activation of myofibroblasts to progress in 
a positive feedback loop.14 Additionally, paracrine activa-
tion of dermal and lung fibroblasts via signals received 
from classically activated (M1) macrophages, alternatively 
activated (M2) macrophages, and lymphocytes have also 
been studied.15,16

FIGURE  1  G- protein- coupled receptor (GPCR)- mediated signal transduction. In response to stimulus from external ligands, the  

G- protein activation controls several cellular functions. A multitude of downstream pathways that regulate crucial physiological processes, 

including wound healing, proliferation, apoptosis, angiogenesis, tumor growth, invasion, and metastasis, are governed by the four G- protein 

α subunits (Gs, Gi, Gq/11, and G12/13). Subsequently, the receptor desensitization and downregulation occur via the β- arrestin- GRK2 

pathway to be either recycled or degraded. Figure generated using BioRender.
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An extension of fibroblast subtypes and heterogeneity 
has recently emerged in the context of cancer- associated 
fibroblasts (CAFs). The heterogeneity in CAFs is not lim-
ited to the plastic nature of the fibroblasts but is even more 
complicated and extends to the organ and tissue level. 
Depending on the tumor microenvironment (TME) and the 
location of the tumor, e.g., in the lungs, pancreas, liver, and 
breasts, the markers expressed by the CAFs, their pheno-
type, genotype, and functionality vary. The complexity of 
the fibroblasts is rooted in the intricate downstream signal-
ing pathways that perhaps lead to the activation of diverse 
transcriptional mechanisms that are different, though not 
independent of the inflammatory response. Thus, exploring 
the repertoire of complex molecular signatures in fibroblast 
heterogeneity and function, through the lenses of major 
GPCRs might help in identifying a converging downstream 
pathway or specific fibrosis- promoting targets.

3  |  GPCR SIGNALING AND 
FIBROBLAST HETEROGENEITY IN 
PATHOLOGICAL STATES

3.1 | Idiopathic pulmonary fibrosis

Idiopathic pulmonary fibrosis (IPF) is an advanced and 
chronic lung disease marked by uncontrolled fibrogen-
esis leading to the accumulation of fibrous connective 
tissue. Fibrogenesis leads to lung damage and fibrotic 
scarring, compromising the lung function. Worsening 
pulmonary fibrosis eventually leads to respiratory dis-
tress and death. Over ~3 million people are affected by 
IPF worldwide, wherein 30 000 to 40 000 cases are re-
ported in the United States annually, with the median 
overall life expectancy of patients around 4.5 years.17- 19 
A wide number of GPCRs such as endothelin receptor 
A (ETAR) and endothelin receptor B (ETBR), lysophos-
phatidic acid (LPA), sphingosine, angiotensin, and G- 
protein- coupled receptor 40 (GPR40), and GPR84 have 
been implicated in IPF and are being studied in both 
preclinical and clinical studies.5 Interestingly, these 
receptors have been found to drive the activation of 
pulmonary fibroblasts leading to fibrosis by specific 
activation of multiple subclasses of G proteins, such as 
Gαi/o, Gαq/11, and Gα12/13.

20 It has been found that profi-
brotic ligands such as LPA, sphingosine, endothelin, 
and serotonin activate these G subclass proteins to initi-
ate multiple pathways such as Ras, mitogen- activated 
protein kinase (MAPK), Rho, and Rho- associated pro-
tein kinase (ROCK), phosphoinositide 3- kinase (PI3K), 
and AKT for modulating the actin cytoskeleton to form 
a stable F- actin assembly.21 The important converging 
downstream targets of these pathways are the activation 

of the transcription factors such as myocardin- related 
transcription factor A (MRTF- A) and yes associated pro-
tein (YAP)/taffazin (TAZ) which mediate the transcrip-
tion of the profibrotic genes: COL1A, COL1A2, CTGF, 
and ACTA2. In a normal physiological state, activation 
of the Gαs subunit leads to the production of cyclic aden-
osine monophosphate (cAMP) which acts as a negative 
regulator of fibroblastic growth. The transcriptional ac-
tivation is facilitated mainly by exchange protein acti-
vated by cAMP (Epac)1/2, downstream protein kinase 
A (PKA), and cAMP response element- binding (CREB), 
resulting in destabilization of the F- actin assembly. 
Thereby, the GPCRs render an anti- fibrotic effect and 
protect against the pro- fibrotic effect of MRTF and YAP/
TAZ.22,23 But this mechanism is often suppressed in the 
fibroblasts of IPF patients. Huang et al. demonstrated 
that Epac- 1 and PKA function as downstream targets of 
the prostaglandin E2 (PGE2) pathway, Epac- 1 and PKA 
agonists prevent fibroblast proliferation via the action 
of small GTPase Rap1, mitigating collagen 1 expres-
sion, and exhibiting a collective anti- fibrotic activity.24 
However, a possible therapeutic design incorporating 
upregulation of the anti- fibrotic signaling pathways and 
simultaneous downregulation of fibrosis- promoting 
pathways remains unaccomplished. Emerging studies 
have shifted their focus to reverse lung scarring and lung 
fibrosis as a therapeutic approach to IPF.25 Recently, 
Ng et al. identified that TGF- β- induced interleukin- 11 
(IL- 11) autocrine signaling of fibroblasts leads to the 
translation of profibrotic proteins via the extracellular 
signal- regulated kinase (ERK) pathway. IL- 11- specific 
therapeutic antibodies in a bleomycin- induced pulmo-
nary fibrosis preclinical model, not only exerted anti- 
inflammatory effects but also arrested myofibroblast 
differentiation and cellular senescence of the lung, 
reversing lung fibrosis.26 Uneomori et al. explored the 
role of relaxin, a growth factor, in inducing an ECM de-
grading phenotype in human lung fibroblasts. Relaxin 
inhibited the deposition of ECM and restricted TGF- β- 
mediated overexpression of pro- fibrotic factors like col-
lagen type I, III, and fibronectin.27 While exploring the 
heterogeneity of GPCRs that are potentially involved 
in IPF progression, rather peculiar receptors, namely 
bitter taste receptors (TAS2Rs) and olfactory receptors 
(ORs), whose expressions were thought to be restricted 
to the tongue and the nose have also been discovered. 
These GPCRs have recently been found on the human 
airway smooth muscle cells as well. Sharma et al. es-
tablished the anti- fibrotic role of TAS2Rs in mice using 
TAS2R agonists which resulted in a significant decrease 
in collagen type 1 deposition, lung ECM remodeling, α- 
SMA expression along with inhibition of Smad2 phos-
phorylation, and activation of the pro- fibrotic cytokine 
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markers like TGF- β.28,29 Overall, the versatility of the 
GPCRs to mediate signaling with the most unexpected 
dynamics makes them an exciting but challenging tar-
gets to treat IPF.

3.2 | Cardiac fibrosis

Heart diseases are the predominant cause of death in the 
United States; 1 in every 4 death is due to cardiovascular 
diseases (CVDs).30 About 655, 000 Americans die of heart 
disease each year and the overall annual financial burden 
of CVDs is $219 billion since 2014.30- 33 The expenses of 
dealing with health care services, medicines, treatments, 
loss of life, and decreased productivity as a result of in-
creased CVDs are projected to rise to a whopping ~$918 
billion by 2030.31 Almost all clinical manifestations of 
heart diseases involve the activation of cardiac fibroblasts 
(CFs), leading to the myocardial remodeling of the ECM 
and the release of pro- fibrotic factors. Cardiac fibrosis 
causes thickening and loss of flexibility in the valves and 
myocardium of the heart leading to valvular dysfunction 
that hinders the functioning of the heart. There has been 
a never- ending debate around the origin of CFs. Recent 
lineage- tracing studies have delineated the diverse ori-
gin of CFs and proposed numerous precursors such as 
the resident fibroblasts, cells of vascular origin like the 
epithelial and epicardium, the perivascular cells, the he-
matopoietic bone marrow- derived progenitor cells, and 
the fibrocytes.34 Physiologically, resident CFs are vital for 
the structural and mechanical protection of the heart to 
maintain its precise conductivity and rhythmicity by ap-
propriately altering and modulating the cardiac collagen 
network. The role of resident CFs in guiding the func-
tioning of the heart has recently come under substantial 
scrutiny. As the delineation of the CFs based on their 
origin, characteristics, and plasticity is evolving, it has 
been shown that the resident CFs indeed originate from 
the embryonic epicardium, and these epicardium- derived 
CFs are predominantly involved in inducing the fibrotic 
response of these fibroblasts.35,36 Therefore, considerable 
efforts have been invested to identify the source of the ac-
tivated fibroblasts and the exclusive sources of collagen 
production, to understand the long- term implications of 
their activation, and to unravel a crucial potential target 
for antifibrotic therapies. Depending on the origin and 
mode of activation of the CFs their action may vary, but 
they all result in cardiac fibrosis. Interestingly, the sign-
aling events mediated by the activated CFs all begin and 
converge through the secretion of TGF- β. The activin 
receptor- like kinase (ALK5), also known as the type I 
TGF- β receptor primarily modulates the fibrotic proper-
ties of the TGF- β.37 Canonically, Smad3 regulates the 

production of ECM proteins via TGF- β. It was also seen 
that the deletion of Smad3 not only blocks the epithelial- 
myofibroblast transition but also, inhibits the production 
of type 1 collagen both in- vivo and in- vitro. Moreover, 
other Smad proteins such as Smad7 negatively regulate 
TGF- β /Smad3- induced fibrogenesis (Figure 2).38,39

Non- canonically, TGF- β has also been speculated to act 
through the c- Jun N- terminal kinase (JNK) and p38 MAPK 
pathways (Figure  2). TGF- β- activated kinase 1 (TAK1) 
has been proven to be a key player in mediating TGF- β- 
induced fibrosis as TAK1 inhibition led to a decrease in the 
production of ECM proteins attenuating the expression of 
collagen, fibronectin, and α- SMA in the activated myofi-
broblasts.40,41 Furthermore, an integral system such as the 
renin- angiotensin system, predominantly angiotensin II 
(AngII), contributes to the progression of cardiac fibrosis 
by inducing cell proliferation, migration, and synthesis of 
ECM proteins. The activation of the angiotensin system, 
particularly a GPCR angiotensin II receptor 1 (ATR1), me-
diates the production of TGF- β, which is involved in the 
development of cardiac hypertrophy and fibrosis. ATR1 is 
different from the other GPCRs that are generally involved 
in fibrosis; ATR1 demonstrates mechanical sensing abilities 
contributing to stretch- induced response and is activated 
during myocardial remodeling, consequently leading to 
chronic fibrosis.42,43 ATR1 antagonists such as candesartan 
and losartan have been demonstrated to mitigate the effects 
of TGF- β- induced fibroblast activation and decrease secre-
tion of inflammatory markers such as interleukin- 6 (IL- 6) 
and interleukin 1- β (IL- 1β) thereby, protecting against myo-
cardial hypertrophy and fibrosis in patients.44- 46

The endothelin (ET) system has also been widely stud-
ied in the context of cardiac fibrosis. The ET- axis compo-
nents are expressed by endothelial cells, smooth muscle 
cells, macrophages, CFs, and cardiomyocytes and regulate 
vasomotor tone via modulating vasoconstriction and va-
sodilation. Elevated levels of ET- 1 ligand were observed in 
scarred tissues of aged cardiac fibrosis patients with myo-
cardial infarction, which signals through the endothelin 
receptors (ETRs) belonging to the diverse superfamily of 
GPCRs.47 Moreover, ET- 1 has been demonstrated to pro-
mote EMT and Endo- MT, leading to the differentiation 
and activation of epithelial and endothelial cells, respec-
tively to myofibroblasts.47,48 Additionally, the activation 
of the ETAR receptor and overstimulation by the ligand 
ET- 1 has been associated with increased collagen pro-
duction, cell proliferation, and α- SMA expression in the 
CFs. Intriguingly, ET- 1 acts as a downstream mediator of 
TGF- β while also activating p38 MAPK through the non- 
canonical TGF- β signaling (Figure 2).49,50

A new modulator- forkhead box transcription factor P1 
(Foxp1), found in the endothelial cells (ECs), has also been 
implicated in cardiac remodeling. Intriguingly, EC- Foxp1 
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deletion augments TGF- β- induced ET- 1 expression result-
ing in the reactivation of myocardial remodeling genes, 
increased cardiomyocyte size, and cardiac hypertrophy.51 
Foxp1 deletion leads to aggressive collagen deposition and 
extensive production of ECM proteins which was found 
to be otherwise restricted in the presence of EC- Foxp1.51 
Bosentan is a dual ETR antagonist, clinically approved for 
the treatment of group 1 pulmonary arterial hypertension, 
and has reportedly enhanced cardiac function while also 
attenuating myocardial infarction in rats.52 With the ad-
vent of next- generation selective ETAR antagonists like 
ambrisentan and darusentan, and dual ETR antagonist 
macitentan, the prospect of ET- axis targeting to diminish 
CF's profibrotic properties and resolving cardiac fibrosis 

with the goal of improved cardiac function appears to be a 
promising therapeutic approach.

Another key pathway that acts downstream of GPCRs 
such as the ATR1, and ETRs, and the TGF- β signaling 
pathway is the RhoA- MRTF- SRF signaling, which con-
fers the CFs their pro- fibrotic properties (Figures 2 and 3).  
Importantly, this pathway is also implicated in IPF through 
similar mechanisms as discussed earlier. An increased ex-
pression of MRTF- A alone leads to the overexpression of 
α- SMA and conversion to the myofibroblast type, which is 
reversed upon the deletion of MRTF- A.53

It is noteworthy to mention that GPCRs are not only in-
volved in the pathogenesis of the disease but are also ma-
nipulated by the body to fight and prevent the progression 

FIGURE  2  Canonical and non- canonical TGF- β- mediated signaling pathways. TGF- β signaling is mediated intracellularly by either 

a (A) canonical, SMAD2, and SMAD3- dependent pathway or various (B) non- canonical pathways that communicate in different ways, 

including the Rho- ROCK, MAP- kinase pathways via the Ras- Raf- MEK- ERK or JNK and p38, PI3K- AKT- mTOR, and NFκB. Proliferation, 

cell survival, epithelial- to- mesenchymal transition (EMT), and protein synthesis are a few examples of the several cellular processes that 

each signaling arm regulates. Figure generated using BioRender.
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of the disease. Purinergic GPCRs like adenosine receptor 
(A2B) with adenosine as their endogenous ligands were 
found to inhibit ET- 1- induced α- SMA expression in the 
CFs and their conversion, activation, and proliferation to 
the myofibroblasts via the cAMP/EpacC/PI3K/Akt signal-
ing pathway (Figure 3).54 However, A2BR downregulation 
was observed in the hearts of human patients with chronic 
heart failure.55 Additionally, the beta- 2- adrenergic recep-
tor (β2- AR) has been reported to increase the cAMP levels 
that inhibits the TGF- β- stimulated myofibroblast activa-
tion and fibrosis progression (Figure 3). Under patholog-
ical conditions, GPCR kinase 2 (GRK2) via the β- arrestin 
pathway desensitizes the β2- ARs and leads to their down-
regulation mediating the fibrotic response (Figure  3).56 

Apart from desensitization, GRK2 also acts as a scaffold 
protein for RhoA which contributes to fibrosis. The dis-
covery of an amalgam of direct and indirect targets such 
as A2BR, β2- ARs, RhoA, GRK2, and β- arrestins has thus, 
provided an opportunity to exploit the complexity and in-
tricacy of the GPCRs to carefully target them with ago-
nists and antagonists to treat cardiac fibrosis.

Therapeutic targeting of TGF- β in heart diseases has 
been long pursued. TGF- β targeting is achieved through 
various approaches including ligand traps by anti- ligand 
(TGF- β) antibodies, antisense oligonucleotides, small 
molecule receptor kinase inhibitors (inhibit the TGF- β 
receptor ALK5), and the use of peptide aptamers that 
block downstream signaling through ALK5 by blocking 

FIGURE  3  The interplay of GPCRs to activate pro- fibrotic pathways and deactivate the anti- fibrotic GPCR pathways driving active 

transcription of pro- fibrotic genes. The RhoA- MRTF- SRF signaling pathway is an important pathway that confers the cardiac fibroblasts 

(CF) their pro- fibrotic potential. Elements of this pathway such as downstream RhoA and SRF- mediated signaling are activated by TGF- β, 

AngII, and ET- 1 signaling. The activation of the angiotensin II receptor 1 (ATR1) also mediates the production of TGF- β ligand which 

then activates the canonical and non- canonical TGF- β signaling. Additionally, TGF- β signaling increases ET- 1 synthesis, which activates 

the genes involved in myocardial remodeling. Physiologically, GPCRs adenosine receptor (A2BR) and beta- 2- adrenergic receptor (β2- AR) 

have been found to increase the cAMP levels resulting in the destabilization of the F- actin assembly, preventing nuclear translocation 

of transcription factors MRTF and SRF, inhibiting transcription of pro- fibrotic genes, myofibroblast activation and fibrosis progression. 

However, in the pathological condition, A2BR and β2- AR are desensitized and downregulated by GPCR kinase 2 (GRK2) supporting fibrotic 

response. GRK2 also acts as a scaffold protein for RhoA, further contributing to fibrosis progression. Figure generated using BioRender.
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Smad signaling.57 Although, these strategies inhibit fibro-
blast activation, remodeling, and collagen synthesis, in 
some patients no significant changes in cardiac function 
have been observed. Moreover, this treatment model has 
been seen to affect renal autophagy (as a cytoprotective 
mechanism) leading to renal failure, affecting the overall 
health of the patient, and further contributes to worse out-
comes.58 Mice treated with TGF- β blockers exhibited se-
vere vascular and inflammatory defects, raising concerns 
about their use in humans.59,60 Long- term exposure and 
high dosage of these blockers resulted in hemorrhagic 
lesions of heart valves and aortic aneurysms in rats and 
dogs.61- 63 High doses and persistent treatment with ligand 
trap GC- 1008 leads to adverse effects such as skin lesions, 
non- malignant keratoacanthomas (KA), squamous cell 
carcinoma (SCC), gingival bleeding, and fatigue when 
used in malignant melanoma patients.64,65 With therapeu-
tic advancements, microRNA (miRNA), long non- coding 
(lncRNA), and deubiquitinating enzymes (DUBs) have 
been used to target the modulatory components of TGF- β 
signaling as safer alternatives.66 Co- inhibition with dual 
targeting of ATR1 and ETRs using valsartan and bosen-
tan has reportedly exhibited a synergistic effect in reduc-
ing TGF- β, α- SMA, and collagen IV expression protecting 
against renal fibrosis in unilateral ureteral obstructed 
mice.67,68 This provides evidence that combination treat-
ment with indirect blockers of TGF- β modulators might be 
a promising therapeutic approach to treat cardiac fibrosis.

3.3 | Pancreatic fibrosis

Pancreatic fibrosis is an established feature of chronic 
pancreatitis and desmoplastic pancreatic cancer. The 
condition is marked by abnormal activation of pancreatic 
stellate cells (PSCs) that leads to the formation and depo-
sition of ECM disrupting pancreatic function. In the case 
of chronic pancreatitis (CP), pancreatic cancer, or pancre-
atic fibrosis, although, a fraction of PSCs is proven to be 
derived from the bone marrow, there is evidence of their 
hematopoietic and mesodermal origin.69

Under normal physiological conditions, the PSCs act 
as a reservoir to store vitamin A lipid droplets, and express 
markers such as glial fibrillary acidic protein (GFAP), 
vimentin, desmin, nestin, and retinoids that help them 
differentiate into the normal fibroblasts.69 An injury to 
the pancreas promotes fibrogenesis mainly by exasper-
ating the PSCs, mesenchymal stem cells (MSCs), ductal 
cells, and acinar cells. A sustained injury or inflamma-
tion to the pancreas causes the otherwise quiescent 
pancreatic stellate cells (PSCs) to get perpetually acti-
vated and lead to fibrosis. When activated through para-
crine or autocrine mechanisms, the PSCs transform into 

α- SMA+ myofibroblast- like cells that not only proliferate 
but migrate, and release ECM- forming components, pro- 
inflammatory cytokines, and chemokines subsequently 
aggravating the disease.70 The release of these factors 
further leads to self- activation of the PSCs maintaining a 
positive feedback loop for their activation through GPCRs 
like ATR1, ETRs, frizzled receptors, lysophosphatidic acid 
receptor, and proton sensing GPCRs.71,72 Following acti-
vation, the PSCs orchestrate various intracellular signal-
ing mechanisms by secreting stimulatory and inhibitory 
signaling molecules including MAPK, PI3K, reactive ox-
ygen species (ROS), and the nuclear receptor peroxisome 
proliferator- activated receptor- γ (PPAR- γ).73 Upon activa-
tion, these signaling molecules mediate processes such as 
EMT, ECM remodeling, imbalanced redox homeostasis, 
as well as pancreatic inflammation.70 Advanced stages of 
pancreatic fibrosis can progress to chronic pancreatitis and 
pancreatic cancer.74 The activated PSCs mediate crosstalk 
with the cancer cells promoting their survival, prolifera-
tion, metastasis, invasion, angiogenesis, and consequent 
tumor growth thus, making it essential to delineate the 
specific role of these GPCRs in PSC activation.75 The role 
of ATR1 and AngII in inducing pancreatic fibrosis has 
been well established by Kuno et al., where inhibitor of 
angiotensin- converting enzyme (ACE) lisinopril, amelio-
rated pancreatic inflammation and fibrosis by suppressing 
the expression of TGF- β1 mRNA, thus preventing activa-
tion of PSCs in- vivo.76,77 This was further corroborated by 
a study published by Aoki et al. demonstrating that AngII 
promoted PSC proliferation by inhibiting Smad7 expres-
sion leading to an activated TGF- β pathway.76,78 The role 
of ET- 1 in mediating PSC activation via ERK pathways 
and the use of Rho kinase inhibitors in preventing ET- 1- 
fostered PSC migration is also well known.76 Moreover, 
the NOD- like receptor family pyrin domain containing 
3 (NLRP3) inflammasome leads to the production of IL- 
1β and activation of TGF- β pathway and plays a direct 
role in the activation of PSCs both in- vivo and in- vitro.79 
Interestingly, a GPCR sphingosine- 1- phosphate receptor 1 
(S1PR1) and its ligand sphingosine- 1- phosphate have been 
found to increase the expression of NLRP3 inflammasome 
thus leading to PSC activation.80 The Frizzled receptors 
have also been implicated in PSC activation by both ca-
nonical and non- canonical Wnt signaling pathways. Hu 
et al. have reported the role of secreted Dickkopf- 1 protein 
which inhibits the canonical Wnt/β- catenin pathway pre-
venting the nuclear translocation of β- catenin in PSCs and 
their subsequent activation.81

Interestingly, the use of retinoic acid (RA) to revert the 
activated PSCs to a quiescent state has emerged as an at-
tractive therapeutic strategy for resolving pancreatic fibro-
sis. A corroborating study by Xiao et al. showed the role of 
RA as an inhibitor of PSC activation attenuating pancreatic 

 1
5

3
0

6
8

6
0

, 2
0

2
3

, 8
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://faseb
.o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

9
6

/fj.2
0

2
3

0
1

0
9

1
 b

y
 <

S
h

ib
b

o
leth

>
-m

em
b

er@
u

n
m

c.ed
u
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

9
/0

8
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o
n

s L
icen

se



   | 9 of 18DWIVEDI et al.

fibrosis via the Wnt/β- Catenin signaling pathway.82,83 RA 
treatment inhibited PSC proliferation, decreased ECM for-
mation, and nuclear translation of β- Catenin while also 
downregulating the expression of Wnt2, TGFRII, PDGFR, 
and collagen 1 in mice with chronic pancreatitis.82 In ad-
dition, retinoic acid receptor beta (RAR- β) activation led 
to the downregulation of actomyosin (MLC- 2) contrac-
tility thus hampering the mechanosensory ability of the 
PSCs and their ECM remodeling ability. As a result, the 
activated PSCs return to their vitamin A- storing quiescent 
state if the fibrotic injury is controlled.83 Thus, the func-
tional heterogeneity of the PSCs plays a significant role 
in orchestrating the intracellular signaling effects to mod-
ulate the antifibrotic pathways such as one mediated by 
the crucial retinoic acid receptors. As our understanding 
of PSCs and pancreatic fibrosis progresses, additional tar-
getable molecules may be employed to prevent the pro- 
fibrotic effects of these GPCRs.

3.4 | Liver fibrosis

Similar to organs like the lung, heart, and pancreas, liver 
fibrosis too occurs because of sustained injury or inflam-
mation causing accumulation of ECM proteins and scar 
tissue formation. Repeated wound and damage to the liver 
leads to the development of liver cirrhosis, portal hyper-
tension, hepatocellular carcinoma, and eventual organ 
failure. Liver cirrhosis is a late- stage fibrosis that results 
in approximately 1.3 million deaths per year globally and 
is the 11th most common cause of death worldwide.84 
Hepatic stellate cells (HSCs) are the key mediators of he-
patic fibrosis.85 They transdifferentiate from a quiescent 
to an activated state, depositing extensive ECM proteins, 
leading to the initiation, and progression of liver fibrosis. 
GPCRs are instrumental in promoting the fibrogenic po-
tential of HSCs. GPCRs direct various pro- inflammatory 
and pro- fibrotic responses and modulate the activity of 
resident macrophages (Kupffer cells), and recruitment 
of bone marrow- derived monocytes, and myofibroblasts 
to accelerate fibrosis. Therefore, delineating the role of 
GPCRs in the pathophysiology of liver fibrosis is crucial to 
foster effective pharmacological intervention.

Kimura et al. have recently summarized the involve-
ment of various GPCRs representing different families in 
HSC activation and proliferation in the non- alcoholic fatty 
liver disease (NAFLD).86 Adding to the long list of such 
GPCRs, we tabulated some more GPCRs, and discussed 
their relevance in facilitating liver fibrosis based on the 
literature survey (Table 1).  Contrasting functions of mul-
tiple GPCRs have emerged in the progression of hepatic 
fibrosis. Prostaglandin E receptor (EP2) was shown to in-
crease the proliferation of LI90, a human HSC cell line in 

a platelet- derived growth factor (PDGF)- dependent man-
ner whereas, another study reported suppression of the 
same GPCR in PDGF- induced proliferation in rat primary 
HSC line.87,88 Cannabinoid receptors such as cannabinoid 
receptor 1 (CB1) further add to the complexity of the role 
of GPCRs in fibrosis. Studies by Dai et al. and Mallat et al. 
have emphasized the role of CB1 in HSC activation and 
their trans- differentiation to myofibroblasts to potentiate 
hepatic fibrosis, whereas Wang et al. suggest that deletion 
of CB1 in stellate cells of mice does not prevent fibrosis in-
dicating that CB1 does not have a direct role in mediating 
hepatic fibrosis.89- 91 Moreover, the cannabinoid receptor 
2 (CB2), a GPCR, functions opposite to CB1, and CB2−/− 
mice exhibited advanced fibrosis upon CCL4 treatment 
indicating that CB2 is anti- fibrotic.92 C- X- C motif chemo-
kine receptor 3 (CXCR3) is another GPCR, which func-
tions ambiguously in mediating hepatic fibrosis. A widely 
accepted role of CXCR3 is in chronic liver inflammation 
where it promotes macrophage activation and release of 
factors that could potentially promote fibrosis.93 The out-
come and effect of CXCR3 activation in liver fibrosis are 
dictated by the interacting ligand. Wasmuth et al. demon-
strated the anti- fibrotic role of CXCR3 when activated by 
CXCL9 in human and mice liver.94 On the contrary, Singh 
et al. reported liver fibrosis progression upon activation of 
CXCR3 by intrahepatic CXCL10.95 Other GPCRs, includ-
ing the muscarinic acetylcholine receptors (mAchRs), have 
also been demonstrated to mediate variable effects during 
the progression of liver fibrosis. Luo et al. reported that 
the group I muscarinic acetylcholine receptors (M1, M3, 
and M5) are associated with hepatic injury, and the group 
II receptors (M2 and M4) activate the Nrf2/ARE pathway, 
protecting against oxidative stress- induced liver injury, 
preventing fibrosis via positive feedback regulation.96 In 
contrast, studies from Morgan et al. and Khurana et al. 
suggest the pro- fibrotic role of M2, and the anti- fibrotic 
role of M3 receptors, respectively (Table 1).97,98

Therefore, over the years multiple facets of GPCRs 
have emerged indicating their involvement in both the 
promotion and prevention of hepatic fibrosis. Yet, the 
contribution of functionally plastic and dynamic classes 
of several other GPCRs in advancing the diseased state re-
mains obscure.

4  |  GPCRS IN CANCER AND 
GPCROmics

The functional diversity and implications of GPCRs in 
multiple non- oncological diseased conditions have been 
well established. However, the potential of these vast 
receptor families in modulating the TME is not eluci-
dated. In addition, the contribution of the GPCRs to the 
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TABLE  1  G- protein- coupled receptors expressed in HSCs and their function in the development of hepatic fibrosis.

Receptor name

G protein 

family Function in liver fibrosis References

Β1- adrenoreceptor (ADRB1) Gs Production of TGF- β, activation of HSCs being pro- fibrotic, modulates 

pro- inflammatory response by regulating the expression of TNF- α 

and IL6

[99]

Β2- adrenoreceptor (ADRB2) Gs Knockout (KO) decreases fibrosis and HSC proliferation. It is also 

expressed on natural killer (NK) cells, T- cells, and Kupffer cells 

with possible involvement in pro- inflammatory response

[100]

Β3- adrenoreceptor (ADRB3) Gs Potentially promotes activation of M2 macrophages and limits 

hepatocyte apoptosis

[101]

Dopamine receptor D1 (DRD1) Gs Expressed on liver mesenchymal cells (lMSCs). DRD1 agonist inhibits 

YAP/TAZ function and reverses the pro- fibrotic phenotype of 

lMSCs to fibrosis- resolving phenotype

[102]

Dopamine receptor D2 (DRD2) Gs DRD2 antagonism inhibits YAP/TAZ function in liver macrophages 

reducing CTGF+VCAM1+ vascular niche preventing fibrosis and 

promoting regeneration

[103]

Adenosine A2A receptor (A2- AR) Gs, Gq Induces TGF- β- mediated activation of HSCs with α- SMA 

upregulation. Also, augments TNF- α in Kupffer cells

[104]

Parathyroid hormone 1 receptor 

(PTH1R)

Gs Hedgehog (Hh)- dependent activation of HSC leads to ECM deposition 

and liver fibrosis progress

[105]

Relaxin family peptide receptor 1 

(RXFP1)

Gs, Gi Agonist of the receptor reduces collagen content, and α- SMA 

expression, affecting ECM remodeling and cytokine signaling, 

exhibiting anti- fibrotic behavior

[106]

Relaxin family peptide receptor 2 

(RXFP2)

Gs, Gi Activation alleviates liver fibrosis by inducing intrahepatic nitric 

oxide (NO) leading to vasodilation

[107]

Prostaglandin E receptor (EP2) Gs Modulates expression of IL- 1, TNF- α, ET- 1 (pro- inflammatory 

and fibrotic) and enhances IL- 10 and NO (anti- inflammatory) 

levels. Also inhibits collagen synthesis, proliferation, and trans- 

differentiation of HSCsa

[108]

Endothelin receptor type B (ETBR) Gs, Gi, Gq Upregulated in fibrotic condition and activation increases HSC 

contraction. The interplay of ETRs in the condition warrants 

exploration

[109]

Sphingosine- 1-  phosphate receptor 1 

(S1PR1)

Gi Leads to differentiation of bone marrow mesenchymal stem cells 

(BMSCs) to myofibroblasts, mediating liver fibrogenesis

[110]

Sphingosine- 1-  phosphate receptor 2 

(S1PR2)

Gi, Gq, G12/13 Promotes neutrophil activation and inflammation. Also, macrophage 

S1PR2 in the liver upregulates NLRP3 inflammasome inducing 

fibrogenesis

[110,111]

Sphingosine- 1-  phosphate receptor 3 

(S1PR3)

Gi, Gq, G12/13 Mediates bone marrow monocyte (BMM) motility and their activation 

fostering hepatic fibrosis

[110]

Sphingosine- 1-  phosphate receptor 4 

(S1PR4)

Gi Activation of NLRP3 inflammasome in hepatic macrophages 

stimulates the development of liver fibrosis

[110]

Cannabinoid receptor 1 (CB1) Gi Mediates HSC proliferation and is positively correlated to the 

expression of fibrosis- mediated genes ACTA2, TIMP- 1, and 

MMP- 13a

[92]

Cannabinoid receptor 2 (CB2) Gi Alleviates hepatic inflammation by upregulation of TNF- α, and IL- 1β 

levels

[92]

C- C chemokine receptor type 2 (CCR2) Gi Strictly expressed on Kupffer cells and HSCs, CCR2 mediates the 

recruitment of hepatic macrophages supporting fibrogenic 

response

[112,113]

C- C chemokine receptor type 5 (CCR5) Gi Expressed by intrahepatic lymphocytes and HSCs, it is involved in the 

activation and proliferation of stellate cells

[112,113]

C- X- C motif chemokine receptor 3 

(CXCR3)

Gi Prevents fibrosis progression via its Th1- associated immune response. 

Also mediates the expression of hepatic pro- inflammatory 

cytokines, activation of NF- κB, and macrophage infiltrationa

[93- 95]
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significant mutational burden in tumors is underesti-
mated. A significant number of GPCRs are aberrantly 
overexpressed in solid tumors where more than 50 GPCRs 
are differentially expressed in multiple tumor types.72 
Most of these GPCRs have been the therapeutic targets of 
Food and Drug Administration (FDA) approved drugs for 

no cancer indication, but remain underexplored for can-
cer therapy as compard to kinase inhibitors. GPCRomic 
analysis is an emerging tool for GPCR identification and is 
largely based on mRNA studies by RNAseq, qPCR analy-
sis, GPCR- specific microarrays, or hybridization- based 
DNA microarrays.132 A recent study published by Li et al. 

Receptor name

G protein 

family Function in liver fibrosis References

C- X- C motif chemokine receptor 4 

(CXCR4)

Gi Facilitates activation and proliferation of HSC. Its targeting reduces 

the expression of α- SMA, TGF- β, and collagen I

[114]

Adenosine A3 receptor (A3- AR) Gi Mediates pro- fibrotic and pro- inflammatory response by regulation of 

the PI3K/NF- κB/Wnt/β- catenin signaling pathway

[115]

G protein- coupled estrogen receptor 1 

(GPER)

Gi Represses activation of HSCs and its autophagy mechanism. Also, 

decreases the expression of IL- 6 by BMM, preventing fibrosis

[116,117]

G- protein- coupled bile acid receptor 91 

(GPR91)

Gi Succinate- induced activation leads to increased expression of α- SMA, 

TGF- β, and collagen I in HSCs

[118]

Neuropeptide Y receptor Y1 (Y1- R) Gi Activation induces phosphorylation of mTOR, p70S6K, and 4EBP1 in 

HSCs leading to fibrosis

[119]

Lysophosphatidic acid receptor 1 

(LPAR1)

Gi Enables activation and differentiation of HSCs into myofibroblast 

leading to actin rearrangement and proliferation while inhibiting 

HSC apoptosis

[120]

Smoothened receptor (SMO) Gi Transduces the Hedgehog pathway resulting in EMT of the HSC- 

derived myofibroblasts supporting their pro- fibrogenic phenotype

[121]

Frizzled receptor 2 (Fz2) Gi Leads to the expression of collagen I and TGF- β leading to the 

differentiation of HSCs into myofibroblast

[122]

C5a receptor (C5aR) Gi Activates HSCs to produce α- SMA, hyaluronic acid, and collagen 

IV while inhibiting apoptosis of TNF- α and ligand- induced HSC 

apoptosis

[123]

Apelin receptor Gi Leads to the expression of pro- fibrotic genes like α- SMA and collagen 

I via the ERK signaling pathway

[124]

M2 acetylcholine receptor (M2) Gi Induces HSC hyper- proliferation and upregulation of pro- fibrotic 

markers such as collagen I and TGF- βa
[97]

M3 acetylcholine receptor (M3) Gq Agonist- mediated activation alleviates HSC activation, collagen 

deposition, pro- fibrotic and pro- ECM markers, diminishing liver 

injurya

[98]

Angiotensin II type 1 receptor (AT1R) Gq Supports activation of HSCs and fibrosis via phosphorylation of JAK2 

and following activation of RhoA/Rho- kinase

[125]

α1A- adrenoreceptor (ADRA1A) Gq Expressed by activated HSCs, upregulates secretion of NF- κB, 

inducing pro- inflammatory phenotype, and increased HSC 

contraction

[126]

Serotonin receptor 1B (5- HT1B) Gq Upregulated in activated HSCs requiring investigation into its specific 

role in fibrosis progression

[127]

Serotonin receptor 2A (5- HT2A) Gq Antagonists decreased the activation of HSCs, expression of pro- 

fibrotic markers, and inflammatory markers

[128]

Arginine vasopressin receptor 1A 

(AVPR1A)

Gq Induces increase in intracellular calcium and enhanced MAPK 

activity mediating HSC proliferation and contraction

[129]

Endothelin receptor type A (ETAR) Gq Upregulated in activated HSCs expressing α- SMA. In- depth 

implications and associated signaling pathways need to be 

investigated

[130]

G protein- coupled receptor 55 (GPR55) Gq Leads to the activation of acetyl- coenzyme A carboxylase initiating 

HSC activation

[131]

aIndicates GPCRs with both pro and anti- fibrotic effects in hepatic fibrosis.

TABLE  1  (Continued)
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provides a pipeline to establish relationship between dif-
ferent omics data including genomics, transcriptomics, 
proteomics, and metabolomics, in the context of GPCRs 
pan- cancer.133 Thus, it enables the discovery of potentially 
new or obscured GPCRs that are crucial to the pathophys-
iology of cancers.

Recent research has uncovered certain GPCRs to better 
understand their role in cancer etiology . CXCR2 which 
binds to CXCL8/IL- 8 was found to associate with several 
signaling pathways involved in tumorigenesis, angiogen-
esis, proliferation, and metastasis in various cancers, in-
cluding melanoma,134 lung,135 pancreatic,136 gastric,137 
and ovarian138 cancer. Furthermore, overexpression of 
protease- activated receptor 1 (PAR1) in various cancer 
types such as breast, lung, ovarian, and prostate has led 
to increased tumor invasiveness and metastasis.139 On 
the other hand, blocking antibodies targeting PAR2 has 
been shown to mitigate tumor growth and metastasis in 
breast xenograft models.140 The role of the neurotransmit-
ters, adrenaline and noradrenaline in promoting tumor 
growth and metastasis through the beta- adrenergic re-
ceptors (β- AR) has also been studied.141 Noradrenaline- 
mediated activation of β- AR in the stromal cells directly 
affects the tumor cells leading to the production of VEGF, 
IL- 6, and matrix metalloproteases influencing the cancer 
survival.142 Overexpression of alpha- 1- beta adrenergic re-
ceptors in RAT- 1 or NIH 3T3 fibroblasts renders them tu-
morigenic as demonstrated by their tumorigenic activity 
upon injection into a nude mouse.143

GPCRomics has helped in the identification of GPCRs 
that are often mutated and are the hotspots for accu-
mulating DNA damage across different cancer types, 
particularly in solid tumors, such as adenocarcinomas, 
cervical, ovarian, breast, prostate, and bladder cancers.144 
Interestingly, a handful of GPCRs exert bidirectional ef-
fects on tumorigenesis in various cancer types exhibiting 
both pro- tumorigenic and anti- tumorigenic depending on 
TME characteristics, variable affinities of their ligands, 
and diverse implications of signaling pathways down-
stream.145 For example, Sphingosine- 1- phosphate recep-
tor 5 (S1PR5) overexpression in colorectal cancer (CRC) 
cell lines promotes colon cancer proliferation and inva-
sion via activation of NF- κB/indoleamine 2,3 dioxygenase 
1 (IDO1) axis.146 In contrast, in esophageal squamous cell 
carcinoma S1PR5 limits cell proliferation and invasion 
via the Ras/ERK, PI3K/Akt, and Rho/ROCK signaling 
pathways.147 A couple of proton- sensing GPCRs such 
as GPR4, TDAG8 (GPR65), OGR1 (GPR68), and G2A 
(GPR132) also fall into this dual- functioning category as 
discussed by Sisignano et al.148 The functioning of these 
GPCRs is highly context and TME- dependent, mandating 
strict context- dependent studies and careful evaluation of 

pharmacological strategies to eliminate possible off- target 
effects.

An exciting perspective toward studying cancers in 
the light of GPCRs is the aspect of sexual dimorphisms 
affecting the disease incidence and mortality. A keen in-
terest has grown in the scientific community to explore 
the role of estrogen and estrogen- related GPCRs, like 
the G- protein- coupled estrogen receptor (GPER1) which 
is involved in the initiation and progression of gastroin-
testinal (GI) cancers.145 It is particularly fascinating that 
hormone replacement therapy (HRT) or the use of oral 
contraceptives is positively associated with a lower risk 
of certain cancers such as CRC, endometrial, and ovarian 
cancer.149- 151 However, women who have undergone hys-
terectomy or oophorectomy were found to be increasingly 
susceptible to developing CRC.145 A higher incidence of GI 
cancers is found in males as compared to females alluding 
to the protective role of estrogen against the development 
of some cancers.152,153 GPER1- mediated estrogen signal-
ing has been found to inhibit the proliferation of CRC, 
urinary bladder, and oral cancer cells.154 Additionally, 
while GPER1 is not expressed in liver or liver tumors, its 
global silencing augmented hepatocarcinogenesis.117 On 
the contrary, studies have also reported GPER1- mediated 
upregulation of connective tissue growth factor (CTGF), 
hypoxia- inducible factor (HIF), and vascular endothelial 
growth factor (VEGF) promoting CRC progression, in-
vasion, and metastasis.155,156 Estrogen- mediated GPER1 
signaling was also found to promote proliferation of la-
ryngeal cancer cells of squamous cell carcinoma and 
oral squamous cell carcinoma.154 Epidemiological data 
showed a positive correlation between HRT and oral con-
traceptives (OC) with increased incidences of lung can-
cer, however, the results and risk associated with different 
HRT usage (ever/current/former vs never) are found to 
be inconsistent.157 Furthermore, Wen et al. conducted a 
meta- analysis of a total of 22 studies comprising 911 194 
participants including 17 329 patients to evaluate the cor-
relation between lung cancer incidences and different 
HRT usage.158 Overall, their results indicated that cur-
rent HRT users and postmenopausal women with current 
HRT use had significantly decreased risk of lung cancer, 
whereas ever- HRT users correlated with decreased risk 
of lung cancer incidences.158 Moreover, GPER1 activates 
chemotaxis and migration of mesothelioma, kidney can-
cer cells, as well as thyroid cancer cells.159- 161 Though, 
there has been invigorating research in exploring the 
mechanistic roles of GPCRs in dictating sexual dimor-
phisms of human cancers, significant efforts and further 
investigations are clearly warranted to elucidate the con-
tribution of sex hormone signaling in the observed sexual 
dimorphisms of each cancer type.
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In the context of PDAC progression, CAFs regulate the 
pro- fibrotic events promoting a highly desmoplastic and 
immunosuppressive TME leading to worse clinical out-
comes.162,163 In this framework, GPCRomics led to the dis-
covery of GPR68 (a proton- sensing GPCR) in PDAC CAFs. 
Wiley et al. also reported that GPR68- positive PDAC 
CAFs led to increased production of IL- 6 via Gαs signal-
ing, promoting PDAC cell proliferation.164,165 Since, IL- 6 
production in PDAC CAFs is strongly associated with the 
inflammatory CAFs (i.e., the iCAF subtype), this raises 
the question of the possible involvement of GPCRs in in-
fluencing the CAF subtypes (such as iCAF, myofibroblast 
CAF (myCAF), and antigen- presenting CAFs (apCAFs)) 
thereby, regulating the complex heterogeneity of CAFs in 
PDACs.

5  |  CONCLUSIONS AND FUTURE 
PERSPECTIVES

Irrespective of the disease, the heterogeneity of the down-
stream intracellular signaling and functionality exhib-
ited by the repertoire of the GPCR family of receptors is 
quite fascinating and is a promising avenue for designing 
precise therapeutics. This family of receptors exhibits an 
astounding and intricate interplay of downstream signal-
ing molecules to mitigate the anti- fibrotic factors and re-
program the cell to a pro- fibrotic architecture in fibrotic 
diseases. Interestingly, this coordinated interplay also 
involves modulation of the pro- inflammatory response 
as the GPCRs are adept at recruiting immune cells such 
as activated macrophages, lymphocytes, and NK cells to 
facilitate fibrosis. The identification of numerous GPCRs 
that display comparable effects across a wide range of dis-
orders has been substantially aided by technological devel-
opments and an improved understanding of the crosstalk 
involving GPCRs, allowing predictable target identifica-
tion to achieve better treatment outcomes. Furthermore, 
emerging players like TAS2R could potentially drive the 
development of a personalized targeting strategy. As we 
dive deeper into discerning the complexities of GPCR- 
driven fibrosis, the contribution of resident cells, such as 
Kupffer cells, is being appreciated. Delineating the origin 
of activated fibroblasts such as the CFs, HSCs, and PSCs 
will not only help in understanding the course of progres-
sion of the implicated diseases but also facilitate elucidat-
ing their long- term health outcomes.

There is an impending question on the activation of 
various compensatory pathways when any one of the 
signaling molecules is targeted. Since the GPCRs are so 
entwined in rendering their effects on fibrosis, targeting 
one nodal pathway that results in fibrosis may not be suf-
ficient. A common player contributing to fibrosis is the 

TGF- β pathway which can emerge as the most viable tar-
get to rescue ECM remodeling, fibrosis, and dysfunction. 
However, considering the side effects and other health 
implications, the multi- nodal or major node targeting of 
TGF- β is a significant challenge. Reprogramming the ac-
tivated fibroblasts to their quiescent state, as achieved by 
the administration of RAs in PSCs, motivates the design 
of novel anti- fibrotic strategies. Studying the role of GPCR 
heterogeneity in driving fibrosis will therefore help iden-
tify potential targets to tweak the pro- fibrotic pathways to 
anti- fibrotic pathways.

The increased scientific awareness and innovations in-
volving GPCRomics have laid a strong foundation for the 
elucidation of novel GPCRs and the GPCRs prone to muta-
tions potentiating their application as prognostic markers 
of fibrotic diseases. Further, sex differences in the inci-
dences of cancers have led to an increased appreciation of 
epigenetic factors, age distribution, ethnicity, geographi-
cal distribution, lifestyle, and clinical stage of cancer pro-
gression which could all dictate the regulation mediated 
by the sex hormone associated GPCRs. Understanding the 
in- depth mechanisms leading to sexual disparities in inci-
dences and mortality of human cancers can tremendously 
benefit the evolution of such GPCR- mediated precision 
medicine. Moreover, fibroblasts, especially CAF, and their 
heterogeneity have emerged as a crucial component of 
the TME of solid tumors, where various CAF subtypes 
could exhibit exclusive functions through GPCRs. GPCR- 
specific identification and characterization of the CAFs 
could therefore potentiate personalized oncotherapy 
achieving better therapeutic outcomes. Overall, the GPCR 
family of receptors can open possible dimensions of tar-
geted therapy in fibrotic diseases which can revolutionize 
their treatment in the future.
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