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ABSTRACT

Alzheimer's disease (AD) and glioblastoma multiforme (GBM) are biologically distinct age-related brain disorders with opposing
clinical phenotypes. AD is characterised by progressive neurodegeneration and cognitive decline, whereas GBM is characterised
by aggressive cellular proliferation and a poor prognosis. Despite these differences, converging evidence indicates that both con-
ditions share molecular pathways and network-level dysfunction that emerge during brain ageing. Central to this convergence
are G protein-coupled receptors (GPCRs), which act as integrative signalling hubs that regulate inflammation, metabolism, cal-
cium (CA?*) homeostasis, and cell survival. In AD, GPCR signalling modulates amyloid-f8 production and clearance, Tau phos-
phorylation, intracellular CA%* dynamics, and glial-driven neuroinflammation. In contrast, the same receptor families promote
tumour growth, angiogenesis, immune evasion, and therapeutic resistance in patients with GBM. Core intracellular cascades,
such as PI3K-AKT-mTOR and MAPK-ERK, are dysregulated in both diseases and function as shared signalling backbones, with
outcomes dictated by cellular context rather than receptor identity. CXCR4, LPA;, and FPR1 exemplify this duality, driving either
oncogenic proliferation or neuronal dysfunction, depending on the biological environment. Recent advances in integrative multi-
omics, computational modelling, artificial intelligence, and organoid systems have revealed GPCR-centred regulatory nodes and
accelerated the identification of druggable targets. Collectively, these findings suggest that AD and GBM, although pathologically
antithetical, share a molecular fingerprint shaped by ageing-associated inflammation, metabolic disruption, cellular senescence
and dysregulated GPCR networks. Deciphering this context-dependent duality may enable precision therapeutic strategies to
either restore neuronal integrity in AD or suppress malignant programmes in GBM while fostering cross-fertilisation between
neurodegeneration and neuro-oncology research.

1 | Alzheimer's Disease and Glioblastoma particularly in the ageing population. They lead to progres-
Multiforme sive disabilities and premature mortality [1]. Among them,

Alzheimer's disease (AD) is the most common and leading
Neurodegenerative diseases affect the central nervous system cause of dementia [2], characterised by progressive cognitive
(CNS) throughout life and represent a major health burden, decline accompanied by extracellular amyloid-beta (A@) plaque
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accumulation and intracellular neurofibrillary Tau tangles
(NFT) of hyperphosphorylated Tau (p-Tau) [2]. Although these
hallmarks define AD pathology, recent clinical trials targeting
A and Tau have shown limited benefits, exposing the multifac-
torial nature of the disease and the need to examine additional
pathogenic pathways linked to brain ageing [3]. In contrast,
glioblastoma multiforme (GBM) is an aggressive grade IV brain
tumour with a median survival of 8-15months despite maxi-
mal therapy [4]. It mainly affects older adults and is classified
by isocitrate dehydrogenase (IDH) status, with IDH-wild-type
tumours representing most cases and having the poorest prog-
noses [5, 6]. GBM exhibits extreme cellular heterogeneity, rapid
proliferation, metabolic rewiring, angiogenesis and immune
evasion. Standard care includes resection, radiotherapy and
temozolomide (TMZ) treatment. However, challenges such as
TMZ resistance, a dynamic tumour microenvironment and al-
most universal relapse persist [5]. Tumour- and therapy-induced
genetic alterations further drive GBM evolution and complicate
its management [7]. Identifying AD and GBM shared pathways,
particularly those involving neuroinflammation, metabolism
and cell survival, may reveal novel therapeutic strategies.

Despite the opposing outcomes of neuronal loss in AD and
uncontrolled proliferation in GBM, these traditionally consid-
ered unrelated diseases share similar molecular features [8].
Epidemiological studies have reported an inverse association
between neurodegeneration and cancer incidence, with pa-
tients with AD showing a lower cancer risk and individuals
with gliomas, especially GBM, a reduced AD risk [8]. Genetic
studies have similarly linked glioma-associated variants to de-
creased susceptibility to AD. However, the underlying mech-
anisms remain unclear, and isolated clinical reports have
revealed that both conditions can co-occur [9, 10], suggesting
that additional biological and clinical factors may influence
this relationship.

Transcriptomic analyses revealed the joint dysregulation of key
pathways. While MAPK/ERK signalling is upregulated in GBM
and downregulated in AD, angiopoietin signalling displays the
opposite pattern, potentially explaining the inverse epidemiolog-
ical trend [11]. The ERK-AKT-p21-cell cycle and anti-angiogenic
pathways have been proposed as regulatory nodes bridging
neurodegeneration and tumorigenesis. However, contrasting
studies have reported positive correlations between AD and ma-
lignant brain tumour mortality in older adults, suggesting that
shared genetic and environmental factors may influence both
disorders [12].

Disruptions in cell survival pathways may represent a central
molecular link between these two conditions. The PI3K/AKT/
mTOR axis regulates neuronal survival, autophagy, and cell
cycle re-entry, and its dysregulation contributes to aberrant neu-
ronal activation in AD and proliferative signalling in GBM [13].
This challenges the amyloid-centric view of AD and positions
PI3K/AKT/mTOR as a potential dual therapeutic target for AD
and GBM treatment.

Although neurones are the primary functional units of the
CNS, microglia and infiltrating macrophages strongly influ-
ence neurodegeneration and tumour progression. These my-
eloid cells regulate immune activation, metabolic adaptation,

blood-brain barrier (BBB) integrity and interact with other
CNS cell types. Modulating microglial pathways to enhance
immune activation in GBM while reducing neuroinflamma-
tion in AD has been proposed as a potential shared therapeu-
tic strategy [14]. NF-xB signalling, microRNA networks and
TREM2-mediated pathways are important regulators of both
conditions [15]. Single-cell transcriptomics further identified
overlapping dysregulated genes related to apoptosis, cell cycle,
PI3K/AKT and RAS/MAPK signalling, alongside candidate
drugs such as Tubastatin A and vorinostat [16]. RNA-seq anal-
yses of non-tumour brain regions in patients with GBM have
also revealed accelerated ageing signatures and AD-like gene
expression patterns, emphasising the widespread effects of
GBM treatment on the CNS [17, 18].

Taken together, these observations suggest that Alzheimer's
disease and glioblastoma multiforme, despite their op-
posing clinical phenotypes, converge on a shared set of
ageing-modulated signalling backbones. In this context, G
protein-coupled receptors (GPCRs) emerge not as disease-
specific actors but as upstream integrators whose outputs are
determined by the cellular state, microenvironment and dis-
ease stage [19, 20]. The following sections examine the ratio-
nale and therapeutic potential of targeting GPCRs as shared
modulators of AD and GBM.

2 | GPCRs In Neurological Disorders

GPCRs are central regulators of CNS function throughout the
lifespan, controlling neurotransmission, synaptic plasticity,
neuroinflammation, metabolism, and cell survival [21]. A large
fraction of non-sensory GPCRs are expressed in the brain, where
they regulate neuronal excitability and glial responses to extra-
cellular signals [22]. Despite their structural diversity, GPCRs
share a conserved seven-transmembrane architecture and act
as flexible signalling nodes that integrate environmental, met-
abolic, and inflammatory cues [23].

Upon ligand binding, GPCRs undergo conformational changes
that activate heterotrimeric G proteins (Gs, Gi, Gq/11 and
G12/13), triggering intracellular cascades that regulate second
messengers (Figure 1) such as cAMP, CA?* and Rho-family
GTPases [24, 25]. Beyond canonical G protein signalling,
GPCR activity is dynamically shaped by f-arrestins and G
protein-coupled receptor kinases (GRKs), which control recep-
tor desensitisation, internalisation and non-canonical signal-
ling [26]. GPCR-mediated pathways do not typically operate
alone but interact extensively with receptor tyrosine kinases
[27], ion channels [28], and intracellular kinase cascades, such
as MAPK and PI3K-AKT signalling [29]. Additional layers of
regulation arise from receptor homo- and hetero-dimerisation
[30], basal (ligand-independent) activity [31], and context-
dependent coupling to downstream effectors. These mecha-
nisms generate interconnected signalling networks in which
GPCR activity integrates with other receptor systems to reg-
ulate cellular responses. This signalling plasticity enables
GPCRs to fine-tune neuronal and glial functions under physi-
ological conditions but also renders them vulnerable to dysreg-
ulation during ageing and disease. Altered GPCR signalling
contributes to a broad spectrum of CNS disorders, ranging
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FIGURE1 | G protein alpha (Ga) subunit signalling pathway. GPCR activation promotes GDP-GTP exchange in the Ga subunit, initiating family

specific responses. Ga12/13 family activates RhoGEFs and Rho pathway signalling, regulating cytoskeletal dynamics and cell migration. Gas stim-
ulates adenylyl cyclase (AC), increasing cAMP levels and activating the protein kinase A (PKA). Gai inhibits AC, resulting in reduced cAMP levels
and suppression of downstream signalling. Gaq/11 activates phospholipase C (PLC), which hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2)
into the secondary messenger diacylglycerol (DAG) and inositol triphosphate (IP3). DAG activates protein kinase C (PKC), whereas IP3 increases
intracellular calcium (Ca?*) levels. Made with Servier Medical Art (CC BY 4.0). This figure was created using Servier Medical Art under a CC BY

4.0 licence.

from neuropsychiatric and neurodegenerative diseases [32] to
brain malignancies [33]. Notably, the same GPCRs and down-
stream pathways can support neuronal survival and circuit
stability in one context while promoting proliferation, inva-
sion, and immune evasion in another. This duality positions
GPCRs as particularly attractive [34], but mechanistically
complex, therapeutic targets in age-related brain disorders,
such as AD and GBM.

3 | GPCR Signalling in Alzheimer's Disease

AD pathogenesis arises from the interplay of multiple sig-
nalling systems, including non-receptor pathways govern-
ing amyloid processing, Tau phosphorylation, mitochondrial
dysfunction and cellular stress responses [35-37]. Within this
broader molecular landscape, GPCR signalling acts alongside
non-receptor pathways as an important modulatory layer that
integrates extracellular cues and amplifies intracellular sig-
nalling cascades associated with disease progression. In this
context, GPCR signalling dysregulation has been linked to
A accumulation and p-Tau, the two molecular hallmarks of
AD, as well as neuroinflammation, synaptic dysfunction and
metabolic dysregulation. GPCRs, which are widely expressed
in neurons, astrocytes and microglia, are important regula-
tory components and potential targets for the development of
disease-modifying therapeutics [38, 39].

A broad range of GPCRs contribute to these processes, includ-
ing serotonergic (5-HT,) [40], adrenergic (f2-adrenoceptor
and al-adrenoceptor) [41], dopaminergic (D,R and D,R) [42],
cannabinoid (CB,R and CB,R) [43], trace amine-associated
(TAAR) [44, 45], adenosine (AR and A,,R) and sphingosine-
1-phosphate (S1PR) [46-48]. Collectively, these receptors
modulate neuron-glial communication, second-messenger
cascades, protein aggregation and cytoskeletal organisation.
Pharmacological modulation of GPCRs has both functional and
cognitive benefits. For example, 5-HT, antagonists, masupirdine

and idalopirdine have improved cognitive outcomes in clinical
settings [40], and al-adrenoceptor antagonists, such as pra-
zosin, exhibit neuroprotective effects in preclinical studies [41].
Serotonergic dysfunction, adrenergic signalling imbalance and
cannabinoid receptor alterations have been associated with syn-
aptic impairment, neuroinflammation and abnormal protein ag-
gregation in AD, whereas metabolic and inflammatory GPCRs,
such as S1PR and adenosine receptors, modulate immune re-
sponses and neuronal survival.

Although many AD-associated GPCRs belong to families A
and C, evidence suggests that their contribution to disease
pathogenesis does not strictly depend on receptor family clas-
sification [39, 49]. Additionally, the role of specific GPCRs may
vary depending on the disease stage, as some receptors con-
tribute to early pathogenesis, whereas others are more prom-
inent in late-stage neurodegeneration [50]. Among the family
A GPCRs, muscarinic acetylcholine receptors (mAChRs), ad-
enosine receptors, chemokine receptors and adrenergic re-
ceptors have been extensively investigated in AD [51-53].
Similarly, family C GPCRs, particularly GABA receptors and
metabotropic glutamate receptors (mGluRs), have gained at-
tention for their roles in modulating synaptic function, neu-
roinflammation and neurotransmitter homeostasis [50].
These GPCR pathways interact with other signalling mecha-
nisms that regulate amyloid processing, Tau phosphorylation
and cellular stress responses, positioning GPCRs among sev-
eral modulatory nodes within pathogenic networks. Despite
these growing insights, further studies are needed to elucidate
the precise roles of GPCRs in AD progression and their poten-
tial as therapeutic targets.

3.1 | GPCRsIn A and p-Tau Pathology

GPCR-dependent pathways strongly influence inflammatory
responses, A3 plaque production and clearance and NFT forma-
tion via p-Tau (Figure 2). Despite extensive research on AD [54],
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FIGURE2 | AR plaquesand NFT formation in patients with AD. Transmembrane APP is first cleaved by BACEI, generating a membrane-bound
APP (3 C-terminal fragment 99 (APP 8 CTF99) and soluble APP@ (SAPP(). APP 3 CTF99 is then cleaved by y-secretase, producing amyloid precursor
protein intracellular domain (AICD) and Af3 monomers, which are secreted outside the cells. A monomers can assemble into soluble oligomers or
insoluble fibrils, the latter of which are responsible for Af plaque formation in AD. Tau protein naturally attaches to microtubules and stabilizss
them. When Tau becomes p-Tau, it no longer binds to microtubules, rendering them unstable. p-Tau can self-aggregate to generate intracellular NFT.

Made with Servier Medical Art (CC BY 4.0).

effective disease-modifying treatments are limited, and GPCRs
are emerging as prime therapeutic targets based on their central
role in AD progression.

AR is generated through the amyloidogenic processing of amy-
loid precursor protein (APP), a transmembrane protein that is
cleaved sequentially by -secretase 1 (BACE1) and y-secretase,
releasing A monomers that oligomerise into soluble neuro-
toxic species or form insoluble fibrils that aggregate into am-
yloid plaques and impair neuronal function [55, 56]. Several
GPCRs interact with BACEL and y-secretase, influencing APP
processing at multiple sites [39, 57]. The regulatory proteins
B-arrestin 1 and 2 bind to the APH1 subunit of y-secretase, en-
hancing its activity and increasing Af production [58]. GRKs
2, 5 and 6, which modulate $-arrestin interactions, are down-
regulated in AD, exacerbating amyloidogenesis [59, 60]. The
cannabinoid CB, receptor (CB,R), a key modulator of synaptic
transmission, is downregulated in AD, increasing glutamate
release, synaptic hyperexcitability and oxidative stress, lead-
ing to APP processing via the amyloidogenic pathway, with
consequent upregulation of BACE1 activity and increased Af
production. CB,R activation enhances microglial clearance of
A plaques, reducing neuroinflammation and plaque burden,
whereas CB,R exerts neuroprotective effects by modulating
excitotoxicity and oxidative stress [61]. SIP,R signalling con-
tributes to neurovascular dysfunction, increasing BBB per-
meability, immune infiltration and impaired Af clearance,
thereby worsening AD pathology. Overactivation of S1P,R pro-
motes chronic neuroinflammation and endothelial dysfunc-
tion, whereas pharmacological modulation using fingolimod

shows protective effects in preclinical models by reducing Af
accumulation and inflammation. Orphan GPCRs, notably
GPR3, regulate amyloid processing via y-secretase activity and
represent promising targets for AD progression modification;
their inhibition reduces amyloid pathology in models [62].

Beyond A, GPCRs are deeply involved in Tau pathology, char-
acterised by p-Tau and aggregation into NFTs that disrupt
cytoskeletal integrity and intracellular transport. Tau is phos-
phorylated by multiple kinase pathways, including those of gly-
cogen synthase kinase-3 beta (GSK-3f), cyclin-dependent kinase
5(CDK5) and MAPK/ERK pathways [63, 64]. Protective GPCRs,
such as muscarinic acetylcholine receptor M1 (M; AChR) and
f,-adrenoceptor, reduce p-Tau levels, whereas stress-activated
GPCRs, such as chemokine (CXCR4) and angiotensin II recep-
tors, promote Tau aggregation [63]. Emerging evidence impli-
cates lysophosphatidic acid receptor 1 (LPA1) as a key driver
of Tau pathology; its disruption accelerates p-Tau, destabilises
the cytoskeleton and promotes synaptic degeneration, linking
LPA1 dysfunction to neurodegeneration and impaired synaptic
remodelling in AD [65, 66].

There is growing evidence that A accumulation induces p-Tau
accumulation, establishing a pathogenic link between these two
processes [67]. Transgenic AD mouse studies have shown that
A oligomers activate GPCR-mediated kinase cascades, GSK-33
and CDKS5, accelerating p-Tau and NFT formation [68]. This
feedback loop exacerbates neuroinflammation and synaptic
dysfunction, illustrating how GPCRs signalling integrates inter-
connected AD pathogenic pathways. Targeting specific GPCRs
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may provide a unique therapeutic avenue for modulating the
AB-p-Tau interconnection.

3.2 | Calcium Dysregulation and Mitochondrial
Metabolism

Calcium (Ca?*) is a critical intracellular messenger involved
in a wide range of cellular processes, including gene expres-
sion, neurotransmission, synaptic plasticity, mitochondrial
metabolism and neuronal survival [69]. To maintain cellu-
lar homeostasis, Ca?* concentrations are tightly regulated,
with cytoplasmic levels being significantly lower than those
in the extracellular space and organelles, such as the endo-
plasmic reticulum (ER) and mitochondria. Controlled intra-
cellular Ca?* release from the ER occurs through inositol
1,4,5-trisphosphate (IP3) and ryanodine receptors (RyRs),
whereas plasma membrane ion channels regulate extracel-
lular Ca?* influx. In AD, dysregulated Ca?* homeostasis dis-
rupts synaptic activity, promotes excitotoxicity and triggers
neuronal apoptosis, contributing to the progression of the
disease [70]. GPCRs play a pivotal role in Ca?* homeostasis,
particularly through the PLC-IP3-DAG signalling cascade.
Activation of M; AChRs, 3,-adrenoceptors and glutamate re-
ceptors (mGluRs, NMDA and AMPA) enhances PLC activity,
leading to IP3 generation and subsequent Ca?* release from
the ER [71, 72]. In AD, abnormal activation of these recep-
tors results in excessive Ca?* influx, which amplifies synaptic
dysfunction and promotes neuronal loss. Dysfunctional Ca?*
signalling is particularly pronounced in the case of mGIuR.,
a metabotropic mGluR whose aberrant activation is linked to
AB-induced excitotoxicity [73, 74]. In transgenic AD models,
mGluR; overstimulation leads to sustained Ca?* elevation, ex-
acerbating neuronal stress, impairing synaptic function and
causing cell death. Similarly, excessive NMDA receptor activ-
ity in AD increases intracellular Ca?* concentrations, further
driving excitotoxicity and oxidative stress [49]. These findings
reinforce the central role of GPCR-driven Ca%* imbalances
in AD, extending beyond Af and p-Tau formation to include
synaptic toxicity and neurodegeneration in the pathogenesis
of AD. In addition to its direct influence on synaptic Ca?* sig-
nalling, GPCR dysfunction in AD also affects mitochondrial
Ca?* homeostasis and energy metabolism, further exacer-
bating neuronal decline. Mitochondria are key regulators of
neuronal ATP synthesis and Ca?* buffering, ensuring proper
synaptic transmission and cellular resilience. However, accu-
mulating evidence suggests that GPCR-mediated Ca?* dysreg-
ulation leads to mitochondrial stress and bioenergetic failure,
which are hallmarks of AD [75].

One of the major consequences of excessive mitochondrial Ca?*
influx is the activation of the mitochondrial permeability tran-
sition (MPT), which disrupts the integrity of the mitochondrial
membrane. MPT occurs when large permeability transition
pores (mPTPs) open in the mitochondrial membrane, allowing
the unregulated movement of ions and solutes, leading to mem-
brane depolarisation, ATP depletion and neuronal apoptosis [76].
In AD, heightened Ca?* influx combined with oxidative stress
accelerates mPTP opening, initiating a cascade of mitochondrial
dysfunction, energy failure and neuronal loss. GPCRs regulate
mitochondrial Ca?* uptake, and when GPCR-mediated Ca%*

influx becomes excessive in AD, mitochondrial homeostasis is
disturbed, triggering ROS production, oxidative stress and ATP
depletion. This energy deficit impairs neuronal function and
promotes apoptotic cascades, accelerating neurodegeneration.
While controlled mitochondrial Ca?* uptake is essential for ox-
idative phosphorylation, excessive levels lead to ATP depletion,
mitochondrial outer membrane permeabilization (MOMP) and
cytochrome c release, ultimately activating caspase-dependent
apoptosis [75].

Sustained GPCR-driven Ca?* dysregulation compromises mi-
tochondrial homeostasis by promoting excessive Ca?* uptake,
reactive oxygen species generation, and ATP depletion. This
bioenergetic failure amplifies oxidative stress, disrupts synap-
tic function and increases susceptibility to apoptotic cell death,
establishing a self-perpetuating cycle of neuronal vulnerability
characteristic of AD [76].

3.3 | Glial GPCRsin AD

Glial GPCR signalling is critical in AD, with astrocytes and
microglia influencing disease progression through their in-
teractions with neurones. Astrocytes, once seen mainly as
structural support cells, are now recognised as key regulators
of synaptic transmission, neurotransmitter recycling and in-
flammation. In AD, astrocytes become reactive, increasing
inflammatory signalling, altering neurotransmitter buffering,
and dysregulating GPCR expression [77]. In mouse models of
AD, astrocytes upregulate inflammatory response genes while
downregulating neurogenesis and neuronal support pathways
[78]. Dysregulation of glutamate and GABA transport exacer-
bates excitotoxicity and synaptic dysfunction, as astrocytes ab-
normally release glutamate and convert GABA to glutamine,
activating mGluR and GABA-B GPCRs and promoting Af and
p-Tau production [79].

Notably, mGluR expression is significantly increased in as-
trocytes surrounding A@ plaques, where Af oligomers bind
to mGluR, and disrupt normal signalling cascades, triggering
pro-inflammatory responses and amplifying neurotoxicity
[80]. Elevated intracellular Ca?* levels in astrocytes mirror
neuronal dysregulation in AD [81], likely involving aberrant
GPCR signalling that contributes to excitotoxicity in AD.
Astrocytes also regulate neurovascular coupling via mGIuR .-
and Ca?*-mediated pathways that modulate cerebral blood
flow. Dysfunctional GPCR signalling in astrocytes may under-
lie AD-associated vascular and metabolic disturbances [82].
Despite their neurotoxic effects, astrocytes are neuroprotec-
tive. Activation of mGluR,, which is reduced in AD, promotes
non-amyloidogenic APP processing, inhibits BACE1 activity,
and enhances soluble APPa production, facilitating AB,, oligo-
mer clearance [80]. This dual nature of astrocytic involvement
suggests that the selective modulation of GPCRs may be a ther-
apeutic strategy for mitigating neurotoxicity while preserving
the neuroprotective functions.

Microglia, the primary immune cells of the CNS, remove
cellular debris, misfolded proteins, and apoptotic neurones
through phagocytosis. They become chronically activated and
pro-inflammatory in AD, aggravating the neuronal damage.
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Microglia are often broadly categorised into two functionally dis-
tinct subtypes: M1 microglia, which release pro-inflammatory
cytokines and contribute to neurotoxicity, and M2 microglia,
which secrete anti-inflammatory factors and neurotrophic mol-
ecules [83]. Evidence shows that Af and Tau aggregates directly
activate microglial GPCRs, promoting inflammation and accel-
erating neurodegeneration. The upregulation of chemokine re-
ceptors, mGluRs, and trace amine-associated receptor 1 (TA R)
in microglia has been linked to elevated cytokine production,
synaptic dysfunction, and amyloid-beta (Af) accumulation
[39, 49, 83]. Increased mGluR, expression near A plaques is as-
sociated with synaptic impairment and cognitive deficits in AD
models [80].

The inflammatory microglial phenotype in AD also drives re-
active astrocytosis, creating a feed-forward loop that enhances
AP production through increased BACE1 and y-secretase
activities [77]. This crosstalk among microglia, astrocytes,
and neurones suggests that AD-associated neuroinflamma-
tion is not cell-autonomous but a coordinated dysfunction
across glial populations. Although microglia are often pro-
inflammatory in AD, several microglial GPCRs exert neuro-
protective effects. mGluR, activation reduces oxidative stress
and dampens the release of inflammatory mediators, promot-
ing an M2-like phenotype [80]. Similarly, in vitro activation
of TAIR by 3-iodothyronamine induces anti-inflammatory
signalling that counteracts M1 activation and mitigates Af-
induced neurotoxicity [84]. These findings support the use of
microglial GPCRs as promising therapeutic targets for modu-
lating neuroinflammation while preserving essential immune
functions.

The involvement of astrocytes and microglia in AD highlights
the importance of GPCR signalling in addition to neurones.
GPCR dysregulation in astrocytes drives neurotransmitter
imbalance, CA?* disturbances, and neurovascular dysfunc-
tion, whereas GPCR-dependent microglial activation drives
chronic neuroinflammation and worsens Af and Tau pathol-
ogy. However, some receptors, including mGluR, in astrocytes
and mGluR, and TA R in microglia, exert neuroprotective roles,
underscoring the value of selective GPCR-targeted therapies.
Therefore, modulating glial GPCR activity may attenuate neu-
roinflammation and synaptic impairment, offering a promising
disease-modifying strategy for AD treatment.

While GPCR dysregulation in AD culminates in synaptic failure
and progressive neuronal loss, the same signalling architecture
is repurposed in GBM to sustain cell survival, proliferation,
and invasion. This divergence illustrates the context-dependent
nature of GPCR-mediated pathways, which can either destabi-
lise post-mitotic neural circuits or promote malignant growth.
Understanding how GPCR networks are redeployed in GBM is
vital to fully understand their dual roles in ageing-related brain
pathologies.

4 | GPCR Signalling in Glioblastoma

GBM is the most aggressive and lethal primary brain tumour,
with a median survival of approximately 15 months and a 5-year
survival rate of only 9% despite aggressive treatment strategies

[85]. GBM exhibits extensive intratumoral heterogeneity driven
by multiple genetic and epigenetic alterations, resulting in
highly adaptive oncogenic pathways that promote uncontrolled
proliferation, immune evasion, metabolic reprogramming and
resistance to therapy [86]. These processes emerge from complex
signalling networks involving GPCR pathways and major non-
GPCR mechanisms, including EGFR amplification or mutation,
PTEN loss, TP53 alterations and IDH-associated metabolic re-
wiring [87]. Within this oncogenic landscape, GPCRs function
as one of several signalling hubs, acting in a context-dependent
manner to modulate, amplify, and integrate extracellular and
microenvironmental signals associated with tumour progres-
sion. Furthermore, GPCRs are emerging as key regulators of
GBM pathophysiology, with multiple GPCR-mediated signalling
cascades implicated in tumour growth, angiogenesis, migration,
invasion and immune suppression [88, 89], making them poten-
tial molecular targets for understanding and disrupting GBM
progression [90].

4.1 | GPCR-Mediated Proliferation and Survival
in GBM

GBM cells exploit GPCR signalling to sustain their prolifera-
tion and evade cell death. GPCRs, such as D,R, neurokinin-1
receptor (NK1R) and thrombin receptors, have been shown to
drive GBM cell growth by activating pro-survival signalling
pathways. D,R is overexpressed in GBM cells, stimulating the
GNAI2/Rapl/Ras/ERK axis and promoting cell proliferation
and tumour growth [91]. Consequently, selective antagonism
of D,R (e.g., ONC201) blocks AKT/ERK signalling and induces
apoptosis and is currently under investigation in clinical tri-
als for GBM [92]. Similarly, NK1R is upregulated in GBM and
facilitates mitogenic signalling via ERK1/2 phosphorylation,
enhancing tumour growth and migration [93]. In contrast, se-
rotonin receptors (5-HT,, and 5-HT,), which are involved in
synaptic plasticity and mood regulation, have been shown to
enhance GBM cell migration and invasive behaviour, further
exacerbating tumour invasiveness [94]. Adrenergic receptors
contribute to GBM progression by modulating stress response
pathways. Chronic adrenergic stress signalling promotes tu-
mour cell survival and enhances the glioma microenvironment
by regulating angiogenic factors, such as vascular endothelial
growth factor (VEGF), contributing to therapy resistance. The
f3,-adrenoceptor, which has been linked to increased Af pathol-
ogy in AD, also facilitates tumour growth in GBM, highlighting
its dual role in CNS pathologies [41].

In addition to neurotransmitter GPCRs, thrombin receptors play
a crucial role in GBM progression by binding to their receptor
which induces RhoA and phospholipase D (PLD)-mediated ac-
tivation of RaplA, promoting cell adhesion, migration and in-
vasion via 1 integrin signalling [95]. The metabotropic P2Y,,
receptor (P2Y,,R), which is overexpressed in GBM cells, has
also been shown to increase proliferation in the presence of the
agonist adenosine diphosphate (ADP), which activates ERK
1/2 through the RhoA/PKC/Rafl/MEK cascade [96]. GPCR-
mediated activation of myocardin-related transcription factor A
(MRTF-A) and YAP/TEAD transcriptional programmes further
amplifies tumour proliferation and invasion [97]. Additionally,
GBM cells exhibit altered glucose metabolism, which enhances
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tumour aggressiveness. High-glucose conditions have been
shown to upregulate formyl peptide receptor 1 (FPR1) and epi-
dermal growth factor receptor (EGFR), increasing cell prolifera-
tion, VEGF production and resistance to apoptosis [98].

4.2 | GPCRs In Angiogenesis

Unrestricted angiogenesis, a hallmark of GBM, is critical for
sustaining tumour growth in the hypoxic brain microenviron-
ment [99]. Several GPCRs modulate VEGF-driven angiogene-
sis, enhancing vascular permeability, endothelial proliferation
and vessel formation [100]. Among these, the endothelial dif-
ferentiation gene (EDG) family of lysophospholipid receptors
(S1P, (R) is strongly implicated in angiogenesis and tumour
progression. S1P receptors signal via the ERK, JNK, Rho/Rac
and PI3K pathways, facilitating endothelial migration and vas-
cular remodelling [90]. Additionally, the chemokine receptors
CXCR4 and CXCRS5 have been implicated in VEGF-dependent
angiogenesis, whereas orphan GPCRs GPR126 and GPR124
have been identified as novel regulators of vascular invasion in
GBM [101]. A particularly relevant overexpressed GPCR in GBM
angiogenesis is epidermal growth factor, latrophilin, and seven-
transmembrane domain-containing protein 1 (ELTD1), which
is associated with poor prognosis. ELTD1 interacts functionally
with VEGFR2 to enhance vascular proliferation and tumour
progression [102, 103]. High levels of EGFR have also been iden-
tified in GBM, along with the overexpression of TF, PAR1 and
PAR2, and ectopic synthesis of factor VII (FVII), which in turn
causes the overproduction of angiogenic factors such as VEGF
and IL-8 [104].

4.3 | Invasion and Immune Evasion

GBM is highly invasive, with tumour cells infiltrating the sur-
rounding brain regions and evading immune surveillance.
Several GPCRs orchestrate cytoskeletal remodelling, extra-
cellular matrix degradation and immune suppression, thereby
enabling unrestricted tumour invasion. Chemokine receptors,
such as CXCR4 and CXCR?7, are central to GBM pathophysiol-
ogy. CXCR4 is overexpressed in glioma stem cells, maintain-
ing stemness and promoting recurrence, whereas CXCR7 aids
in invasion and apoptosis resistance in hypoxic regions [105].
Both are considered therapeutic targets, as they drive direc-
tional migration towards CXCL12-rich hypoxic niches [105],
with the CXCR4 inhibitor plerixafor being clinically tested.
Formyl-peptide receptors FPR1-3 promote chemotaxis, ma-
trix metalloproteinase release, and secretion of pro-angiogenic
factors, accelerating dissemination [85, 106, 107]. Among lyso-
phospholipid receptors, LPA signalling enhances motility, EMT-
like transitions, and therapy resistance, whereas S1P signalling
shapes the immunosuppressive tumour microenvironment
[108]. GPCR-mediated immune evasion is further reinforced
by cannabinoid receptors CB,R/CB,R, whose overexpression
dampens antitumour immunity but can trigger cell cycle arrest
and apoptosis under experimental agonism [109]. Finally, the
orphan receptor GPR17 is a potential therapeutic target as a neg-
ative regulator of GBM growth, as its overexpression increases
reactive oxygen species, induces apoptosis, and suppresses
proliferation [108].

4.4 | Therapeutic Targeting of GPCRs in GBM

Given their widespread dysregulation in GBM, GPCRs are
highly druggable targets for therapeutic interventions. Several
GPCRs, including CXCR4, FPR1, LPA receptors, S1P recep-
tors, and cannabinoid receptors, have been investigated as
potential therapeutic targets for GBM treatment. Targeting
CXCR4 and CXCR7 with small-molecule inhibitors has shown
promise in preclinical models, reducing GBM cell invasion
and stemness [105]. Similarly, antagonists of LPA and S1P
have been explored for their potential to suppress GBM prolif-
eration and angiogenesis [108]. Cannabinoid-based therapies,
such as CB,-selective agonists, exhibit antitumour effects
by promoting apoptosis and reducing GBM stem cell viabil-
ity [109]. Additionally, NK1R antagonists effectively reduce
GBM cell migration and invasion [110]. Given the complex
nature of GPCR signalling mechanisms and the possibility of
side effects when modulating their activity, biased signalling
presents an opportunity to enhance the effectiveness of GPCR
therapies in GBM. Representative examples include sphin-
gomyelin phosphodiesterase 1 inhibition with fluoxetine to
inhibit EGFR and activate lysosomal stress to kill GBM cells
[111], and cholesterol depletion using methyl-f-cyclodextrin,
which inhibits EGF with further impairment of downstream
signalling, reducing the sustained activation of both AKT and
ERK1/2 in GBM cells [112]. Despite promising preclinical ad-
vances, the high heterogeneity and adaptive capacity of GBM
remain major obstacles in the development of GPCR-targeted
therapies. However, accumulating evidence indicates that
GPCR signalling underpins virtually every hallmark of GBM.
Strikingly, many of the same receptors and downstream path-
ways are implicated in AD, yet they drive diametrically op-
posed biological outcomes. This paradox raises a fundamental
question: how can identical GPCR networks orchestrate both
neurodegeneration and malignancy?

5 | Converging Pathways: GPCRs Linking GBM
and AD

Epidemiological data and transcriptomics analyses have in-
creasingly linked AD and GBM through inverse comorbidity,
in which individuals who develop one disorder show a reduced
incidence of the other disorder [113]. However, such epidemi-
ological associations may be influenced by confounding fac-
tors, such as survival bias, treatment exposure and diagnostic
bias. Despite their opposing clinical trajectories, neurodegen-
eration and malignancy converge on a common set of GPCRs
and downstream signalling hubs, including the PI3K/AKT/
mTOR, MAPK/ERK, JAK-STAT, Wnt/B-catenin and NF-xB
pathways [11, 13, 15]. These cascades govern cell survival, im-
mune activation, and metabolic homeostasis in both neuro-
nal and tumour cell contexts. Figure 3 outlines these shared
molecular axes and positions GPCRs as upstream integrators
capable of driving divergent outcomes depending on the cel-
lular context.

This overlap becomes mechanistically tangible when individ-
ual receptors are examined in detail. In GBM stem-like cells,
CXCR4 (often paired with CXCR7) is activated by hypoxia-
induced CXCL12, triggering PI3K/AKT and f-arrestin-SRC
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scaffolding, which supports proliferation, invasion and re-
sistance to therapy [105]. In AD, the same receptor axis in
microglia and neurones contributes to synaptic dysfunction
and accelerates tau-related pathology. Similarly, LPA1 drives
EMT in tumours via Gq/11-mediated Rho activation, whereas
in the AD brain, LPA1 overactivation promotes p-Tau accu-
mulation and dendritic spine degeneration [59, 60]. Likewise,
FPR1 promotes angiogenesis and extracellular matrix re-
modelling through VEGF and MMP upregulation in GBM
[106, 107] while in AD, its partial inhibition reduces the A
bu. and rescues memory function [52]. Even mGluR5 shows
this context-dependent behaviour, activating mitogenic ERK
signalling in glioma cells but offering neuroprotection in AD
models by attenuating oxidative stress in astrocytes and in
microglia [80, 82]. These examples demonstrate that identical
receptor-pathway architectures can yield contrasting phys-
iological consequences in different contexts. In the tumour
microenvironment, sustained activation of PI3K/AKT or ERK
via CXCR4 or LPA1 drives cell cycle re-entry, angiogenesis,
and metabolic reprogramming in tumour cells. In contrast,

in post-mitotic neurones, these signals disrupt cytoskeletal
integrity, impair mitochondrial function and trigger neurode-
generation [58]. Ultimately, it is the cellular context, not the
receptor identity, that determines whether a signalling cas-
cade sustains proliferation or precipitates collapse.

6 | Discovery Platforms for GPCR Targets in AD
and GBM

The search for druggable GPCRs in AD and GBM has shifted
from gene-by-gene studies to integrated, data-driven ap-
proaches. Advances in omics, network inference, machine
learning (ML), docking and molecular dynamics have iden-
tified GPCRs as key players in neuroinflammation, metab-
olism and tumour progression [114]. Expression profiling,
ligand-binding assays, CRISPR screens, single-cell sequenc-
ing and organoid models can be used to validate whether
computational hits affect Af processing, p-Tau and GBM
cell behaviour [115-117]. Together, these approaches form an
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iterative in silico-in vitro-in vivo workflow, further refined by
next-generation sequencing platforms. Multiomics strength-
ens target prioritisation, AI tools assess receptor-ligand in-
teractions and high-content phenotyping in brain organoids
links targets to functional responses. Integrating predictive
modelling with experimental testing broadens the GPCR tar-
get space and accelerates the transition from computational
candidates to translational leads. Notably, these discovery
platforms are gaining traction in ageing-associated datasets
to identify GPCRs whose signalling biases arise specifically
under chronic inflammation, metabolic stress and cellular
senescence.

6.1 | Computational Approaches

Conventional GPCR target screens are slow, expensive and
limited; thus, current pipelines begin with a computational
triage. Network-based analyses of protein interactions and
pathway enrichment maps identified receptors embedded in
the disease modules. For example, CXCL12 has been linked
to AD and GPR17 to GBM using such approaches [118, 119].
ML models trained on genomic or transcriptomic data pri-
oritise GPCRs based on disease relevance, linking several
loci to AD risk [120] and identifying CXCR4 as a key GBM
driver [121]. Virtual screening approaches, including phar-
macophores, docking and Quantitative Structure-Activity
Relationship (QSAR), have matched chemotypes to several
AD-upregulated receptors, such as Mg AChR, CysLT,R, DR,
GAL,R and 5-HT,. [122].

Structure-based discovery leverages high-quality homology
models. Docking followed by molecular dynamics produced
nanomolar GPR17 agonists for GBM models [123], whereas hy-
brid QSAR-docking workflows were applied to somatostatin
receptor 4 and M1 AChR [124, 125]. Transcriptome-wide differ-
ential expression and GSEA are vital for identifying genes that
contribute to GBM progression [121]. Increasingly, multiomics
integration is used to train neural network QSAR models, as
in the optimisation of 5-HT, antagonists [126]. Currently, each
computational hit is directly fed into CRISPR perturbation,
live-cell biosensors and organoid assays, ensuring that only bi-
ologically robust GPCRs progress to subsequent stages of target
evaluation and drug discovery.

6.2 | Experimental Validation

Computational shortlists gain translational value only after can-
didate receptors pass sequential assays that confirm expression,
ligand ability, and functional impact in disease-relevant tissues.
Transcript surveys, now commonly extended to single-cell and
spatial RNA-seq, determine GPCR upregulation or downregula-
tion in AD and GBM. For instance, Huang et al. identified GPR3
among several receptors that are differentially expressed in AD,
with validation at the protein level [62]. Similarly, Ganesh et al.
reported elevated GPR56 levels in GBM cell lines, linking its
abundance to therapy resistance [127]. Next, receptor properties
are characterised through ligand-binding assays, such as radi-
oligand saturation, fluorescence polarisation and NanoBRET.

Using these methods, Kari et al. identified sacubitril as a full
GPR17 agonist [123]. Functional readouts, such as CA?* flux,
cAMP, B-arrestin recruitment and real-time conformational bi-
osensors, probe downstream signalling. Nguyen et al. showed
that CHBC agonists drive GPR17-dependent MAPK activation,
leading to GBM cell death [128]. Finally, in vivo genetics and
pharmacology close the loop: targeted GPR3 deletion in trans-
genic mice lowers A load and improves cognition, confirming
that earlier in silico and cellular findings translate into organis-
mal benefits [62]. This expression-to-mechanism-to-phenotype
pipeline now defines the standards for the development of
GPCRs therapeutic targets.

6.3 | Current GPCR-Targeted Therapeutics

Despite the absence of AD or GBM-approved GPCR-directed
drugs, GPCRs remain central therapeutic targets because they
regulate synaptic plasticity, inflammation, metabolism and
cell cycle regulation. GPCR signalling pathways represent po-
tential therapeutic intervention points that can guide future
drug development strategies. In GBM, the strategy is inhibi-
tory: CXCR4 antagonists, such as plerixafor, reduce invasion
[105]; ONC201 blocks D2R, inducing apoptosis [91]; and LPA1
inhibitors disrupt glioma-microglia crosstalk [108]. Conversely,
in AD, several GPCRs are enhanced or biased towards protec-
tive signals. mGluR; positive modulators support synaptic re-
silience [80], whereas FPR1 agonism promotes Af clearance
[52]. Understanding the differences in GPCR conformation and
signalling partners between tumours and neurodegenerative
tissues may facilitate target prioritisation and structure-based
optimisation of future ligands designed to exploit this context-
specific duality.

In AD, therapeutic efforts aim to restore neurotransmis-
sion. M1/M4 potentiators [51, 129-132], D,R/D,R stabilisers
[133-135], 5-HT,/5-HT,, . antagonists [40, 136], and A2A in-
hibitors [46, 48, 137] improve cognition and plasticity. Other
interventions target hallmark pathologies by reducing GPR3,
LPA/S1P or CXCR2 signalling or dampening {32-adrenoceptor
activity, thereby reducing A production, enhancing clearance,
and limiting p-Tau [62, 63, 138, 139]. As metabolic dysfunction
accelerates neuronal loss, agents that reduce mGluR ; hyperac-
tivity [80, 82] or normalise adrenergic tone [72] are being evalu-
ated for mitochondrial protection.

In GBM, GPCR inhibition aims to block proliferation, invasion
and immune evasion processes. Examples include D,R blockade
with ONC201, inhibitors of S1P1/3 and LPA1/3 [140, 141], and
formyl peptide receptor antagonists that reduce VEGF release
[107]. Anti-angiogenic strategies involve the use of CXCR4 or
CXCR?7 inhibitors and GPR124-targeting antibodies to restrict
tumour vascular support [101, 142-144]. Modulating CB,R or
CXCR4 signalling may also counteract immunosuppression by
re-educating tumour-associated macrophages and improving
lymphocyte access [105, 109, 145]. As glioma stem cells drive re-
currence, receptors such as GPR56 and those involved in LPA
signalling are emerging as attractive targets [127, 146]. Ongoing
preclinical and early phase clinical efforts are summarised in
Tables 1 and 2, respectively.

Journal of Cellular and Molecular Medicine, 2026

9 of 20

85UB017 SUOLILLIOD BAIFeR1D 3|qedlidde auy Aq pausenob afe 9 VO ‘8sn 4O S3|NI Joj AReiq)T8Ul|UO AB]1M UO (SUOIIPUOD-PpUR-SLLBH D" A | 1M ARe.q)1BUI|UO//:SANY) SUO BIPUOD PUe SWwie L 83 385 *[9202/90/20] Uo ArigiTauliuo AB|IM 1l eURI400D AQ TETTL WWOITTTT OT/I0p/W00 A8 1M ARIq1RUIUC//SANRY WO.) papeojumod ‘L ‘9202 ‘7E67285T



(senunuo))
Surreusis sjewreiny3 rewrou Juroye
noym £3101x03 (941g) urejoid uorid I0JR[NPOIN
LY160£90LON /(0gv) 1ow03I[0 ©3aq PIO[AUE JO IYO0[] I9seyd OLISISO[V JUS[IS €C6v86-SIND gynpw
erjSo1orw pue s93K00138® £Aq LT-T1 PUB ‘9-T1 “OAN.L
Jo uononpoid 3y} s9)eNUSYIE PUL UOIIRUI[OAWISP
S3IqIYUI SNIp oY) 1Y} PI[BIAI SAIPNIS [eoruro-a1d
‘OSTV "WISISAS SNOAISU [BIIUD Y} 03 Sanssy proydurAf
7826£990.LON woIy uoneIdrur 9)LooydwA] syqryur powruodig II 9seyd JsTuogeIuy pourruodis G pue 1 sadfigqns J1S
“19%00[q YV L H-S UONRISUSS-1XaU B SB PaqLIOSIP ST
€L96ST90.LON J1INq ‘TE3[OUN ST UONIE JO WISIUBYIIW 3s1031d ay ], III/11 seyd 1STUOSY 9SIoAU] $02-dDV Vi1
"AV reropowt yiim sjuaned
TZY6T0T0LON 0} paxdjsIurwpe sem aurpaidorepy 11 9seyd isTuoSeIuY surpaidorep] SLH-S
‘AV reropouwt yiim sjuaned
S0£08STOLON Ul PajeN[eAd U2dq sey duIpaidnsey 11 9seyd Istuogejuy surpaidnsepy 9L H-S
*9SBASIP S IOUWIIOYZ[Y YIIM PIIBIOOSSE
829TF000LON stsoyoAsd 1ean) 0} pasn st sjozeididiry AT 9seyd JsTuoSy [enied srozeididiry Yi1H-s fa “v¥éa
€8LI6CCOLON "V Ul sso[ K10wou s1ea1) 9¢66'TLH 19seyd ISIUO3Y [enIed 9¢€66'TLH MUV '
‘uonrugod Sunodfye A[PAnedau Jnoyiim pue
argoid Liqeratoy a[qeidaooe ue SunIqryxa
‘AV JIm pajeroosse sisoyoksd Sunean
€5SSE0TO0.LON ur £9B01JJ9 SIBISUOWIP ULIOSUBABWI] II 9seyd JSTUOZ Y 9SIOAUT ULISSURARWIJ Ve 1H-S
"BIUSWIAP S, JOWIOYZ[Y [3im syuedronred
Y9S¥9v0LON ur uoneNde 18a1) 01 pasn ST 98/-d AV 111 seyd ISIUO3Y [enIed 98L-dAV ¥a
‘av i syuanyed Suneany 1oy 1zadauop 03
$€658SZ0LON Ade1ayy sanoun(pe ue se 9A1309J)9 SI TOT-LAY III 9seyd JsTuogeIuy 10T-LAY SqnOw
*S109JJ9 9S9Y} YA PAIRIDOSSE SSO] AIOUWISUI PISIIAII
PUE ‘UOIIBWWR[JUIOINSU pajeIad[[e ‘sndweooddry
G800LSY0LON oy ur uonejfroydsoydiad Ay ney paonpal aursje) 111 9seyd JsTuogeIuy auIdpIeD AveV
‘swojduwiAs uonelrde aje1ade 03 pasisajodLy
T90T1LE0LON u99q sey pue s101deoousipe-o uo sjoe uIsozeig II oseyd Jstuogeiuy ursozelq 101dooouaipe-To
9S®ISI( S IWIYZ]Y
I A0S STRLIL[BITUI[) so[ox resrSojorg aseyd [ern reasrurp) puesiyyo adAL jeprpued Sniq 3981e) opnoaderay],

"SI Tl [edruld pue ‘sajoi [eardofoiq ‘sad £y puedi| ‘soreprpued Snip aandadsar Yum ‘NGO pue Qv 10J s3osie) onnaderay) enusjod a1 YOdO | THTAV.L

15824934, 2026, 7, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/jcmm.71131 by Cochraneltalia, Wiley Online Library on [07/06/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Journal of Cellular and Molecular Medicine, 2026

10 of 20


http://clinicaltrials.gov
http://clinicaltrials.gov/show/NCT02580305
http://clinicaltrials.gov/show/NCT01019421

15824934, 2026, 7, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/jcmm.71131 by Cochraneltalia, Wiley Online Library on [07/06/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

11 of 20

‘[OUIqeUUEI0IPAY LI} ‘DH.L ‘dprwojozouwnd) ‘ZIA L ‘103daoa1 pauayjoows ‘ows ‘s10jdadar ayeydsoyd-1-aursoSuryds ‘qT§ ‘s 103dooa1 oyewreIn(s ordorjoqerawx
“SYNOW $103d99a1 $ UNI0dBRW Y DI {TIN 103d9051 SUIOYI[A}908 JTULIBISNW “YUIV Al OWI0JH N BWOISB[qoIS ‘D ‘£ 103da0a1 surwredop ¥ zq 10301 surwredop 4°q p 9d AL, 103de0a1 sun[owWayd “PYIXD ‘T 2dAL
103d9051 prourqeuued ‘gD ‘1 9dAL YOLAADTY AIONIEVNNVD ‘TID $oSeasI( S, I0WPYZ[V ‘qV 103d90a1 Y7V SUISouspe YV ¢9 101091 LH-S— LH-S ¢V 103dada1 LH-S VS LH-S ¢V 103dooa1 LH- <V LH-¢ suoneiasiqqy

'$309JJ9 oruadordue-njue UNIAXd pue
‘uorjerayrjoad [[90 SUnIqIYUI ‘Yieap [[20 Suronpur

£q ewol]3 Jo S[opow [eWIIUE UI Y}moI3 Tnouwn) (ZINL +)
C0L6T9SOLON onpal DH.L pue gD eyl punoj sAey sarpnig II °seyd OLI2JSO[V 2AIIESON S[OWIXIqeN 1aD
‘sfopowt ewol[3 Teorurpaid ur Adeisyjorpes
puE SPIWO[0ZOW) YIIM SIO9JJ Iournjrjue (Aderoyorpey pue
8Y¥6CSE0LON onsIdIouAs umoys aaey (4D + OH.L) OTTOLNL 1I/19seyd istuosy ZINL +) OTIDI-NL gD pue 14D

"ZINL 03 NGO JO AJIAT)ISUDS Y} 9SLIIOUT pue
¥d Jo uonouny oy} ajenualie ued [opredorey

*90UBISISAIOWAYD puk uonIqryur siso}dorrs,g (ZW1+)
$7S8TT90LON SOJRIPAW NGO JUSLINOAI UT UOISSaIdxa10A0 Yo II oseyd JstuogeIuy [opriadoreHq ¥a
‘AdeI19Y) UonRUIqUIOD JO A9BOIIJ0 oY)
S9TS9LCOLON S9SBAIOUI PUB YIMOIS Inown) sIqryut 195LTXAd [9seyd jstuogeIuy T19GLLTXdd 12:10):@)
LL9LL6TOLDON "90ULIINIAI PUE YIMO0IT Inown} S)QIYUI JO[JezIId[d II 9seyd JstuogeIuy IO[Jez1Id[d PIDXD

‘syuaned WO ur L11an0e
€v€08600LDON IoWnjnue SHQIYXa qISopowsIA II aseyd JsTuogeIuy qrSepowsIA 107d90a1 owig
‘[BAIAINS [[BISAO PUE [BAIAINS 991J
-uorssar3oid 19310Ys AJUedIJIUSIS PAIQIYXD
V 9[9[ 10] snoAzowoy 2dAjouasd £69681S1

PO 93 M ZIALL pue AdeIayjorper yiim Kderayjowayo
80S8S¥Z0LON peyean sjuaned Jey) pareasal Apnis YL, 111 9seyd pue opey AOW
¢80T¥SY0.LON YImoi13 [[99 SHQIYUI 90ZONO [9seyd JstuogeIuy 90CONO ¥a
60C6C9t70.LON "YIMOiIg (99 sHQIYUL T0ZONO 111 °seyd jstuogejuy TOZONO ¥a

SULIOJII[NJA] BWIOISR[QOI[D)

I A0S STRLIL[BITUI[) so[ox resrSojorg aseyd [ern reasrurp) puesiyyo adAL jeprpued Sniq 3981e) opnoaderay],

Journal of Cellular and Molecular Medicine, 2026

(ponunuo)) | THATAVL


http://clinicaltrials.gov

TABLE 2 | Potential GPCRs therapies for AD and GMB.

Therapeutic

target Drug candidate

Type of ligand

Therapy

References

Alzheimer's Disease

M, AChR HTL9936

H.,R GSK239512

CXCR2 SB225002

D,R Bromocriptine

EMD-386088

SB-399885

M, AChR VU0364572

M, AChR VU0486846

Glioblastoma Multiforme (GBM)

MC,R MLO00253764

NK1R Aprepitant

CXCR7 CCX771

Partial agonist

Antagonist

Antagonist

Agonist

Agonist

Antagonist

Agonist

Positive
Allosteric

Antagonist

Antagonist

Antagonist

HTL9936 demonstrated favourable effects on
memory centres in humans at doses that effectively
mitigated the adverse effects that hindered
previous attempts to target this receptor in AD.

GSK239512 had modest and selective
effects on the cognitive function of
patients with mild-to-moderate AD.

SB225002 inhibits CXCR2-mediated y-
secretase activity, which not only contributes to
reducing A levels but also has the potential to

alleviate CXCR2-mediated inflammation that
occurs in AD and worsens its progression.

Bromocriptine activates D,R, promoting PP2A and
JNK recruitment by B-arrestin 2. This inhibited
JNK-mediated transcription of proinflammatory
cytokines and NLRP3 inflammasome activation in
microglia. Thus, Bromocriptine alleviates A{31-42-
induced neuroinflammation and memory deficits
via the D,R/B-arrestin 2/PP2A/JNK signalling axis.

EMD-386088, which targets the 5-HT,
receptor, demonstrated neuroprotection
against Af325-35-induced toxicity. This effect
was achieved by reducing ROS levels and
preventing impairment of neurite outgrowth.

SB-399885, which targets the 5-HT, receptor,
has demonstrated neuroprotection against
AR, ,s-induced toxicity. This effect was
achieved by reducing ROS levels and preventing
impairment of neurite outgrowth.

VU0364572 significantly reduced cortical levels of
0AR, indicating a potential mechanism by which
VUO0364572 exerts its neuroprotective effects

Activation of M; mAChR with VU0486846
reduces A plaques, microgliosis, and
astrocyte reactivity around hippocampal
plaques in female APP/PS1 mice.

Concurrent administration of TMZ and
ML00253764 resulted in a marked synergistic
effect on glioblastoma cells. In an in vivo setting,
this combination demonstrated a robust and
noteworthy reduction in GBM tumour volumes.

Aprepitant can enhance the cytotoxicity
of TMZ and Ritonavir, suggesting that it
can be added to the Stupp protocol.

CCX771 has been shown to be a potential
route to decrease the spread of tumour cells,
their metastasis, and angiogenesis.

[51]

[147]

[138]

[133]

[136]

[136]

[131]

[129], [130]

[148]

[149]

[144]

(Continues)
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TABLE 2 | (Continued)

Therapeutic
target

Drug candidate

Type of ligand

Therapy References

CXCR4

CB

CB

CB

CB,

S1P receptor

LPA receptor

GPR17

GPR15

GnRH

GPR68

AMD3100-SPNPs

CP55-940

WIN 55212-2

SR141716

COR167

Fingolimod

Ki6425

GA-TO

THC

Goserelin Acetate

Ogremorphin
(OGM)

Antagonist

Agonist

Agonist

Antagonist

Agonist

Agonist

Antagonist

Agonist

Agonist

Agonist

Antagonist

AMD3100-SPNPs effectively inhibited CXCL12/ [142]
CXCR4 signalling in vitro in mouse and human
GBM cell cultures. This inhibition was also observed
in an in vivo mouse model of GBM. Furthermore,
the combination of AMD3100-SPNPs and radiation
treatment resulted in prolonged survival.

CP 55-940 showed cell death in glioblastoma [150]
cell lines via apoptotic mechanisms.

WIN 55,212-2 only moderately decreased [150]
the viability of glioblastoma cells.

The upregulation of MICA/B induced by [151]
SR141716 was directly associated with the level
of CB, expression and was observed exclusively
in malignant glioma cells, whereas normal
human astrocytes did not exhibit this effect.

COR167 inhibited cell growth in vitro via [145]
an apoptosis-independent mechanism.

Fingolimod acts as an agonist of S1P receptors, [140]
inhibiting the CXCR4 receptor and its ligand, S1P.

The GBM cell line inhibited hypoxia-induced [146]
EGFR phosphorylation upon treatment with
the LPA receptor inhibitor, Ki6425.

GA-T0 was shown to cross the BBB and reduce [152]
tumour volume due to the significant GBM
cell death and apoptosis caused by GA-TO.

The antitumour action of THC modulated the [153]
population of Ki67+ cells in patient-derived GBM
cells. This effect was primarily mediated by the
activation of orphan receptor GPR55, without
significant involvement of CB, and CB, receptors,
which are typically considered the usual targets.

GBM LN229 cells treated with the GnRH agonist [154]
Goserelin acetate showed a reduction in cell
proliferation up to 48.2%. Overexpression of
KNG1 and significant inhibition of EGFR were
observed after treatment, leading to the hypothesis
of a possible link between GnRH signalling
and EGFR signalling pathways via KNG1.

GPR68 inhibition by OGM induces ferroptosis [155]
in GBM cells through the upregulation of
ATF4 and its downstream target CHACI.

Abbreviations: 5-HT, 5-HT Receptor 6; AD, Alzheimer's Disease; BBB, Blood-Brain Barrier; CB,, cannabinoid receptor Type 1; CB,, cannabinoid receptor Type 2;
CXCR2, chemokine receptor Type 2; CXCR4, CHEMOKINE RECEPTOR Type 4; CXCR?7, chemokine receptor Type 7; D,R, dopamine receptor D2; GBM, Glioblastoma
Multiforme; GnRH, gonadotropin-releasing hormone receptor; GPR15, G-protein coupled receptor 15; GPR17, uracil nucleotide/cysteinyl leukotriene receptor; GPR68,
ovarian cancer G-protein coupled receptor 1; H;R, histamine receptor H3; LPA, lysophosphatidic acid; M; AChR, muscarinic acetylcholine receptor M1; MC,R,
melacortin 4 receptor; NK1R, neurokinin-1 receptor; oA(, oligomeric amyloid-Beta; S1P, sphingosine-1-phosphate; THC, tetrahydrocannabinol; TMZ, temozolomide.

7 | Advancing GPCR-Targeted Therapies:
Challenges, Innovations and Future Directions

GPCRs act as highly plastic signalling hubs, whose biological
effects are strongly shaped by cellular context, disease state and

age. This context dependence is particularly critical when con-
sidering GPCR-targeted interventions for AD and GBM, where
identical receptors and downstream pathways can either pro-
mote neuronal survival or drive malignant growth. Harnessing
this duality requires therapeutic strategies that go beyond simple

Journal of Cellular and Molecular Medicine, 2026

13 of 20

85UB017 SUOLILLIOD BAIFeR1D 3|qedlidde auy Aq pausenob afe 9 VO ‘8sn 4O S3|NI Joj AReiq)T8Ul|UO AB]1M UO (SUOIIPUOD-PpUR-SLLBH D" A | 1M ARe.q)1BUI|UO//:SANY) SUO BIPUOD PUe SWwie L 83 385 *[9202/90/20] Uo ArigiTauliuo AB|IM 1l eURI400D AQ TETTL WWOITTTT OT/I0p/W00 A8 1M ARIq1RUIUC//SANRY WO.) papeojumod ‘L ‘9202 ‘7E67285T



receptor activation or inhibition and exploit the signalling bias,
cell type specificity and disease stage dependence.

A major challenge shared by both disorders is the effective drug
delivery to the CNS. The BBB restricts the diffusion of most
small molecules and biologics, and age-associated changes in
vascular integrity, neuroinflammation, and transporter expres-
sion further complicate pharmacokinetics [113]. In GBM, these
constraints are compounded by intratumoural heterogeneity, ge-
nomic instability, and adaptive resistance mechanisms that rap-
idly rewire signalling networks in response to therapy [5, 39]. In
AD, diffuse pathology, synaptic vulnerability, and network-level
dysfunction impose similar barriers, albeit through fundamen-
tally different biological processes. These constraints under-
score the need for therapies that are not only target-specific but
also resilient to the dynamic environment imposed by ageing
and disease progression.

The intrinsic complexity of GPCRs, which adopt multiple active
conformations and engage diverse signalling partners, enables
biased signalling that selectively activates protective or deleteri-
ous pathways, aggravating therapeutic development [7, 25, 156].
While this offers opportunities to fine-tune therapeutic responses,
it also poses the risk of unintended effects, particularly when a
receptor supports opposing outcomes in neurodegeneration and
cancer therapy. Here, defining what constitutes “therapeutic bias”
in ageing tissues, where baseline signalling, metabolic state, and
inflammatory tone are altered, remains a central question.

Recent advances in structural biology and computational
modelling have begun to address these challenges. High-
resolution GPCR structures obtained by cryo-EM and X-ray
crystallography, combined with Al-based structure prediction
and molecular dynamics simulations, now enable the rational
design of conformation-specific and pathway-biased ligands
[100, 120, 122, 123, 126, 157]. These approaches allow the study
of receptor dynamics under conditions that closely approximate
disease-relevant states, supporting target prioritisation, hypoth-
esis generation, and structure-based optimisation of ligands that
may stabilise neuroprotective signalling in AD or suppress on-
cogenic pathways in GBM. However, translating such precision
into robust in vivo efficacy requires systematic validation across
various cell types and disease stages.

Innovations in experimental modelling and drug delivery fur-
ther support this translational pipeline. Nanoparticle-based and
carrier-assisted delivery systems improve brain penetration and
enable controlled release [113, 158], whereas patient-derived
and induced pluripotent stem cell-based organoids provide
physiologically relevant platforms for evaluating GPCR-targeted
interventions [159, 160]. AD organoids capture neuron-glia
interactions, synaptic decline, and metabolic stress [161-163],
whereas GBM organoids preserve tumour heterogeneity, in-
vasive behaviour and hypoxic niches [164-166]. Combining
these models with computational prediction creates an iterative
framework in which GPCR ligands can be optimised, tested, and
refined under conditions that reflect age-associated biology of
the target [167].

Ultimately, advancing GPCR-targeted therapies for CNS disor-
ders will require the integrated alignment of structural biology,

artificial intelligence (AI), disease-relevant model systems and
ageing biology. Rather than viewing AD and GBM as mechanis-
tically unrelated entities, recognising them as context-dependent
manifestations of GPCR network dysregulation reframes drug
development around signalling plasticity, the cellular environ-
ment and disease stage. This perspective emphasises ageing
as a critical modulator of GPCR function and opens the door
to precision strategies capable of exploiting shared molecular
frameworks while delivering disease-specific outcomes in the
ageing brain.

8 | Conclusion

AD and GBM occupy opposite poles of cell cycle control: neu-
rones in AD re-enter the cell cycle only to die, whereas GBM
cells proliferate without regulation. Beneath this contrast lies a
shared molecular grammar of chronic neuroinflammation, met-
abolic imbalance and dysregulated GPCR signalling. As GPCR
networks are upstream of amyloid processing, Tau phosphory-
lation, angiogenesis, immune evasion and metabolic rewiring,
they create mechanistic and pharmacological bridges between
neurodegeneration and oncogenesis that, if carefully crossed,
could yield transformative therapies.

Importantly, this therapeutic bridge is inherently asymmetric
and shaped by age-dependent cellular contexts. In GBM, effec-
tive therapy requires the suppression of oncogenic signalling
through antagonists or inverse agonists targeting receptors such
as CXCR4, LPA,, FPR1 and D2R. In AD, many of these recep-
tors require biased or agonistic modulation to bolster synaptic
resilience, enhance Af clearance, and limit chronic neuroin-
flammation. Mastering this context dependence, shaped by cell
type, disease stage and ageing, offers a path towards precision
ligands that can elicit opposite biological effects within a shared
signalling framework.

This review highlights the experimental and computational
tools that enable such advances, from multiomics and AI-
assisted docking to single-cell studies and organoid valida-
tion. Yet key gaps remain. The extent and functional impact of
GPCR crosstalk, mainly with receptor tyrosine kinases and ion
channels, remain unclear and may crucially affect therapeutic
outcomes. Moreover, the structural bases of signalling bias in
diseased neural and tumour microenvironments remain ill-
defined and likely vary dynamically with ageing and disease
evolution. Therefore, incorporating patient-specific GPCR sig-
natures into clinical trial designs may be essential for improving
stratification and therapeutic response.

Progress in this field demands deeper integration of chemical
biology, patient-derived models, cryo-EM, ML and systems
neuroscience to preserve mechanistic fidelity across the in
silico-in vitro-in vivo pipelines. Ultimately, viewing AD and
GBM as context-dependent manifestations of GPCR network
dysregulation, rather than as unrelated disorders, reframes the
therapeutic approach around signalling plasticity and the bio-
logical environment. This angle offers a conceptual framework
for guiding the rational design of GPCR-targeted strategies that
are mechanistically informed and pathology-specific to the
ageing brain.
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