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Abstract

Headache, Cancer pain

Glucagon-like peptide-1 receptor agonists (GLP-1RAs) show substantial efficacy in regulating blood glucose

levels and lipid metabolism, initially as an effective treatment for diabetes mellitus. In recent years, GLP-1RAs have
become a focal point in the medical community due to their innovative treatment mechanisms, robust therapeutic
efficacy, and expansive development prospects. Notably, GLP-1RAs benefit pain management through their
neuroprotective and metabolic regulatory properties, such as inhibiting inflammation responses and oxidative
stress, promoting 3-endorphin release and modulating several other crucial biological pathways. Hence GLP-

TRAs hold promise for repurposing as treatments for pain disorders. In this narrative review, we thoroughly trace
the current preclinical and clinical evidence of seven pain modalities, including inflammatory pain, osteoarthritis,
visceral pain, neuropathic pain, diabetic neuropathy, cancer pain and headache, to support the efficacy and
underlying biological mechanisms of GLP-1RAs as therapeutic agents for pain suffering. Despite these promising
findings, further research is necessary to establish their long-term efficacy, optimal dosing strategies, and potential
synergistic interactions of GLP-1RAs with existing pain management therapies. Future clinical trials should aim

to distinguish the direct analgesic effects of GLP-1RAs from their metabolic benefits and explore their broader
applications in pain conditions. The ongoing exploration of new indications for GLP-1RAs further highlights their
transformative potential in advancing medical treatments across diverse clinical fields.
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Introduction

GLP-1RAs are a class of pharmacological agents
employed in managing two highly prevalent metabolic
disorders worldwide: type 2 diabetes mellitus (T2DM)
and obesity [1]. GLP-1, an originally identified natu-
ral prototype, is synthesized and secreted by intesti-
nal enteroendocrine L-cells and certain neurons within
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the nucleus of the solitary tract in the brainstem [2]. Its
release is stimulated by nutrient ingestion and neuro-
endocrine stimulation, eliciting several key metabolic
responses, including enhanced insulin secretion, sup-
pressed glucagon release, delayed gastric emptying, and
increased satiety through both peripheral and central
mechanisms [1]. Nevertheless, GLP-1 presented a rather
ephemeral circulatory half-life, lasting a mere 1-2 min,
due to the rapid enzymatic degradation by dipeptidyl
peptidase IV (DPP-4), which markedly limits its biologi-
cal efficacy [3-5]. To overcome this limitation, GLP-1
analogs have undergone extensive structural modifi-
cations to render them resistant to degradation while
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replicating the pharmacological functions [6, 7]. At pres-
ent, several GLP-1 analogs have joined the class, such as
exenatide, liraglutide, dulaglutide, semaglutide and tirz-
epatide [1].

Glucagon-like peptide-1 receptor (GLP-1R), a class
B G-protein-coupled receptor (GPCR), is broadly
expressed on the surfaces of various cells, including the
pancreas, intestine and brain [8]. Upon activation by
GLP-1RAs, GLP-1R initiates diverse intracellular cas-
cades, such as the cyclic adenosine monophosphate
(cAMP) / protein kinase A (PKA) pathway and phos-
phatidylinositol 3-kinase (PI3K) / protein kinase B (Akt)
signaling pathway [1, 9]. These pathways underpin the
wide-ranging therapeutic benefits, extending the benefits
of GLP-1RAs beyond conventional glucose management.
Notably, GLP-1R is abundantly expressed in various
brain regions, including the hypothalamus, cortex, and
hippocampus, as well as peripheral nervous tissues [10].
This distribution enables GLP-1RAs to exert signifi-
cant neurobiological effects. They have been implicated
in promoting neuroprotection, improving neurological
structure and functions, attenuating apoptosis, mitigat-
ing oxidative stress, and modulating neuroinflammation
[11-13]. Deficiency or dysregulation of GLP-1R has been
linked to behavioral, mood, and cognitive disturbances
[14, 15]. Recent preclinical andclinical studies have dem-
onstrated the significant potential of GLP-1RAs in slow-
ing the progression of neurodegenerative diseases [16,
17]. For example, GLP-1RAs were proven in the clinic
to slow the disease progression of Alzheimer’s disease
and Parkinson’s disease, attributed in part to their anti-
inflammatory and neuroprotective properties [16, 18—
22]. These findings highlight the capacity of GLP-1RAs to
extend their therapeutic impact well beyond traditional
metabolic targets. Additionally, GLP-1RAs may influence
other neurological functions, inter alia in pain modula-
tion. Several preclinical models and clinical studies also
suggest their potential as a novel therapeutic strategy
for managing pain symptoms. As GLP-1RAs continue to
garner increasing interest in pain research, Halloum et al.
have reviewed their role in pain modulation [23]. How-
ever, the studies often take a broad landscape, lacking a
detailed analysis of the specific roles and limitations of
GLP-1RAs across different pain conditions. A more com-
prehensive and systematic evaluation is needed to eluci-
date their underlying mechanisms, therapeutic potential,
and challenges that must be addressed to maximize their
efficacy across various pain modalities.

Consequently, the present review aims to more com-
prehensively summarize the current understanding of
the involvement of GLP-1RAs across distinct categories
of pain, elucidate their mechanisms of action, and shed
light on the future direction of clinical investigations by
incorporating findings from newly published studies on
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GLP-1RAs in pain modalities. A schematic diagram illus-
trating the diverse pain modalities and their associated
mechanisms is presented in Fig. 1.

Inflammatory pain

GLP-1(7-36)-amide, the major biologically active form
of GLP-1, retains detectable biological activity. In 2014,
an influential study by Wang et al. serendipitously dis-
covered that GLP-1(7-36) exerts potent antinociceptive
effects in the formalin test, prompting a systematic inves-
tigation of its role in alleviating pain hypersensitivity and
its underlying mechanisms [24]. Subsequently, in murine
formalin models, intrathecal injection of GLP-1(7-36) at
a variety of doses significantly reduced the tonic flinch-
ing response in a dose-dependent manner, with no effects
on acute nociceptive responses [24]. This antinociceptive
effect was completely abolished by GLP-1R antagonism,
underscoring its receptor-mediated effects [24] (Fig. 2A).
Additionally, GLP-1 and its homolog GLP-2 exhibited
inhibitory effects on nociceptive pain induced by thermal
and chemical stimuli [25]. Exenatide is a GLP-1 analog,
derived from exendin-4 and originally isolated from the
salivary secretions of the Gila monster [26]. Intrathecal
injection of exenatide (1-100 ng) elicited dose-depen-
dent antinociception in formalin-induced tonic flinch-
ing responses without affecting acute nociceptive phases
[24] (Fig. 2A). In contrast, intracerebroventricular injec-
tion, even at doses up to 300 ng, failed to influence acute
or tonic flinching responses [24]. Evidence from recep-
tor blockade and GLP-1R gene knockdown experiments
confirmed that the spinal cord is a primary site mediating
exenatide-induced antinociception [24]. Mechanistically,
exenatide stimulated the release of P-endorphin from
spinal cord tissue and cultured primary microglia. The
antinociceptive effect was completely blocked by mino-
cycline (a microglial inhibitor), f-endorphin antiserum,
or naloxone (an opioid receptor antagonist) [24]. Exen-
din 9-39, a synthetic peptide derived from exendin-4
via N-terminal truncation and sharing 53% sequence
homology with GLP-1, functions as a specific and com-
petitive antagonist of GLP-1R [27]. Recent studies have
shown that both exendin-4 and exendin 9-39 effec-
tively reduce capsaicin-induced acute pain and chronic
pain caused by Complete Freund’s Adjuvant (CFA) in
mice [28] (Fig. 2B). Interestingly, exendin 20-29, a frag-
ment of exendin 9-39, directly and specifically inhibits
transient receptor potential vanilloid 1 (TRPV1) activ-
ity in sensory neurons, thereby alleviating pain behav-
iors [28]. Liraglutide, a GLP-1 analog with an extended
half-life, has also demonstrated efficacy in reducing pain
hypersensitivity. In a rat model of carrageenan-induced
acute peripheral inflammation, liraglutide significantly
reduced hypersensitivity to mechanical and cold stim-
uli through its anti-inflammatory effects, notably by
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Fig. 1 Schematic illustration of potential mechanisms of GLP-1RAs in pain management. GLP-1RAs alleviate pain through neuroprotective and metabolic
regulatory effects, including anti-inflammatory and antioxidant actions, 3-endorphin release, and modulation of key pain-related pathways. Abbrevia-
tions: GLP-1RAs: glucagon-like peptide-1 receptor agonists; GLP-1R: glucagon-like peptide-1 receptor; TRPV1: transient receptor potential vanilloid 1;
TPH-1: tryptophan hydroxylase-1; SERT: serotonin transporter; ER: endoplasmic reticulum; IL-10: interleukin-10

increasing interleukin-10 (IL-10) levels and suppressing
tumor necrosis factor-a (TNF-«) expression in inflamed
tissue [29] (Fig. 2C). Additionally, intraperitoneal injec-
tion of liraglutide reduced nociceptive behavior in the
formalin test, particularly during the second phase [30].
Beyond peptide agonists, non-peptide GLP-1R agonists
like WB4-24 have also shown promise. WB4-24 exhibited
dose-dependent and specific anti-hypersensitive effects
in acute and chronic inflammatory nociception induced
by formalin, carrageenan, and CFA [31]. This effect was
mediated through the release of f-endorphin rather than
suppression of proinflammatory cytokine expression in
spinal microglia [31] (Fig. 2D). Natural product-derived
components have also been identified as potential small-
molecule GLP-1R agonists. Geniposide, a primary iridoid
glycoside from Gardenia jasminoides, has long been used
in traditional Chinese medicine for its homeostatic, anti-
inflammatory, antinociceptive, and antipyretic proper-
ties [32]. Orally administered geniposide and its iridoid

analogs exhibit antinociceptive effects in the formalin-
induced tonic flinching response via activation of spinal
GLP-1Rs, potentially targeting the same binding sites as
exendin (9-39) and exenatide [33]. Finally, the DPP-4,
responsible for degrading biologically active peptides like
opioids and GLP-1, has emerged as a target for enhanc-
ing GLP-1 levels [7, 34, 35]. DPP-4 inhibitors, such as
diprotin A, vildagliptin, and evogliptin tartrate, exhibit
analgesic effects in rat models of carrageenan-induced
sub-chronic inflammatory pain, as well as acute and
tonic pain induced by CFA and formalin [36, 37]. A brief
description of this section is listed in Table 1.

Osteoarthritis

Osteoarthritis (OA), particularly of the knee, is the most
prevalent form of arthritis, characterized by chronic pain
and physical disability [36, 38]. Obesity is a well-estab-
lished risk factor for the development and progression of
knee OA (KOA). Epidemiological evidence demonstrates
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Fig. 2 (A) GLP-1R expression in the microglia and effects of intrathecal injection of GLP-1(7-36) and exenatide on formalin-induced flinching response.
Reproduced under terms of the CC-BY 4.0 license [24]. Copyright 2014, Society for Neuroscience. (B) Reduced thermal sensitivity in systemically glucose
or GLP-1 treated- and locally GLP-1 treated mice and analgesic effect of GLP-1 on capsaicin-induced nociceptive behaviors. Reproduced under terms of
the CC-BY 4.0 license [28]. Copyright 2014, Society for Neuroscience. (C) Schematic representation of the suppressive action mechanisms of liraglutide in
carrageenan-induced hypersensitivities, edema and fever. Reproduced with permission [29]. Copyright 2022, Springer Nature. (D) Antinociceptive effects
of intrathecal injection of WB4-24 on thermal hyperalgesia and mechanical allodynia induced by carrageenan and the expression of 3-endorphin in naive
rats and CFA-treated rats. Reproduced with permission [31]. Copyright 2014, The British Pharmacological Society

a strong association between obesity and KOA, high-
lighting shared pathogenic mechanisms. The onset of one
condition can increase the risk of the other, potentially
creating a self-reinforcing cycle of disease progression
[39, 40]. Given this interplay, weight loss is a cornerstone
of managing patients with coexisting obesity and KOA.
Evidence indicates that weight reduction not only allevi-
ates pain but also enhances physical function, underscor-
ing its critical role in breaking the vicious cycle between
these conditions [41-44]. In a murine model of OA
induced by sodium monoiodoacetate (MIA), intra-artic-
ular administration of liraglutide effectively mitigated
OA-associated pain [45]. Complementary in vitro stud-
ies revealed that liraglutide exerted a dose-dependent
inhibitory effect on the secretion of pro-inflammatory
mediators, including interleukin 6 (IL-6), prostaglandin
E2 (PGE2), and nitric oxide (NO), and suppressed the

expression of inflammatory genes in chondrocytes and
macrophages [45]. Furthermore, liraglutide promoted a
phenotypic shift in polarized macrophages from the pro-
inflammatory M1 phenotype to the anti-inflammatory
M2 phenotype [45]. This immunomodulatory effect was
accompanied by significant anti-catabolic activity, as lira-
glutide reduced the activity of metalloproteinases and
aggrecanases-key enzymes responsible for cartilage deg-
radation [45] (Fig. 3). In a surgically induced-OA model
in rats, liraglutide also attenuated rat cartilage degen-
eration through suppressing the release of inflammatory
mediators and protected chondrocytes against endo-
plasmic reticulum (ER) stress and apoptosis induced by
interleukin-1p (IL-1f) or triglycerides [46].

Human studies on the analgesic efficacy of liraglutide
in KOA have yielded inconclusive results. The observed
clinical benefits appear to stem primarily from weight
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Table 1 Preclinical evidence of GLP-1RAs for treating
inflammatory pain

Compound Model Key findings Ref.
GLP-1 Formalin induced- GLP-1(7-36) reduced tonic
(7-36) pain in mice and rats  flinching response [24]
GLP-1and Formalin induced- GLP-1 and GLP-2 produced
GLP-2 pain in mice analgesic effects through ~ [25]
different pathways
Exenatide Formalin induced- Exenatide evoked microg-
pain in mice and rats  lial -endorphin release [24]
Exendin Capsaicin and CFA Exendin 20-29 directly
20-29 induced-pain in mice  bound to TRPV1 [28]
WB4-24 Formalin, carrageenan WB4-24 evoked
or CFA induced-pain  [3-endorphin release [31]
in rats
Geniposide  Formalin induced- Geniposide and its iridoid
pain in mice and rats  analogs inhibited [33]
oxidative damage
Evogliptin =~ CFA induced-pain Evogliptin tartrate mirrored
tartrate in rats the anti-inflammatory pain  [36]
relief of indomethacin
Diprotin A CFA and formalin Diprotin A and vildagliptin
and induced-paininrats  display antinociception of  [37]
Vildagliptin different mechanisms of

action

loss rather than direct analgesic mechanisms. For exam-
ple, a randomized, double-blind, placebo-controlled
trial in patients with overweight or obesity -associated
KOA assessed the effects of liraglutide (3 mg/day) over
52 weeks as an add-on to dietary guidance [47, 48]. The
co-primary outcomes were changes in body weight and
the Knee Injury and Osteoarthritis Outcome Score pain
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subscale from week 0 to 52 [47, 48]. Results highlighted
that liraglutide induced significant weight loss but did not
reduce knee pain compared to placebo [48]. Additionally,
a large-scale observational study involving over 40,000
Chinese OA patients with comorbid T2DM reported
that GLP-1RA therapies offered disease-modifying ben-
efits [49]. These benefits included reduced cartilage
loss velocity and a lower need for intra-articular steroid
injections. However, the direct effects of GLP-1RAs,
independent of weight loss, were not statistically signifi-
cant [49]. Dulaglutide, a once-weekly GLP-1RA, dem-
onstrated significant improvements in glycemic control,
knee OA pain, weight management, and reduced NSAID
usage in elderly T2DM patients with bilateral KOA
[50]. Mechanistically, dulaglutide downregulates matrix
metalloproteinases (MMP-3 and MMP-13) and aggreca-
nases, protecting the articular extracellular matrix [50].
Additionally, it suppresses pro-inflammatory cytokines
and chemokines via the NF-kB pathway while reducing
reactive oxygen species (ROS) production [51]. Another
long-acting GLP-1RA, semaglutide, was evaluated in a
68-week, randomized, placebo-controlled trial across 61
sites in 11 countries [52]. Participants with obesity (body
mass index (BMI)>30 kg/m?® and moderate-to-severe
KOA pain experienced significantly greater reductions in
body weight and OA-related pain with weekly semaglu-
tide injections compared to placebo [52]. A brief descrip-
tion of this section is listed in Table 2.
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Table 2 Preclinical and clinical evidence of GLP-1RAs for
OA-related pain treatment
Compound

Model/Disease  Key findings Ref.

In vitroevidence

Human SW1353
chondrocytes

Dulaglutide Dulaglutide ameliorated

the articular extracellular ~ [51]
matrix and suppressed

the expression of pro-
inflammatory cytokines,
chemokines and ROS via

NF-kB pathway

In vivoevidence

Liraglutide Intra-articular Liraglutide exerted
MIA-induce OA anti-inflammatory and [45]
in mice anti-catabolic activity
Liraglutide Surgically Liraglutide attenuated
induced-OA in cartilage degenerationin ~ [46]
rats knee joints

Clinical evidence

Liraglutide Overweight or A 52-week treatment
obesity with knee  with 3 mg/day liraglutide-  [47]
OA caused weight loss and
improved KOA-related
pain symptoms
GLP-1RAs T2DM with knee  Reduced incidence of
OA knee surgery associated [49]
with GLP-1RA exposure
was due to weight loss,
not glycemic control
Dulaglutide T2DM with knee  Dulaglutide improved
OA glycemic control, knee [50]
joint OA pain and weight
management
Semaglutide Obesity with knee  Treatment with once-
OA weekly semaglutide [52]

reduced body weight and

KOA related-pain
Abbreviations: GLP-1RAs: glucagon-like peptide-1 receptor agonists; OA:
osteoarthritis; KOA: knee osteoarthritis; MIA: monoiodoacetate; ROS: reactive
oxygen species; NF-kB: nuclear factor kappa-B; T2DM: type 2 diabetes mellitus

Visceral pain and irritable bowel syndrome

Irritable bowel syndrome (IBS) is primarily characterized
by chronic abdominal pain or discomfort. Accumulating
evidence implicates visceral hypersensitivity, abnormal
gastrointestinal motility, inflammation, and/or infec-
tion of the gut in its pathophysiology [53]. Among these,
visceral hypersensitivity is a hallmark biological feature
of IBS, which manifests as pain associated with bowel
disturbances [54]. It was reported that GLP-1R was
expressed in colonic mucosal nerve fibers and showed
increased expression in biopsies from individuals with
IBS [55] (Fig. 4A). Treatment with GLP-1 and exendin-4
significantly increased neurite length in cultured DRG
neurons, potentially accounting for the increased nerve
fibers observed in IBS biopsies [55] (Fig. 4A). While
adenosine triphosphate (ATP) signaling was enhanced
in cultured DRG neurons treated with exendin-4, capsa-
icin sensitivity and calcium influx remained unaffected,
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suggesting GLP-1R predominantly modulating gut motil-
ity rather than pain signaling [55]. In addition, in a rat
model of IBS, intraperitoneal administration of exen-
din-4 normalized stress-induced defecation and visceral
pain sensitivity, without affecting centrally regulated anx-
iety-like behaviors [56]. These benefits are possibly attrib-
uted to the modulation of enteric neuronal function and
tight junction expression by exendin-4, as evidenced by
reduced occludin levels [56]. Another study in colonic-
sensitized rat models demonstrated that exendin-4 treat-
ment dose-dependently reduced visceral hypersensitivity
by upregulating serotonin transporter (SERT) expression
and downregulating tryptophan hydroxylase-1 (TPH-
1) expression [57]. Further in vitro studies in IEC-6 cells
revealed that exendin-4 enhanced SERT expression and
increased 5-HT reuptake [58] (Fig. 4B). This effect was
mediated via adenylate cyclase (AC) / PKA signaling
pathway, as it was abolished by the GLP-1R inhibitor
exendin-9, or by PKA inhibitors SQ22536 and H89 [58].
In a model of lipopolysaccharide (LPS)-induced visceral
hypersensitivity and repeated water avoidance stress
(WAS) in rats, liraglutide effectively reduced visceral
allodynia by suppressing pro-inflammatory cytokine
production and improving colonic barrier integrity [59].
Specifically, liraglutide inhibited IL-6 levels in colonic
mucosa via a NO-dependent mechanism [59] (Fig. 4C).
ROSE-010, a GLP-1 analog, displayed a therapeutic
potential for abdominal pain in the clinic. A randomized,
double-blind, placebo-controlled study demonstrated
that ROSE-010 was well tolerated and provided rapid
and effective relief of acute pain attacks in IBS patients
[60]. Additionally, patients with constipation-predomi-
nant IBS (IBS-C) exhibit significantly lower serum GLP-1
levels, which negatively correlate with abdominal pain
scores. Colonic biopsies from these patients also show
reduced GLP-1R expression, suggesting that decreased
GLP-1 and GLP-1R expression may underlie the efficacy
of ROSE-010 in alleviating IBS-C abdominal pain [61].
An exploratory clinical sub-study analyzed data from
166 participants (116 females, 50 males) to identify the
most responsive subpopulations to ROSE-010 treatment
for IBS-related pain [62]. Participants received ROSE-
010 at doses of 100-300 pg, or placebo [62]. The findings
revealed that ROSE-010 produced dose- and time-depen-
dent pain relief, with 300 pg showing the greatest effi-
cacy, where the maximum pain relief occurred at 120 min
post-injection. Additionally, females experienced greater
pain relief than males, suggesting a potential gender-
specific response to the treatment [62]. Neither age nor
BMI influenced the treatment’s effectiveness [62]. They
also found that ROSE-010 was most effective in patients
with constipation-dominant IBS (IBS-C) and mixed IBS,
with significantly less pain relief observed in patients
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attenuated the increased gut permeability. Reproduced with permission [59]. Copyright 2017, John Wiley and Sons

with diarrhea-dominant or unspecified IBS [62]. A brief
description of this section is listed in Table 3.

Neuropathic pain

Emerging evidence underscores the critical role of GLP-
1RAs in neuropathic pain regulation by modulating sev-
eral crucial biological pathways. In a rat model of spinal
nerve ligation (SNL), exenatide significantly enhanced
the expression of M2 microglial markers, including IL-10,
IL-4, Argl, and CD206, in both spinal microglia and pri-
mary cultured microglia [63]. Intrathecal administration
of exenatide upregulated IL-10 and p-endorphin expres-
sion in spinal microglia of neuropathic rats [63]. In vitro,
IL-10 treatment directly stimulated p-endorphin expres-
sion in primary microglia [63]. Blockade of IL-10 with a
neutralizing antibody fully inhibited exenatide-induced
B-endorphin expression both in vitro and in vivo, effec-
tively abolishing its mechanical antiallodynic effects
in neuropathic rats [63]. Herein, exenatide-induced
IL-10 expression was dependent on the cAMP/PKA/
p38B/CREB signaling axis [63]. Pharmacological inhibi-
tors and siRNA-mediated knockdown of p38f com-
pletely suppressed IL-10 production in primary cultured
microglia [63]. B-endorphin expression was mediated
through autocrine activation of the IL-10 receptor-a and
downstream phosphorylation of STAT3 [63]. Knock-
down of IL-10 receptor-a or pharmacological inhibi-
tion of STAT3 activation abolished exenatide-induced
B-endorphin expression and its antiallodynic effects

[63]. Simultaneously, activation of GLP-1R by exenatide
enhanced the expression of anti-inflammatory cytokines,
including IL-10 and IL-4 [63]. The finding revealed that
activation of exenatide stimulates IL-10 and -endorphin
expression through the cAMP/PKA/p383/CREB and
IL-10/IL-10R-a/STAT3 signal pathways [63] (Fig. 5A
and B). To further elucidate the role of GLP-1R signal-
ing during microglial activation in neuropathic pain, a
comprehensive RNA-seq analysis was conducted [64].
In a similar model as above, intrathecal administration
of exenatide was shown to reverse the aberrant expres-
sion of 591 genes in the spinal dorsal horn that were dys-
regulated by nerve injury [64]. Among the differentially
expressed genes, 58 modules were identified as closely
associated with microglial GLP-1R pathways and features
of nerve injury, including pain hypersensitivity, ligation,
paw withdrawal latency, and anxiety-related behaviors
[64]. KEGG pathway analysis revealed that inflammatory
signaling pathways, including those mediated by TNF-a,
Toll-like receptors, and cytokine-cytokine receptor inter-
actions, were significantly enriched in the spinal dorsal
horn following nerve injury [64]. These pathways likely
contribute to the neuroinflammatory state underlying
neuropathic pain. Hence, intrathecal exenatide adminis-
tration shifted the gene expression profile of neuropathic
rats closer to that of the sham group, demonstrating its
capacity to normalize the transcriptional landscape [64].
The exenatide-treated group mainly highlighted a pre-
dominant enrichment of NF-«kB signaling, suggesting that
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Table 3 Preclinical and clinical evidence of GLP-1RAs for treating
visceral pain
Compound Model/disease

Key findings Ref.

In vitroevidence
Exendin-4 IEC-6 cells Exendin-4 upregulated SERT
expression via the AC/PKA [58]
signaling pathway

In vivoevidence

Exendin-4 Stress-induced Exendin-4 improved bowel
defecation and dysfunction without impacting  [56]
visceral pain sen-  anxiety-like behaviors
sitivity in rats

Exendin-4 Intra-colonic Exendin-4 reduced visceral
infusion of acetic  hypersensitivity by requlating  [57]
acid-induced SERT expression and down-
visceral hypersen- regulating TPH-1 expression
sitivity in rats

Liraglutide  LPS and WAS- Liraglutide blocked LPS-
induced visceral  induced visceral allodynia via [59]
hypersensitivity  inhibiting inflammatory and
in rats attenuating gut permeability

Clinical evidence

Exendin-4 IBS Exendin-4 and GLP-1 increased

and GLP-1 neurite length and ATP [55]
responses

ROSE-010 IBS ROSE-010 offered rapid and
effective acute pain relief [60]

ROSE-010 IBS Reduced GLP-1 and GLP-1R
expression underlay ROSE-010's  [61]
effectiveness in alleviating
abdominal pain

Female participants were more
responsive to IBS pain relief [62]
with ROSE-010

ROSE-010 IBS

exenatide may exert its effects by modulating key regula-
tors of inflammation [64] (Fig. 5C). Additionally, exena-
tide improves recovery from spinal cord injury (SCI) by
shifting the polarization of macrophages infiltrating into
the injured spinal cord to the anti-inflammatory M2 phe-
notype [65]. In a rat contusion model of SCI, exenatide
administration significantly elevated the expression of
M2-associated markers, including Arginase 1, CD163,
and CD206, on day 3 post-injury [65]. While exena-
tide reduced the expression of M1-associated markers
(iNOS, CD86, and CD16), immunohistochemical analy-
sis showed no significant reduction in the overall number
of M1-profile cells compared to controls [65]. They also
found that treatment with exenatide resulted in a marked
increase in anti-inflammatory cytokines (IL-4 and IL-10)
alongside a reduction in pro-inflammatory cytokines
(TNFa and IL-1P) [65]. Exenatide may also mitigate SCI
through alternative mechanisms, including the attenu-
ation of ER stress [66]. In a rat moderate contusive SCI
model, subcutaneous administration of exenatide imme-
diately post-injury and again at 7 days significantly
improved hindlimb motor function without inducing
hypoglycemia [66]. Studies in mechanisms showed that
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exenatide treatment influenced the expression of key
markers associated with ER stress [66]. As mentioned
in the study, administration of exenatide after SCI sup-
pressed C/EBP homologous transcription factor protein
(CHOP, a pro-apoptotic transcription factor central to
ER stress-mediated apoptosis) while upregulating glu-
cose regulatory protein 78 (GRP78, an ER chaperone with
cytoprotective effects) in the injured spinal cord, leading
to a significant decrease in tissue damage and a signifi-
cant increase in oligodendrocyte progenitor cell survival
[66]. These findings suggest that, in addition to its role in
modulating immune responses, exenatide confers neuro-
protection by alleviating ER stress, thus preserving cel-
lular integrity and supporting functional recovery. In a
recent 2025 study using large-scale proteomic analysis of
serum samples from two phase 3 clinical trials, Maretty
et al. demonstrated that semaglutide modulates the cir-
culating proteome in individuals with overweight or obe-
sity, with or without diabetes [67]. Notably, semaglutide
treatment was associated with a reduction in proteins
upregulated in neuropathic pain and an increase in pro-
teins typically downregulated in such conditions, further
supporting the potential therapeutic benefits of semaglu-
tide in managing neuropathic pain [67].

GLP-1RAs also have beneficial effects on pain-related
behaviors. In a rat model of SNL, intrathecal administra-
tion of exendin-4 significantly alleviated pain-induced
hippocampal neuroinflammation and enhanced cogni-
tive recovery [68]. Electrophysiological examinations
indicated a significant reduction in paw withdrawal fre-
quency of the left limb following exendin-4 treatment,
correlating with effective pain relief [68]. In the Morris
water maze test, exendin-4 treatment improved cogni-
tive performance, evidenced by reduced escape latency
and shorter times to locate the platform [68]. Immuno-
histochemical staining and western blot analysis revealed
that SNL increased the activation of microglia and astro-
cytes in the dentate gyrus of the hippocampus, along
with elevated expression of pro-inflammatory cytokines
such as TNF-a, IL-13 and IL-6, which were significantly
reversed by exendin-4 treatment [68]. In a study by
Zhang et al,, activation of GLP-1R was shown to mitigate
novel-object recognition memory dysfunction in neuro-
pathic pain model mice by modulating the hippocam-
pal AMPK/NEF-«B signaling pathway [69] (Fig. 5D). This
activation reduced neuroinflammation and restored lev-
els of key synaptic proteins [69]. Specifically, treatment
with exenatide acetate increased the ratio of p-AMPK-
Thr172/AMPK, inhibited NF-kB p65 phosphorylation,
and downregulated pro-inflammatory markers, including
IL-1p and TNF-a [69]. Additionally, the treatment upreg-
ulated synaptic proteins such as PSD 95 and Arc, which
are crucial for synaptic plasticity and cognitive function
[69] (Fig. 5D). However, the protective effects of GLP-1R
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Activation of GLP-1R ameliorated neuroinflammation and reversed the decreased level of synaptic proteins in mice with neuropathic pain. Reproduced
with permission [69]. Copyright 2021, Elsevier. Abbreviations: IL-10: interleukin-10; IL-10R: interleukin-10 receptor; GLP-1R: glucagon-like peptide-1 recep-
tor; AC: adenylate cyclase; ATP, adenosine triphosphate; cCAMP: cyclic adenosine monophosphate; PKA: protein kinase A; STAT3: signal transducer and
activator of transcription 3; CREB: cCAMP-response element binding protein; p383: p38 mitogen-activated protein kinase-{3; POMC: proopiomelanocortin;
JAK: Janus kinase; Bcl3: b-cell lymphoma 3; SOCS3: suppressor of cytokine signaling-3; NF-kB: nuclear factor kappa-B; IkB: inhibitor of NF-kB; MOR: y-opioid
receptor; GPCRs: G-protein-coupled receptors; GABA: y-aminobutyric acid; NMDAR: N-methyl-D-aspartic acid receptor; p-AMPK: phosphorylated AMP-
activated protein kinase; p-NF-kB: phosphorylated NF-kB; IL-1(3: interleukin-1(; TNF-a: tumor necrosis factor-a; Arc: activity-regulated cytoskeleton-asso-
ciated protein; PSD95: postsynaptic density protein-95.

activation on memory were negated by the administra-
tion of exendin (9-39) and Compound C dihydrochloride
(an AMPK inhibitor) [69].

Teneligliptin, a DPP-4 inhibitor, demonstrated mild
antinociceptive effects against heat-induced acute pain,
but remarkable analgesic effects against partial sciatic
nerve transection (PSNT)-induced neuropathic pain in
rats [70]. Furthermore, co-injection of exendin (9-39)
with teneligliptin partially reversed allodynia, but not
tail-flick latency, suggesting GLP-1R-independent
mechanisms [70]. Immunofluorescence examination of
the spinal cord revealed that teneligliptin inhibited the

immunoreactivity of glial fibrillary acidic protein, indi-
cating that its analgesic effects are associated with the
suppression of spinal astrocyte activation thereby pre-
venting neuroinflammation [70].

Lamiophlomis rotata (L. rotata), a widely used Tibetan
medicinal herb with well-documented analgesic prop-
erties, is frequently prescribed in China for pain man-
agement. Zhu et al. found that the principal effective
ingredients of L. rotate, shanzhiside methylester (SM)
and 8-O-acetyl-SM, function as a small-molecule GLP-
1R agonist, producing antinociceptive properties through
activation of GLP-1Rs in a rat model of peripheral nerve
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injury [71]. Subsequently, the team further found that
intrathecal administration of SM has demonstrated
potent, dose-dependent, and long-lasting anti-allodynic
effects in neuropathic pain models induced by spinal
nerve injury [72]. Notably, prolonged treatment with
SM or exenatide over seven days did not result in self-
tolerance to anti-allodynia or cross-tolerance to mor-
phine or p-endorphin [72]. Conversely, morphine and
B-endorphin induced both self-tolerance and cross-toler-
ance to SM and exenatide [72]. Mechanistically, SM sig-
nificantly enhanced B-endorphin expression in the spinal
dorsal horn and primary microglia [72]. This effect was
fully suppressed by the microglial inhibitor minocycline
and the p38 mitogen-activated protein kinase (MAPK)
inhibitor SB203580, underscoring the essential role of
microglial activation and the p38 MAPK pathway [72].
Furthermore, both SM and exenatide selectively acti-
vated p38 MAPK phosphorylation in the spinal cord,
providing additional evidence that SM exerts its anti-
allodynic effects by targeting spinal GLP-1R and promot-
ing microglial B-endorphin synthesis via the p38 MAPK
signaling cascade [72]. Morroniside, an iridoid glycoside
derived from the medicinal herb Cornus officinalis, is a
potent orthosteric agonist of GLP-1R with significant
anti-hypersensitivity effects. In a rat model of neuro-
pathic pain induced by tight ligation of L5/L6 spinal
nerves, morroniside, administered either orally or intra-
thecally, dose-dependently alleviated mechanical allo-
dynia, with comparable maximal efficacy (E,,,) and an
effective dose 50% (EDs,) values of 335 mg-kg™ (oral) and
7.1 pg (intrathecal) [73]. Additionally, morroniside fully
reversed thermal hyperalgesia in this model [73]. Impor-
tantly, repeated daily intrathecal injections of morroni-
side over seven days did not result in the development of
tolerance to its anti-allodynic effects [73]. Mechanistic
investigations demonstrated that the anti-hypersensi-
tivity effects of morroniside are mediated by its activa-
tion of spinal GLP-1R [73]. Pretreatment with exendin
(9-39) completely blocked the anti-allodynic effects of
both systemic and intrathecal morroniside administra-
tion [73]. Further analysis revealed that morroniside’s
therapeutic effects are reliant on the spinal microglial
expression of IL-10 and subsequent B-endorphin pro-
duction [74]. Specifically, inhibiting or depleting spinal
microglia abolished the anti-allodynic effects of morroni-
side, while neutralizing IL-10 or B-endorphin with tar-
geted antibodies, or blocking the p-opioid receptor, fully
reversed morroniside-induced mechanical anti-allodynia
[74]. At the molecular level, morroniside upregulated the
gene expression of IL-10 and B-endorphin in the spinal
cord of neuropathic rats as well as in primary cultured
microglia [74]. Pretreatment with IL-10-neutralizing
antibodies blocked morroniside-induced p-endorphin
expression both in vivo and in vitro [74]. However,
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B-endorphin-neutralizing antibodies did not affect mor-
roniside-induced IL-10 expression, indicating that IL-10
acts upstream of B-endorphin in this signaling cascade
[74]. The findings demonstrate that morroniside allevi-
ates neuropathic pain by activating GLP-1R and modulat-
ing spinal microglial function, leading to IL-10-mediated
B-endorphin production and subsequent activation of
p-opioid receptors [74]. A brief description of this sec-
tion is listed in Table 4.

Diabetic peripheral neuropathy

Diabetic peripheral neuropathy (DPN) is a prevalent and
debilitating complication of diabetes mellitus, arising
from neuronal damage caused by prolonged hyperglyce-
mia. Patients with DPN frequently experience symmetric
sensory disturbances, typically presenting as pain, tin-
gling, and prickling sensations and negative symptoms
such as numbness [77]. Such manifestations significantly
impair quality of life, often associated with psychological
comorbidities such as anxiety and depression [78]. GLP-
1RAs have multifaceted biological functional properties,
positioning them as a potential therapeutic option for
DPN. In vitro studies demonstrated that treatment with
liraglutide or exendin-4 significantly attenuated oxidative
stress and cellular apoptosis in SH-SY5Y cells exposed
to methylglyoxal or high glucose, which mimicked the
pathophysiological conditions of diabetic neuropathy
[79, 80]. Additionally, exendin-4 treatment mitigated
high glucose-induced mitochondrial dysfunction, as
evidenced by reduced expression levels of mitochon-
drial function-associated genes mitochondrial calcium
uniporter (MCU) and uncoupling protein 3 (UCP3), as
well as the mitochondrial fission-related gene dynamin-
related protein 1 (DRP1) [79].

Simultaneously, evidence from animal models sup-
ports the beneficial effects of GLP-1RAs on DPN. In a
study involving streptozotocin (STZ)-induced diabetic
rats, treatment with exenatide did not significantly affect
blood sugar levels, insulin levels, or the thermal response
latencies of the paws. However, it did significantly reduce
the decrease in motor nerve conduction velocity and
paw intraepidermal fiber density observed in diabetic
mice through the activation of extracellular signal-regu-
lated kinase (ERK) signaling [81]. Another study has also
reported, arginine-rich exendin-4 demonstrated efficacy
in STZ-induced diabetic rats by reducing the sever-
ity of tactile allodynia [82]. This effect was achieved by
reversing myelin damage and ameliorating degenerative
changes in the sciatic nerve of diabetic rats [82]. Lira-
glutide therapy significantly mitigated DPN by enhanc-
ing motor and sensory nerve conduction velocities and
restoring myelin fiber density in diabetic mice [11]. It
reduced pro-inflammatory cytokines (TNF-a, IL-6,
IL-1P), chemokines, adhesion molecules and oxidative



He et al. The Journal of Headache and Pain (2025) 26:46

Table 4 Preclinical evidence of GLP-1RAs for treating
neuropathic pain

Compound Model Key findings Ref.
In vivoevidence
Exenatide SNL-induced  Microglial IL-10 mediated
neuropathic  B-endorphin expression after  [63]
paininrats  GLP-1R activation through
the autocrine cCAMP/PKA/
p38B/CREB and subsequent
IL-10 receptor/STAT3 signaling
pathway
Exenatide SNL-induced  Activation of spinal microglial
neuropathic ~ GLP-1R ameliorated inflam- [64]
paininrats  matory responses through
gene expression and structural
changes
Exenatide SCl-induced  Exenatide shifted the polariza-
paininrats  tion of macrophages [65]
from M1 to M2 profiles
Exenatide SClinduced  Exenatide decreased ER stress
pain in rats and hindlimb function [66]
Exendin-4 SNL-induced  Exendin-4 alleviated neuroin-
neuropathic  flammatory and promote the  [68]
pain in rats recovery of cognitive function
via GLP-1R pathway
Exendin-4 Spared nerve Exendin-4 improved recogni-
injury- tion memory impairment via [69]
induced suppressing the AMPK/NF-kB
neuropathic  pathway, and increased synap-
pain in mice  tic protein expression
Teneligliptin PSNT- Teneligliptin showed mild an-
induced tinociceptive effects foracute  [70]
neuropathic  pain and significant analgesic
paininrats  effects against neuropathic
pain
SMand SNL-induced  SM and 8-O-acetyl-SM were
8-0O-acetyl-SM neuropathic  orthosteric, reversible, and [71]
pain in rats intrinsic agonists of GLP-1R
SM SNL-induced  SM reduced neuropathic pain
neuropathic by activating spinal GLP-1R [72]
paininrats  and subsequently stimulat-
ing microglial 3-endorphin
expression via the p38 MAPK
signaling pathway
Morningside SNL-induced  Morroniside was an ortho-
neuropathic  steric agonist of GLP-1R and [73]
paininrats  alleviated neuropathic pain by
activation of spinal GLP-1R
Morroniside SNL-induced  Morroniside alleviated neuro-
neuropathic  pathic pain through spinal mi-  [74]

paininrats  croglial IL-10 and B-endorphin
expression
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Table 4 (continued)

Compound Model Key findings Ref.
Clinical evidence
Semaglutide Participants ~ Semaglutide modulated
with over- protein expression related to [67]
weight or neuropathic pain, reducing
obesity typically upregulated proteins

and increasing typically down-
regulated ones

Abbreviations: SNL: spinal nerve ligation; SCI: spinal cord injury; PSNT: partial
sciatic nerve transection; SM: shanzhiside methylester, IL-10: interleukin-10;
GLP-1R: glucagon-like peptide-1 receptor; GLP-1R: glucagon-like peptide-1
receptor; PKA: protein kinase A; CREB: CAMP-response element binding protein;
p38p: p38 mitogen-activated protein kinase-f; STAT3: signal transducer and
activator of transcription 3; ER: endoplasmic reticulum; AMPK: AMP-activated
protein kinase; NF-kB: nuclear factor kappa-B

stress, while upregulating the expression of neurotrophic
factors (neuritin and NGF) [11]. Mechanistically, liraglu-
tide significantly suppressed p38 MAPK/NF«kB signaling
pathways in the sciatic nerves of diabetic rats [11]. Addi-
tionally, liraglutide improved nociceptive thresholds and
reversed histopathological damage of the sciatic nerve in
diabetic rats induced by nicotinamide and streptozoto-
cin [11]. Mechanistically, liraglutide normalized oxida-
tive stress, including malondialdehyde and NO, while
reduced pro-inflammatory mediators such as IL-6 and
COX-2 [12]. Furthermore, liraglutide suppressed DNA
fragmentation and the activity of matrix metallopro-
teinases-2 (MMP-2) and - 9(MMP-9), while upregulat-
ing superoxide dismutase and IL-10 in the sciatic nerve
[12]. Another study found that liraglutide alleviated ther-
mal and mechanical allodynia through suppression of
brain microglia NOD-like receptor protein 3 (NLRP3)
inflammasome activation in diabetic rats [83]. However,
the analgesic effects of liraglutide were not observed in
GSK3p (S9A) mice, indicating that liraglutide relieved
diabetic pain by suppressing the NLRP3 inflammasome
in microglia through GSK3p [84]. Additionally, liraglu-
tide alleviated antinociceptive behavior in the formalin
test by reducing oxidative stress and inflammation in
diabetic mice [30]. Interestingly, oral administration of
proniosomes loaded with amitriptyline and liraglutide
showed synergistic benefits for controlling blood glu-
cose levels, alleviated pain, reduced oxidative stress and
inflammation, and improved sciatic nerve histology in
diabetic rats [85]. Recently, Lee et al. found that semaglu-
tide significantly reduced DPN-associated pain behaviors
and neuroinflammation in STZ-induced diabetic rats
[86]. Semaglutide decreased spinal cord microglial and
astrocyte activation and reduced pro-inflammatory cyto-
kines (IL-1f, IL-6, TNF-a) and advanced glycation end
products (AGEs) [86]. Although semaglutide had limited
effects on hyperglycemia and weight loss, it improved
lipid profiles and reduced oxidative stress [86]. PKF275-
055, an analog of vildagliptin, is a novel, selective, orally
bioavailable, and long-acting DPP-4 inhibitor that has
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shown promising benefits in the prevention, protec-
tion, and treatment of diabetic neuropathy. PKF275-055
treatment restored mechanical sensitivity thresholds by
approximately 50% and progressively improved the alter-
ation in thermal responsiveness in diabetic rats, which
was possibly mediated by counteracting the alterations
in Na*/K*-ATPase activity and nerve conduction velocity
[87].

Clinical research further reinforces the beneficial
effects of GLP-1RAs on DPN. In individuals with T2DM
undergoing intensive glycemic control, exenatide treat-
ment significantly increased nerve regeneration and
improved the severity of pain [88]. Another clinical study
showed participants with DPN underwent nerve ultra-
sonography, neuropathy symptom scoring, and nerve
conduction studies before and after one month of GLP-
1RA therapy (semaglutide or dulaglutide) [89]. Results
revealed significant reductions in tibial nerve cross-sec-
tional area (CSA), an indicator of nerve swelling, with
86% of participants exhibiting reduced CSA and 32%
achieving normal nerve morphology [89]. Improvements
in neuropathy severity scores and sensory nerve conduc-
tion were observed, and follow-up at three months indi-
cated sustained reductions in nerve CSA and enhanced
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clinical outcomes. These benefits appeared independent
of changes in glycated haemoglobin (HbAlc) or BMI,
suggesting a direct neuroprotective effect of GLP-1RAs
[89]. Collectively, GLP-1-RAs are involved in the regula-
tion of DNP mainly through the suppression of matrix
remodeling, inflammation, oxidative stress, and mito-
chondrial dysfunction, as well as the improvement of
neural structure and function [90-93] (Fig. 6). A brief
description of this section is listed in Table 5.

Headache

Headaches are a heterogeneous group of conditions
characterized by intermittent or persistent pain, often
described as pulsating or pressure-like. Among these,
migraine and intracranial hypertension are prominent
underlying causes. In a nitroglycerin-induced chronic
migraine (CM) mouse model, GLP-1R expression was
markedly increased and colocalized with microglia and
astrocytes in the trigeminal nucleus caudalis (TNC)
[94]. Treatment with liraglutide effectively alleviated
central sensitization associated with CM [94] (Fig. 7A).
Mechanistically, liraglutide administration inhibited the
upregulation of pain-related markers in the TNC, includ-
ing calcitonin gene-related peptide (CGRP), c-fos, and

GLP-1R agonists

‘ Suppress

® TNF-o
w-1g

e

Inflammation

® MMP.2
[ JEYIVIXC)

Matrix remodeling

#e

B

@

MAD
NO

@ ROS
Oxidative stress

MCU
ucP3

W0 ORPY

Mitochondrial
dysfunction

DPN injury

Peripheral neuron function improvement

Fig. 6 GLP-1RAs improved neuron functions in DPN injury through inhibiting inflammation, oxidative stress, mitochondrial dysfunction, and matrix
remodeling. Reproduced under terms of the CC-BY licenses [90]. Copyright 2024, Frontiers Media S.A. Abbreviations: GLP-1R: glucagon-like peptide-1 re-
ceptor; MMP-2: matrix metalloproteinases-2; MMP-9: matrix metalloproteinases-9; TNF-a: tumor necrosis factor-a; IL-103: interleukin-1; IL-6: interleukin-6,
MAD: malondialdehyde, NO: nitric oxide; ROS: reactive oxygen species; MCU: mitochondrial calcium uniporter; UCP3: uncoupling protein 3; DRP1: gene

dynamin-related protein 1



He et al. The Journal of Headache and Pain (2025) 26:46

Page 13 of 21

Table 5 Preclinical and clinical evidence of GLP-1RAs for treating diabetic peripheral neuropathy

Compound  Model/disease Key findings Ref.

In vitroevidence

Liraglutide Methylglyoxal-induced SH-  Liraglutide reduced oxidative stress and improved energy metabolism [80]
SY5Y cells

Exendin-4 High glucose-induced Exendin-4 protected against high glucose-induced mitochondrial dysfunction and oxidative stress  [79]
SH-SY5Y cells through GLP-1R/Akt signaling

pathway
In vivoevidence

Exenatide STZ-induced diabetic rats  Exenatide attenuated the reductions of motor nerve conduction velocity and paw intraepidermal ~ [81]
fiber density

Liraglutide STZ-induced diabetic rats  Liraglutide prevented nerve dysfunction via p38 MAPK/NFkB signaling pathways, independent of ~ [11]
glycemic control

Liraglutide Nicotinamide and STZ- Liraglutide improved animal behavior and inhibited inflammation, oxidative stress and extracellular  [12]

induced diabetic rats matrix remodeling

Liraglutide STZ-induced diabetic rats  Intracerebroventricular administration of liraglutide alleviated thermal and mechanical allodynia [83]

Liraglutide STZ-induced diabetic mice  GSK3{ contributed to liraglutide’s analgesic effect via microglial NLRP3 inflammasome [84]

Liraglutide STZ-induced diabetic mice Liraglutide alleviated diabetic pain by reducing inflammatory and oxidative stress [30]

Liraglutide STZ-induced diabetic rats  Liraglutide-loaded proniosomes inhibited oxidative stress and inflammation, and improved sciatic ~ [85]
nerve structure

Arginine-rich  STZ-induced diabetic rats  Arginine-rich exenatide increased myelin basic protein expression and improved neurological [82]

exenatide function

Semaglutide  STZ-induced diabetic rats ~ Semaglutide alleviated diabetic pain by inhibiting inflammation and oxidative stress [86]

Exendin-4 STZ-induced diabeticrats  Exendin-4 prevented peripheral nerve degeneration via antiapoptotic effects and restoration of [92]
CAMP content

PKF275-055  STZ-induced diabeticrats ~ PKF275-055 restored mechanical sensitivity thresholds by about 50% and gradually improved [87]
thermal responsiveness

Clinical evidence

Exenatide T2DM Exenatide improved corneal nerve regeneration [88]

Dulaglu- T2DM GLP-1 RAs reduced the severity of neuropathy and improved neural structure and function [89]

tide and

Semaglutide

components of the PI3K/Akt signaling pathway [94].
Additionally, liraglutide reduced microglial activation
in the TNC, as evidenced by decreased Iba-1 expres-
sion and reduced levels of pro-inflammatory cytokines
IL-1f and TNF-a [94]. It also mitigated morphological
changes in microglia, such as process retraction [94]. In
vitro experiments using LPS-stimulated BV-2 microglia
confirmed that liraglutide decreased the protein levels
of IL-1f and TNF-a [94]. Another study demonstrated
that liraglutide alleviated CM-associated hyperalgesia by
inhibiting CGRP, phosphorylated ERK (p-ERK), and c-fos
protein levels in the TNC, with a concurrent increase in
IL-10 release [95] (Fig. 7B).

Elevated intracranial pressure (ICP), often associated
with headaches, has been linked to cerebrospinal fluid
(CSF) secretion regulation by the GLP-1R, expressed in
the human and rodent choroid plexus [96]. Exendin-4
demonstrated a GLP-1R-mediated reduction in ICP in a
rodent model of hydrocephalus by inhibiting Na*- and
K*-dependent adenosine triphosphatase activity in the
choroid plexus [97]. This suggests that GLP-1R agonists
could be repurposed for treating ICP-related headaches.
An open-label, single-center, case-control pilot study

investigated the effects of GLP-1RAs in individuals with
idiopathic intracranial hypertension (IIH) and obesity
(BMI>30 kg/m?) [98] (Fig. 7C). The intervention group
(n=13) received semaglutide or liraglutide alongside
standard body weight management, while the control
group (n=26) underwent standard weight management
alone [98]. After six months, participants in the GLP-
1RA-treated group achieved significantly greater weight
loss compared to the control group [98]. This weight
reduction was accompanied by fewer headache days
and a decreased requirement for acetazolamide [98]. A
randomized, placebo-controlled trial further evaluated
the effect of exenatide on ICP in women with ITH [99].
Exenatide significantly reduced ICP at 2.5 h, 24 h, and 12
weeks compared to placebo, with no significant weight
loss observed in the exenatide group [99]. This indicates a
direct effect of exenatide on ICP modulation, likely medi-
ated by its action at the choroid plexus [99]. Additionally,
mean monthly headache days were significantly reduced
in the exenatide group compared to placebo, further sup-
porting its therapeutic potential [99]. Cognitive func-
tion, often impaired in conditions with raised ICP such
as ITH, was not adversely affected by exenatide treatment
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Fig. 7 (A) Liraglutide treatment inhibited microglial cell proliferation, morphological changes, and inflammatory cytokine expression through PI3K/Akt
pathway in the CM mice. Reproduced under terms of the CC-BY 4.0 license [94]. Copyright 2021, Springer Nature. (B) Liraglutide activated glial GLP-1R and
promoted the release of IL-10 in the TNC in the CM mice. Reproduced with permission [95]. Copyright 2023, Elsevier. (C) GLP-1, secreted from gut, reached
at choroid plexus to reduce Na*/K* ATPase activity, leading to decreased CSF secretion and consequently decreased ICP. Reproduced under terms of the
CC-BY 4.0 license [98]. Copyright 2023, Springer Nature. Abbreviations: GLP-1R: glucagon-like peptide-1 receptor; TNC: trigeminal nucleus caudalis; NTG:
nitroglycerin; PI3K: phosphatidylinositol 3-kinase; Akt: protein kinase B; TNF-a: tumor necrosis factor-a; IL-13: interleukin-18; IL-10: interleukin-10; IL-10R:
interleukin-10 receptor; p-ERK: phosphorylated ERK; GLP-1: glucagon-like peptide-1; SFO: subfornical organ; Hyp: hypothalamus; NTS: nucleus tractus
solitarii; AP: area postrema; PVN: paraventricular nucleus; ARC: arcuate nucleus; POMC: proopiomelanocortin; CART: cocaine- and amphetamine-regulated

transcript; NPY: neuropeptide Y; AGRP: agouti-related peptide; GABA: y-aminobutyric acid; ICP: intracranial pressure; CSF: cerebrospinal fluid.

in an exploratory study of women with IIH over 12 weeks
[100]. However, abrupt discontinuation of GLP-1R ago-
nists in patients with metabolic disorders may lead to
rapid weight regain and potential exacerbation of IIH
symptoms, as reported in a case study [101]. A brief
description of this section is listed in Table 6.

Cancer pain

Gong et al. found that intrathecal exenatide effectively
and reversibly blocked bone cancer-induced mechani-
cal allodynia in ipsilateral paws, with the peak effect at
0.5 h and a duration longer than 4 h in rat models of bone
cancer pain [24]. Importantly, exenatide did not signifi-
cantly alter withdrawal thresholds in contralateral paws
[24]. The anti-hypersensitive effects were completely
prevented by GLP-1R antagonism and GLP-1R gene
knockdown [24]. Mechanistic investigations revealed
that exenatide stimulated p-endorphin release from
both spinal cord tissue and cultured primary microg-
lia [24]. The antiallodynic effect was entirely blocked by
the microglial inhibitor minocycline, p-endorphin anti-
serum, or the opioid receptor antagonist naloxone [24].
The findings highlight the spinal microglial GLP-1R/f3-
endorphin pathway involved in the modulating of pain
hypersensitivity induced by bone cancer [24]. In a simi-
lar model, Zhu et al. found that intragastric administra-
tion of L. rotata aqueous extract (30, 100, 300, 1,000, and
3,000 mg/kg) produced dose-dependent reductions in
mechanical allodynia in ipsilateral paws without signifi-
cantly affecting contralateral paw thresholds [71]. The
antiallodynic effect was long-lasting, with a peak effect at
1 h post-gavage and a duration exceeding 4 h [71]. The
dose-response analysis determined an EDs, of 242.9 mg/
kg and a maximum efficacy (E,,) of 54%, based on 1-h
post-administration values [71]. A brief description of
this section is listed in Table 7.

Discussion

The current review explores the evolving role of GLP-
1RAs in the management of various pain conditions,
beyond their traditional application in metabolic dis-
eases. As versatile therapeutic agents, GLP-1RAs demon-
strated their benefits across a range of pain syndromes,
including inflammatory nociception, visceral hypersen-
sitivity, neuropathic pain, diabetic peripheral neuropathy

(DPN), cancer pain and headaches (Fig. 1). In inflamma-
tory pain circumstances, preclinical studies demonstrate
robust anti-inflammatory and antinociceptive effects via
spinal B-endorphin release and microglial modulation
[24, 31]. Non-peptide agonists like geniposide show oral
bioavailability, broadening therapeutic potential [33].
However, clinical trials remain limited, with no human
trials specifically targeting inflammatory pain. In osteo-
arthritis conditions, preclinical models highlight direct
anti-catabolic and immunomodulatory actions (e.g.,
liraglutide reduces IL-6, MMP-3) [45]. However, human
studies showed that improvements in pain are predomi-
nantly attributed to weight loss, rather than direct anal-
gesic effects in the condition of osteoarthritis [47]. Future
clinical trials should refine the investigation of the direct
analgesic properties of GLP-1RAs in osteoarthritis, dif-
ferentiating these from the benefits linked to weight
reduction, to better evaluate their clinical utility in man-
aging osteoarthritis-related pain.

GLP-1RAs show promise in regulating the intesti-
nal nervous system, immune system, and endocrine
pathways, offering therapeutic potential for conditions
such as IBS [55-57, 59]. Notably, ROSE-010 displayed
a gender difference in treatment response, with female
patients showing a more favorable response in terms of
pain relief [62]. This underscores the need for gender-
specific approaches in clinical practice, optimizing the
therapeutic efficacy of GLP-1 analogs based on patient
characteristics and symptomatology. Besides, the efficacy
is inconsistent across IBS subtypes, with ad hoc minimal
relief in diarrhea-predominant IBS [62].

Preclinical evidence supports the role of GLP-1RAs in
alleviating neuropathic pain through the modulation of
microglial activity, inflammatory cytokine production
and B-endorphin release [63, 65, 68, 70—74]. GLP-1RAs
also inhibited inflammatory signaling, contributing to
their analgesic efficacy in neuropathic pain, particularly
in chronic pain [64, 69]. Especially, their analgesic effects
are achieved without the development of tolerance, offer-
ing a significant advantage over traditional pain man-
agement strategies. Nevertheless, clinical validation is
sparse, with only proteomic data indirectly supporting
mechanisms [67]. Also, human trials targeting neuro-
pathic pain are absent.
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headache
Compound Model/disease  Key findings Ref.
In vivoevidence
Liraglutide  Nitroglycerin- Liraglutide suppressed the [94]
induced chronic  central sensitization by inhib-
migraine in mice  iting microglial activation via
the PI3K/Akt pathway
Liraglutide  Nitroglycerin- Liraglutide alleviated the [95]
induced chronic  central sensitization by stimu-
migraine in mice  lating the release of IL-10
Exendin-4 Rat model of Exendin-4 reduced raised [97]
hydrocephalus intracranial pressure through
inhibiting Na*/ K*ATPase
activity
Clinical evidence
Semaglu- IIH GLP-1-RAs promoted weight ~ [98]
tide and loss and reduced headaches,
liraglutide allowing for lower acetazol-
amide doses
Exenatide IIH Exenatide significantly and [99]
meaningfully lowered intra-
cranial pressure
Exenatide IH Exenatide improved cognitive
functionin IIH [100]
Duraglutide  IIH The patient stopped dura-
glutide abruptly regained the  [101]

weight lost within a month
and subsequently developed
I1H

Table 7 Preclinical evidence of GLP-1RAs for treating cancer

pain
Compound Model Key findings Ref.
Exenatide Bone cancer-in- Exenatide promoted
duced pain in rats B-endorphin release [24]
L. rotata Bone cancer-in- SM and 8-O-acetyl-SM were
duced paininrats  the effective ingredients for ~ [71]

anti-hyperalgesia

Additionally, GLP-1RAs ameliorate DPN through
various mechanisms, including the inhibition of inflam-
mation, oxidative stress, and extracellular matrix remod-
eling, while simultaneously improving neural structure,
function, and energy metabolism [11, 12, 30, 79-86].
There are differences in the efficacy and mechanisms
of different GLP-1RAs in the treatment of DPN. For
example, liraglutide has been shown to improve neural
function through multiple signaling pathways, whereas
semaglutide appears to exert more pronounced effects on
neuroinflammation and neural tissue remodeling [11, 84,
86]. Regretfully, variability exists among analogs, compli-
cating protocol standardization. Hence, individualized
treatment strategies, considering factors such as patient
age, underlying comorbidities, and DPN severity, will be
critical for optimizing therapeutic outcomes.

GLP-1RAs have been found to modulate the patho-
genesis and progression of migraine by attenuating
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neuroinflammation and suppressing neuronal hyperac-
tivity [94, 95]. GLP-1RAs also reduce intracranial pres-
sure and alleviate headache symptoms associated with
conditions like idiopathic intracranial hypertension,
particularly in female patients [98—101]. Notably, exena-
tide has demonstrated the ability to reduce intracranial
pressure without significant changes in body weight,
presenting a novel therapeutic approach for managing
headaches linked to intracranial hypertension [99]. It is
worth noting that, abrupt discontinuation poses a risk
of ICP rebound and symptom exacerbation [101], while
the cognitive safety associated with chronic use remains
underexplored [100].

GLP-1RAs show significant potential as a novel class
of drugs for managing cancer pain. Preclinical evidence
shows spinal GLP-1R activation attenuates bone cancer-
induced allodynia via $-endorphin release [24]. However,
no clinical trials validate efficacy in humans. In addition,
integration with existing cancer therapies, including sur-
gery, radiotherapy, and targeted therapies remain unstud-
ied. Clinical trials are also essential to evaluate the safety,
tolerability, and potential synergistic effects of GLP-1RAs
in the context of cancer pain management. Such stud-
ies will help clarify their role and feasibility in compre-
hensive pain management and establish the potential for
GLP-1RAs as an integral part of therapeutic protocols for
cancer-related pain.

Limitations

Despite the promising analgesic potential of GLP-1RAs,
several challenges remain before their widespread appli-
cation. Evidence supporting their analgesic effects comes
from animal models, which may not fully reflect human
studies. Clinical validation is sparse, particularly for can-
cer pain and neuropathic pain. In osteoarthritis, pain
relief is often attributed to weight loss rather than direct
analgesic effects, complicating the evaluation of GLP-
1RAS’ efficacy. Similarly, in IBS, treatments like ROSE-
010 show varying efficacy depending on gender, which
limits generalizability and underscores the need for more
personalized therapeutic approaches. While GLP-1RAs
are known to affect pathways like B-endorphin release
and anti-inflammation, the precise mechanisms under-
lying their analgesic effects across different pain modali-
ties are still not fully understood. Additionally, as seen in
IIH, the abrupt discontinuation of GLP-1RAs may lead
to symptom exacerbation, raising concerns about poten-
tial dependency. Additionally, in obesity-associated con-
ditions such as OA and headaches, distinguishing the
direct analgesic effects of GLP-1RAs from the secondary
benefits of weight reduction remains a methodological
challenge. Moreover, despite the encouraging preclinical
data, rigorous phase III trials are necessary to confirm
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the safety, tolerability, and specificity of GLP-1RAs in
pain management.

In addition, as a narrative review, we synthesize the
existing literature thematically, rather than relying on
systematic meta-analysis. This approach enables a broad
exploration of mechanisms and clinical implications, but
it also introduces the potential for selection bias. Regard-
ing the inclusion of preprints, its inclusion was carefully
justified to reflect cutting-edge developments, and we
emphasize that its preliminary nature does not detract
from the overall evidence base.

Conclusion and perspective

Emerging preclinical evidence suggests that GLP-1
receptor agonists (GLP-1RAs) may represent a novel
class of therapeutics for pain management. While initial
clinical observations indicate promising effects in specific
conditions such as diabetic peripheral neuropathy, irri-
table bowel syndrome, and idiopathic intracranial hyper-
tension, rigorous clinical trials are needed to confirm
their efficacy, elucidate weight-loss-independent mecha-
nisms, and establish comprehensive safety profiles across
various pain conditions. Currently, many GLP-1RAs
have already been approved for the treatment of diabetes
and obesity and could be repurposed for the treatment
of pain symptoms. Their repurposing aligns with preci-
sion medicine paradigms, enabling tailored therapies for
patients with comorbid conditions like obesity, diabetes,
and chronic pain. However, their translation to clinical
practice hinges on addressing critical gaps, including the
need for rigorous human trials, long-term safety assess-
ments, and mechanistic clarity. Future research should
prioritize the development of next-generation agonists,
explore combination therapies, and integrate precision
medicine approaches to optimize patient outcomes. By
bridging these gaps, GLP-1RAs could herald a new era in
pain management, offering hope for patients with refrac-
tory or complex pain conditions.

Abbreviations

GLP-TRAs  Glucagon-like peptide-1 receptor agonists
T2DM Type 2 diabetes mellitus

DPP-4 Dipeptidyl peptidase IV

GLP-1R Glucagon-like peptide-1 receptor
CAMP Cyclic adenosine monophosphate
PKA Protein kinase A

PI3K Phosphatidylinositol 3-kinase

Akt Protein kinase B

AD Alzheimer’s diseases

TRPV1 Transient receptor potential vanilloid 1
OA Osteoarthritis

KOA Knee OA

MIA Monoiodoacetate

IL-6 Interleukin 6

PGE2 Prostaglandin E2

NO Nitric oxide

ER Endoplasmic reticulum

I-1B Interleukin-13

MMP-3 Matrix metalloproteinases-3
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MMP-13 Matrix metalloproteinases-13

ROS Reactive oxygen species

BMI Body mass index

IBS Irritable bowel syndrome

ATP Adenosine triphosphate

SERT Serotonin transporter

TPH-1 Tryptophan hydroxylase-1

AC Adenylate cyclase

LPS Lipopolysaccharide

WAS Water avoidance stress

IBS-C Constipation-predominant IBS

SNL Spinal nerve ligation

Sa Spinal cord injury

CHOP C/EBP homologous transcription factor protein
GRP78 Glucose regulatory protein 78
PSNT Partial sciatic nerve transection

L. rotate Lamiophlomis rotate

SM Shanzhiside methylester

MAPK p38 mitogen-activated protein kinase
DPN Diabetic peripheral neuropathy
MCU Mitochondrial calcium uniporter
UCP3 Uncoupling protein 3

DRP1 Dynamin-related protein 1

STZ Streptozotocin

ERK Extracellular signal-regulated kinase
MMP-2 Matrix metalloproteinases-2
MMP-9 Matrix metalloproteinases-9

NLRP3 NOD-like receptor protein 3

AGEs Advanced glycation end products
CSA Cross-sectional area

(@Y Chronic migraine

TNC Trigeminal nucleus caudalis

CGRP Calcitonin gene-related peptide
ICP Intracranial pressure

CSF Cerebrospinal fluid

IIH ldiopathic intracranial hypertension

Acknowledgements
Not applicable.

Author contributions

Y.H.: Writing-review & editing, Writing-original draft, Methodology, Validation,
Supervision, Formal analysis. B.X., M.Z.: Methodology, Investigation, Formal
analysis. D.C, SW,, J.G, YL, Z.Z, JK.: Visualization, Resources. Q.F.: Supervision,
Investigation, Funding acquisition, Conceptualization.

Funding
This research was supported by the National Natural Science Foundation of
China (No. 82473760).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Competing interests
The authors declare no competing interests.

Declaration of competing interest

The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work
reported in this paper.

Received: 16 January 2025 / Accepted: 13 February 2025
Published online: 27 February 2025



He et al. The Journal of Headache and Pain

(2025) 26:46

References

1.

Zheng Z, Zong Y, Ma Y, Tian Y, Pang Y, Zhang C, Gao J (2024) Glucagon-like
peptide-1 receptor: mechanisms and advances in therapy. Signal Transduct
Target Ther 9(1):234. https://doi.org/10.1038/541392-024-01931-z

D'Alessio D (2016) Is GLP-1 a hormone: whether and when? J Diabetes Inves-
tig 7(suppl 1):150-55. https://doi.org/10.1111/jdi.12466

Mentlein R (2009) Mechanisms underlying the rapid degradation and elimi-
nation of the incretin hormones GLP-1 and GIP. Best Pract Res Clin Endocrinol
Metab 23(4):443-452. https://doi.org/10.1016/j.beem.2009.03.005

Deacon CF (2004) Circulation and degradation of GIP and GLP-1. Horm
Metab Res 36(11-12):761-765. https://doi.org/10.1055/5-2004-826160
Campbell JE, Drucker DJ (2013) Pharmacology, physiology, and mechanisms
of incretin hormone action. Cell Metab 17(6):819-837. https://doi.org/10.101
6/j.cmet.2013.04.008

Sun L, Zheng ZM, Shao CS, Zhang ZY, Li MW, Wang L, Wang H, Zhao GH,
Wang P (2022) Rational design by structural biology of industrializable, long-
acting antihyperglycemic GLP-1 receptor agonists. Pharmaceuticals (Basel)
615. https://doi.org/10.3390/ph 15060740

Gilbert MP, Pratley RE (2020) GLP-1 analogs and DPP-4 inhibitors in type 2
diabetes therapy: review of Head-to-head clinical trials. Front Endocrinol
(Lausanne) 11:178. https://doi.org/10.3389/fendo.2020.00178

Ibrahim SS, Ibrahim RS, Arabi B, Brockmueller A, Shakibaei M, Busselberg D
(2024) The effect of GLP-1R agonists on the medical triad of obesity, diabetes,
and cancer. Cancer Metastasis Rev 43(4):1297-1314. https://doi.org/10.1007/s
10555-024-10192-9

Laurindo LF, Barbalho SM, Guiguer EL, da Silva Soares M, de Souza GA, Fidalgo
TM, Araujo AC, de Souza Gonzaga HF, de Bortoli Teixeira D, de Silva Ullmann
O, Sloan T, Sloan KP LA (2022) GLP-1a: going beyond traditional use. Int J Mol
Sci 23(2). https://doi.org/10.3390/ijms23020739

Smith NK, Hackett TA, Galli A, Flynn CR (2019) GLP-1: molecular mechanisms
and outcomes of a complex signaling system. Neurochem Int 128:94-105. ht
tps://doi.org/10.1016/j.neuint.2019.04.010

Ma J, Shi M, Zhang X, Liu X, Chen J, Zhang R, Wang X, Zhang H (2018) GLP-1R
agonists ameliorate peripheral nerve dysfunction and inflammation via p38
MAPK/NF-kappaB signaling pathways in streptozotocin-induced diabetic
rats. Int J Mol Med 41(5):2977-2985. https://doi.org/10.3892/ijmm.2018.3509
Moustafa PE, Abdelkader NF, El Awdan SA, El-Shabrawy OA, Zaki HF (2018)
Liraglutide ameliorated peripheral neuropathy in diabetic rats: involvement
of oxidative stress, inflammation and extracellular matrix remodeling. J
Neurochem 146(2):173-185. https://doi.org/10.1111/jnc.14336

Mohiuddin MS, Himeno T, Inoue R, Miura-Yura E, Yamada Y, Nakai-Shimoda

H, Asano S, Kato M, Motegi M, Kondo M, Seino Y, Tsunekawa S, Kato Y, Suzuki
A, Naruse K, Kato K, Nakamura J, Kamiya H (2019) Glucagon-like Peptide-1
receptor agonist protects dorsal Root Ganglion neurons against oxidative
insult. J Diabetes Res 2019(9426014). https://doi.org/10.1155/2019/9426014
MclIntyre RS, Powell AM, Kaidanovich-Beilin O, Soczynska JK, Alsuwaidan

M, Woldeyohannes HO, Kim AS, Gallaugher LA (2013) The neuroprotective
effects of GLP-1: possible treatments for cognitive deficits in individuals with
mood disorders. Behav Brain Res 237:164-171. https://doi.org/10.1016/j.bbr.2
012.09.021

Zhang L, Zhang W, Tian X (2023) The pleiotropic of GLP-1/GLP-1R axis in
central nervous system diseases. Int J Neurosci 133(5):473-491. https://doi.or
9/10.1080/00207454.2021.1924707

Meissner WG, Remy P, Giordana C, Maltete D, Derkinderen P, Houeto JL,
Anheim M, Benatru |, Boraud T, Brefel-Courbon C, Carriere N, Catala H, Colin
O, Corvol JC, Damier P, Dellapina E, Devos D, Drapier S, Fabbri M, Ferrier V,
Foubert-Samier A, Frismand-Kryloff S, Georget A, Germain C, Grimaldi S,
Hardy C, Hopes L, Krystkowiak P, Laurens B, Lefaucheur R, Mariani LL, Marques
A, Marse C, Ory-Magne F, Rigalleau V, Salhi H, Saubion A, Stott SRW, Thalamas
C, Thiriez C, Tir M, Wyse RK, Benard A, Rascol O, Group LS (2024) Trial of
Lixisenatide in early Parkinson’s disease. N Engl J Med 390(13):1176-1185. htt
ps://doi.org/10.1056/NEJMoa2312323

Kopp KO, Glotfelty EJ, LiY, Greig NH (2022) Glucagon-like peptide-1 (GLP-1)
receptor agonists and neuroinflammation: implications for neurodegenera-
tive disease treatment. Pharmacol Res 186:106550. https://doi.org/10.1016/j.p
hrs.2022.106550

Watson KT, Wroolie TE, Tong G, Foland-Ross LC, Frangou S, Singh M, McIntyre
RS, Roat-Shumway S, Myoraku A, Reiss AL, Rasgon NL (2019) Neural correlates
of liraglutide effects in persons at risk for Alzheimer’s disease. Behav Brain Res
356:271-278. https://doi.org/10.1016/j.bbr.2018.08.006

Tang H, LuY, Okun MS, Donahoo WT, Ramirez-Zamora A, Wang F, Huang

Y, Armstrong M, Svensson M, Virnig BA, DeKosky ST, Bian J, Guo J (2024)

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 18 of 21

Glucagon-like Peptide-1 receptor agonists and risk of Parkinson's Disease in
patients with type 2 diabetes: a Population-based Cohort Study. Mov Disord
39(11):1960-1970. https://doi.org/10.1002/mds.29992

Athauda D, Maclagan K, Skene SS, Bajwa-Joseph M, Letchford D, Chowdhury
K, Hibbert S, Budnik N, Zampedri L, Dickson J, Li'Y, Aviles-Olmos |, Warner

TT, Limousin P, Lees AJ, Greig NH, Tebbs S, Foltynie T (2017) Exenatide once
weekly versus placebo in Parkinson’s disease: a randomised, double-blind,
placebo-controlled trial. Lancet 390(10103):1664-1675. https://doi.org/10.10
16/50140-6736(17)31585-4

Du H, Meng X, YaoY, Xu J (2022) The mechanism and efficacy of GLP-1
receptor agonists in the treatment of Alzheimer’s disease. Front Endocrinol
(Lausanne) 13:1033479. https://doi.org/10.3389/fend0.2022.1033479

Reich N, Holscher C (2022) The neuroprotective effects of glucagon-like
peptide 1in Alzheimer's and Parkinson’s disease: an in-depth review. Front
Neurosci 16:970925. https://doi.org/10.3389/fnins.2022.970925

Halloum W, Dughem YA, Beier D, Pellesi L (2024) Glucagon-like peptide-1
(GLP-1) receptor agonists for headache and pain disorders: a systematic
review. J Headache Pain 25(1):112. https://doi.org/10.1186/510194-024-0182
1-3

Gong N, Xiao Q, Zhu B, Zhang CY, Wang YC, Fan H, Ma AN, Wang YX (2014)
Activation of spinal glucagon-like peptide-1 receptors specifically suppresses
pain hypersensitivity. J Neurosci 34(15):5322-5334. https://doi.org/10.1523/J
NEUROSCI.4703-13.2014

Aykan DA, Kesim M, Ayan B, Kurt A (2019) Anti-inflammatory and antino-
ciceptive activities of glucagon-like peptides: evaluation of their actions

on serotonergic, nitrergic, and opioidergic systems. Psychopharmacology
236(6):1717-1728. https://doi.org/10.1007/500213-018-5154-7

Eng J, Kleinman WA, Singh L, Singh G, Raufman JP (1992) Isolation and
characterization of exendin-4, an exendin-3 analogue, from Heloderma
suspectum venom. Further evidence for an exendin receptor on dispersed
acini from guinea pig pancreas. J Biol Chem 267(11):7402-7405

Schirra J, Sturm K, Leicht P, Arnold R, Goke B, Katschinski M (1998) Exen-
din(9-39)amide is an antagonist of glucagon-like peptide-1(7-36)amide in
humans. J Clin Invest 101(7):1421-1430. https://doi.org/10.1172/JCl1349
Park CK, Go EJ, Jo H, Hwang SM, Rahman MM, Park J, Lee JY, Jo YY, Jung Y,
Berta T, Kim YH (2024) GLP-1 and its derived peptides mediate Pain Relief
through Direct TRPV1 inhibition without affecting Thermoregulation. Res Sq.
https://doi.org/10.21203/rs.3.rs-4233732/v1

Mert |, Cetinkaya A, Gurler M, Turel CA, Celik H, Torun IE, Turel | (2022) Anti-
inflammatory potential of liraglutide, a glucagon-like peptide-1 receptor
agonist, in rats with peripheral acute inflammation. Inflammopharmacology
30(3):1093-1105. https://doi.org/10.1007/510787-022-00978-0

Gateva P, Hristov M, Ivanova N, Vasileva D, Ivanova A, Sabit Z, Bogdanov T,
Apostolova S, Tzoneva R (2024) Antinociceptive behavior, glutamine/gluta-
mate, and neopterin in early-stage streptozotocin-induced diabetic neuropa-
thy in liraglutide-treated mice under a standard or enriched environment. Int
J Mol Sci 25. https://doi.org/10.3390/ijms251910786

Fan H, Gong N, LiTF, Ma AN, Wu XY, Wang MW, Wang YX (2015) The non-
peptide GLP-1 receptor agonist WB4-24 blocks inflammatory nociception
by stimulating beta-endorphin release from spinal microglia. Br J Pharmacol
172(1):64-79. https;//doi.org/10.1111/bph.12895

Hu Z, Wang Y, Luo G, He L (2005) [Estimation of measurement uncertainty

of analytical results for the determination of three active components from
Gardenia jasminoides Ellis. By HPLC]. Zhong Yao Cai 28(11):991-994

Gong N, Fan H, Ma AN, Xiao Q Wang YX (2014) Geniposide and its iridoid
analogs exhibit antinociception by acting at the spinal GLP-1 receptors.
Neuropharmacology 84:31-45. https://doi.org/10.1016/j.neuropharm.2014.0
4.007

Pang J, Feng JN, Ling W, Jin T (2022) The anti-inflammatory feature of
glucagon-like peptide-1 and its based diabetes drugs-therapeutic potential
exploration in lung injury. Acta Pharm Sin B 12(11):4040-4055. https://doi.org
/10.1016/j.apsh.2022.06.003

Mehdi SF, Pusapati S, Anwar MS, Lohana D, Kumar P, Nandula SA, Nawaz FK,
Tracey K, Yang H, LeRoith D, Brownstein MJ, Roth J (2023) Glucagon-like pep-
tide-1: a multi-faceted anti-inflammatory agent. Front Immunol 14:1148209.
https://doi.org/10.3389/fimmu.2023.1148209

Cho PG, Jang JH, Ko S, Shin DA, Chung S, Chang MC (2023) The Effect of
Evogliptin Tartrate on Controlling Inflammatory Pain. Biomedicines 11:11. htt
ps://doi.org/10.3390/biomedicines1 1112990

Balogh M, Varga BK, Karadi DA, Riba P, Puskar Z, Kozsurek M, Al-Khrasani M,
Kiraly K (2019) Similarity and dissimilarity in antinociceptive effects of dipep-
tidyl-peptidase 4 inhibitors, Diprotin A and vildagliptin in rat inflammatory


https://doi.org/10.1038/s41392-024-01931-z
https://doi.org/10.1111/jdi.12466
https://doi.org/10.1016/j.beem.2009.03.005
https://doi.org/10.1055/s-2004-826160
https://doi.org/10.1016/j.cmet.2013.04.008
https://doi.org/10.1016/j.cmet.2013.04.008
https://doi.org/10.3390/ph15060740
https://doi.org/10.3389/fendo.2020.00178
https://doi.org/10.1007/s10555-024-10192-9
https://doi.org/10.1007/s10555-024-10192-9
https://doi.org/10.3390/ijms23020739
https://doi.org/10.1016/j.neuint.2019.04.010
https://doi.org/10.1016/j.neuint.2019.04.010
https://doi.org/10.3892/ijmm.2018.3509
https://doi.org/10.1111/jnc.14336
https://doi.org/10.1155/2019/9426014
https://doi.org/10.1016/j.bbr.2012.09.021
https://doi.org/10.1016/j.bbr.2012.09.021
https://doi.org/10.1080/00207454.2021.1924707
https://doi.org/10.1080/00207454.2021.1924707
https://doi.org/10.1056/NEJMoa2312323
https://doi.org/10.1056/NEJMoa2312323
https://doi.org/10.1016/j.phrs.2022.106550
https://doi.org/10.1016/j.phrs.2022.106550
https://doi.org/10.1016/j.bbr.2018.08.006
https://doi.org/10.1002/mds.29992
https://doi.org/10.1016/S0140-6736(17)31585-4
https://doi.org/10.1016/S0140-6736(17)31585-4
https://doi.org/10.3389/fendo.2022.1033479
https://doi.org/10.3389/fnins.2022.970925
https://doi.org/10.1186/s10194-024-01821-3
https://doi.org/10.1186/s10194-024-01821-3
https://doi.org/10.1523/JNEUROSCI.4703-13.2014
https://doi.org/10.1523/JNEUROSCI.4703-13.2014
https://doi.org/10.1007/s00213-018-5154-7
https://doi.org/10.1172/JCI1349
https://doi.org/10.21203/rs.3.rs-4233732/v1
https://doi.org/10.21203/rs.3.rs-4233732/v1
https://doi.org/10.1007/s10787-022-00978-0
https://doi.org/10.3390/ijms251910786
https://doi.org/10.1111/bph.12895
https://doi.org/10.1016/j.neuropharm.2014.04.007
https://doi.org/10.1016/j.neuropharm.2014.04.007
https://doi.org/10.1016/j.apsb.2022.06.003
https://doi.org/10.1016/j.apsb.2022.06.003
https://doi.org/10.3389/fimmu.2023.1148209
https://doi.org/10.3389/fimmu.2023.1148209
https://doi.org/10.3390/biomedicines11112990
https://doi.org/10.3390/biomedicines11112990

He et al. The Journal of Headache and Pain

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2025) 26:46

pain models following spinal administration. Brain Res Bull 147:78-85. https:/
/doi.org/10.1016/j.brainresbull.2019.02.001

Felson DT, Lawrence RC, Dieppe PA, Hirsch R, Helmick CG, Jordan JM, Kington
RS, Lane NE, Nevitt MC, Zhang Y, Sowers M, McAlindon T, Spector TD, Poole
AR, Yanovski SZ, Ateshian G, Sharma L, Buckwalter JA, Brandt KD, Fries JF
(2000) Osteoarthritis: new insights. Part 1: the disease and its risk factors. Ann
Intern Med 133(8):635-646. https.//doi.org/10.7326/0003-4819-133-8-200010
170-00016

Bliddal H, Leeds AR, Christensen R (2014) Osteoarthritis, obesity and weight
loss: evidence, hypotheses and horizons - a scoping review. Obes Rev
15(7):578-586. https://doi.org/10.1111/0br.12173

Coggon D, Reading |, Croft P, McLaren M, Barrett D, Cooper C (2001) Knee
osteoarthritis and obesity. Int J Obes Relat Metab Disord 25(5):622-627. https:
//doi.org/10.1038/s}.ij0.0801585

Zhang W, Nuki G, Moskowitz RW, Abramson S, Altman RD, Arden NK, Bierma-
Zeinstra S, Brandt KD, Croft P, Doherty M, Dougados M, Hochberg M, Hunter
DJ, Kwoh K, Lohmander LS, Tugwell P (2010) OARSI recommendations for the
management of hip and knee osteoarthritis: part lll: changes in evidence fol-
lowing systematic cumulative update of research published through January
2009. Osteoarthritis Cartilage 18(4):476-499. https://doi.org/10.1016/jjoca.20
10.01.013

McAlindon TE, Bannuru RR, Sullivan MC, Arden NK, Berenbaum F, Bierma-
Zeinstra SM, Hawker GA, Henrotin Y, Hunter DJ, Kawaguchi H, Kwoh K,
Lohmander S, Rannou F, Roos EM, Underwood M (2014) OARSI guidelines for
the non-surgical management of knee osteoarthritis. Osteoarthritis Cartilage
22(3):363-388. https://doi.org/10.1016/jjoca.2014.01.003

Fernandes L, Hagen KB, Bijlsma JW, Andreassen O, Christensen P, Conaghan
PG, Doherty M, Geenen R, Hammond A, Kjeken |, Lohmander LS, Lund H,
Mallen CD, Nava T, Oliver S, Pavelka K, Pitsillidou |, da Silva JA, de laTorre J,
Zanoli G, Vliet Vlieland TP (2013) European League Against R EULAR recom-
mendations for the non-pharmacological core management of hip and knee
osteoarthritis. Ann Rheum Dis 72(7):1125-1135.https://doi.org/10.1136/annr
heumdis-2012-202745

Hochberg MC, Altman RD, April KT, Benkhalti M, Guyatt G, McGowan J,
Towheed T, Welch V, Wells G, Tugwell P, American College of R (2012)
American College of Rheumatology 2012 recommendations for the use of
nonpharmacologic and pharmacologic therapies in osteoarthritis of the
hand, hip, and knee. Arthritis Care Res (Hoboken) 64(4):465-474. https://doi.o
rg/10.1002/acr.21596

Meurot C, Martin C, Sudre L, Breton J, Bougault C, Rattenbach R, Bismuth K,
Jacques C, Berenbaum F (2022) Liraglutide, a glucagon-like peptide 1 recep-
tor agonist, exerts analgesic, anti-inflammatory and anti-degradative actions
in osteoarthritis. Sci Rep 12(1):1567. https://doi.org/10.1038/541598-022-0532
3-7

Chen J, Xie JJ, Shi KS, Gu YT, Wu CC, Xuan J,Ren 'Y, Chen L, Wu YS, Zhang XL,
Xiao J, Wang DZ, Wang XY (2018) Glucagon-like peptide-1 receptor requlates
endoplasmic reticulum stress-induced apoptosis and the associated inflam-
matory response in chondrocytes and the progression of osteoarthritis in rat.
Cell Death Dis 9(2):212. https://doi.org/10.1038/541419-017-0217-y
Gudbergsen H, Henriksen M, Waehrens EE, Overgaard A, Bliddal H, Chris-
tensen R, Boesen MP, Knop FKK, Astrup A, Rasmussen MU, Bartholdy C,
Daugaard C, Bartels EM, Ellegaard K, Heitmann BL, Kristensen LE (2019) Effect
of liraglutide on body weight and pain in patients with overweight and knee
osteoarthritis: protocol for a randomised, double-blind, placebo-controlled,
parallel-group, single-centre trial. BMJ Open 9(5):2024065. https://doi.org/10.
1136/bmjopen-2018-024065

Gudbergsen H, Overgaard A, Henriksen M, Waehrens EE, Bliddal H,
Christensen R, Nielsen SM, Boesen M, Knop FK, Astrup A, Rasmussen MU,
Bartholdy C, Daugaard CL, Ellegaard K, Heitmann BL, Bartels EM, Danneskiold-
Samsoe B, Kristensen LE (2021) Liraglutide after diet-induced weight loss for
pain and weight control in knee osteoarthritis: a randomized controlled trial.
Am J Clin Nutr 113(2):314-323. https://doi.org/10.1093/ajcn/ngaa328

Zhu H, Zhou L, Wang Q, Cai Q, Yang F, Jin H, Chen Y, Song Y, Zhang C (2023)
Glucagon-like peptide-1 receptor agonists as a disease-modifying therapy
for knee osteoarthritis mediated by weight loss: findings from the Shanghai
Osteoarthritis Cohort. Ann Rheum Dis 82(9):1218-1226. https://doi.org/10.11
36/ard-2023-223845

Samajdar SS, Bhaduri G, Ghoshal PK, Mukherjee S, Pal J, Chatterjee N, Joshi SR
(2024) Dual effects of dulaglutide on glycemic control and knee osteoarthri-
tis pain in elderly patients with type 2 diabetes. Pain Manag 14(7):365-373. ht
tps://doi.org/10.1080/17581869.2024.2402214

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 19 of 21

Li H, Chen J, Li B, Fang X (2020) The protective effects of dulaglutide against
advanced glycation end products (AGEs)-induced degradation of type Il
collagen and aggrecan in human SW1353 chondrocytes. Chem Biol Interact
322:108968. https://doi.org/10.1016/j.cbi.2020.108968

Bliddal H, Bays H, Czernichow S, Udden Hemmingsson J, Hjelmesaeth J, Hoff-
mann Morville T, Koroleva A, Skov Neergaard J, Velez Sanchez P, Wharton S,
Wizert A, Kristensen LE, Group SS (2024) Once-weekly semaglutide in persons
with obesity and knee osteoarthritis. N Engl J Med 391(17):1573-1583. httpsy/
/doi.org/10.1056/NEJM0a2403664

Collins SM, Piche T, Rampal P (2001) The putative role of inflammation in the
irritable bowel syndrome. Gut 49(6):743-745. https://doi.org/10.1136/gut.49.
6.743

Heaton KW, Ghosh S, Braddon FE (1991) How bad are the symptoms and
bowel dysfunction of patients with the irritable bowel syndrome? A prospec-
tive, controlled study with emphasis on stool form. Gut 32(1):73-79. https.//d
oi.org/10.1136/qut.32.1.73

Anand U, Yiangou Y, Akbar A, Quick T, MacQuillan A, Fox M, Sinisi M, Korchev
YE, Jones B, Bloom SR, Anand P (2018) Glucagon-like peptide 1 receptor (GLP-
1R) expression by nerve fibres in inflammatory bowel disease and functional
effects in cultured neurons. PLoS ONE 13(5):e0198024. https://doi.org/10.137
1/journal.pone.0198024

O'Brien R, O'Malley D (2020) The glucagon-like peptide-1 receptor agonist,
exendin-4, ameliorated gastrointestinal dysfunction in the Wistar Kyoto rat
model of irritable bowel syndrome. Neurogastroenterol Motil 32(2):13738. h
ttps://doi.org/10.1111/nmo.13738

Yang Y, Cui X, Chen Y, Wang Y, Li X, Lin L, Zhang H (2014) Exendin-4, an ana-
logue of glucagon-like peptide-1, attenuates hyperalgesia through seroto-
nergic pathways in rats with neonatal colonic sensitivity. J Physiol Pharmacol
65(3):349-357

Cui X, Zhao X, Wang Y, Yang Y, Zhang H (2020) Glucagon-like peptide-1
analogue exendin-4 modulates serotonin transporter expression in intestinal
epithelial cells. Mol Med Rep 21(4):1934-1940. https://doi.org/10.3892/mmr.2
020.10976

Nozu T, Miyagishi S, Kumei S, Nozu R, Takakusaki K, Okumura T (2018)
Glucagon-like peptide-1 analog, liraglutide, improves visceral sensation and
gut permeability in rats. J Gastroenterol Hepatol 33(1):232-239. https://doi.or
9/10.1111/jgh.13808

Hellstrom PM, Hein J, Bytzer P, Bjornsson E, Kristensen J, Schambye H (2009)
Clinical trial: the glucagon-like peptide-1 analogue ROSE-010 for manage-
ment of acute pain in patients with irritable bowel syndrome: a randomized,
placebo-controlled, double-blind study. Aliment Pharmacol Ther 29(2):198-
206. https://doi.org/10.1111/j.1365-2036.2008.03870.x

Li ZY, Zhang N, Wen S, Zhang J, Sun XL, Fan XM, Sun YH (2017) Decreased
glucagon-like peptide-1 correlates with abdominal pain in patients with
constipation-predominant irritable bowel syndrome. Clin Res Hepatol Gastro-
enterol 41(4):459-465. https://doi.org/10.1016/j.clinre.2016.12.007

Touny AA, Kenny E, Mansson M, Webb DL, Hellstrom PM (2022) Pain relief and
pain intensity response to GLP-1 receptor agonist ROSE-010 in irritable bowel
syndrome; clinical study cross-analysis with respect to patient characteristics.
Scand J Gastroenterol 57(7):783-791. https://doi.org/10.1080/00365521.2022.
2041084

Wu HY, Tang XQ, Mao XF, Wang YX (2017) Autocrine Interleukin-10 mediates
Glucagon-Like Peptide-1 receptor-Induced spinal microglial beta-endorphin
expression. J Neurosci 37(48):11701-11714. https://doi.org/10.1523/JNEUROS
Cl.1799-17.2017

Ma L, Ju P Wang W, Wei J, Wang W, Zhao M, Ahmad KA, Wang Y, Chen J (2021)
Microglial activation of GLP-1R signaling in Neuropathic Pain promotes

Gene expression adaption involved in inflammatory responses. Neural Plast
2021:9923537. https://doi.org/10.1155/2021/9923537

Noguchi T, Katoh H, Nomura S, Okada K, Watanabe M (2024) The GLP-1
receptor agonist exenatide improves recovery from spinal cord injury by
inducing macrophage polarization toward the M2 phenotype. Front Neurosci
18:1342944. https://doi.org/10.3389/fnins.2024.1342944

Nomura S, Katoh H, Yanagisawa S, Noguchi T, Okada K, Watanabe M (2023)
Administration of the GLP-1 receptor agonist exenatide in rats improves
functional recovery after spinal cord injury by reducing endoplasmic reticu-
lum stress. IBRO Neurosci Rep 15:225-234. https://doi.org/10.1016/j.ibneur.20
23.09.003

Maretty L, Gill D, Simonsen L, Soh K, Zagkos L, Galanakis M, Sibbesen J, Igle-
sias MT, Secher A, Valkenborg D, Purnell JQ, Knudsen LB, Tahrani AA, Geybels
M (2025) Proteomic changes upon treatment with semaglutide in individuals
with obesity. Nat Med. https://doi.org/10.1038/541591-024-03355-2


https://doi.org/10.1016/j.brainresbull.2019.02.001
https://doi.org/10.1016/j.brainresbull.2019.02.001
https://doi.org/10.7326/0003-4819-133-8-200010170-00016
https://doi.org/10.7326/0003-4819-133-8-200010170-00016
https://doi.org/10.1111/obr.12173
https://doi.org/10.1038/sj.ijo.0801585
https://doi.org/10.1038/sj.ijo.0801585
https://doi.org/10.1016/j.joca.2010.01.013
https://doi.org/10.1016/j.joca.2010.01.013
https://doi.org/10.1016/j.joca.2014.01.003
https://doi.org/10.1136/annrheumdis-2012-202745
https://doi.org/10.1136/annrheumdis-2012-202745
https://doi.org/10.1002/acr.21596
https://doi.org/10.1002/acr.21596
https://doi.org/10.1038/s41598-022-05323-7
https://doi.org/10.1038/s41598-022-05323-7
https://doi.org/10.1038/s41419-017-0217-y
https://doi.org/10.1136/bmjopen-2018-024065
https://doi.org/10.1136/bmjopen-2018-024065
https://doi.org/10.1093/ajcn/nqaa328
https://doi.org/10.1136/ard-2023-223845
https://doi.org/10.1136/ard-2023-223845
https://doi.org/10.1080/17581869.2024.2402214
https://doi.org/10.1080/17581869.2024.2402214
https://doi.org/10.1016/j.cbi.2020.108968
https://doi.org/10.1056/NEJMoa2403664
https://doi.org/10.1056/NEJMoa2403664
https://doi.org/10.1136/gut.49.6.743
https://doi.org/10.1136/gut.49.6.743
https://doi.org/10.1136/gut.32.1.73
https://doi.org/10.1136/gut.32.1.73
https://doi.org/10.1371/journal.pone.0198024
https://doi.org/10.1371/journal.pone.0198024
https://doi.org/10.1111/nmo.13738
https://doi.org/10.1111/nmo.13738
https://doi.org/10.3892/mmr.2020.10976
https://doi.org/10.3892/mmr.2020.10976
https://doi.org/10.1111/jgh.13808
https://doi.org/10.1111/jgh.13808
https://doi.org/10.1111/j.1365-2036.2008.03870.x
https://doi.org/10.1016/j.clinre.2016.12.007
https://doi.org/10.1080/00365521.2022.2041084
https://doi.org/10.1080/00365521.2022.2041084
https://doi.org/10.1523/JNEUROSCI.1799-17.2017
https://doi.org/10.1523/JNEUROSCI.1799-17.2017
https://doi.org/10.1155/2021/9923537
https://doi.org/10.3389/fnins.2024.1342944
https://doi.org/10.1016/j.ibneur.2023.09.003
https://doi.org/10.1016/j.ibneur.2023.09.003
https://doi.org/10.1038/s41591-024-03355-2

He et al. The Journal of Headache and Pain

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

(2025) 26:46

Cui SS, Feng XB, Zhang BH, Xia ZY, Zhan LY (2020) Exendin-4 attenuates
pain-induced cognitive impairment by alleviating hippocampal neuroinflam-
mation in a rat model of spinal nerve ligation. Neural Regen Res 15(7):1333-
1339. https://doi.org/10.4103/1673-5374.272620

Zhang LQ, Zhang W, Li T, Yang T, Yuan X, Zhou Y, Zou Q, Yang H, Gao F, Tian Y,
Mei W, Tian XB (2021) GLP-1R activation ameliorated novel-object recogni-
tion memory dysfunction via regulating hippocampal AMPK/NF-kappaB
pathway in neuropathic pain mice. Neurobiol Learn Mem 182:107463. https:/
/doi.org/10.1016/j.nIm.2021.107463

KuthatiY, Rao VN, Busa P, Wong CS (2021) Teneligliptin exerts Antinociceptive
effects in rat model of partial sciatic nerve transection induced neuropathic
pain. Antioxid (Basel) 10. https://doi.org/10.3390/antiox10091438

Zhu B, Gong N, Fan H, Peng CS, Ding XJ, Jiang Y, Wang YX (2014) Lamiophlo-
mis Rotata, an orally available tibetan herbal painkiller, specifically reduces
pain hypersensitivity states through the activation of spinal glucagon-like
peptide-1 receptors. Anesthesiology 121(4):835-851. https://doi.org/10.1097
/ALN.0000000000000320

Fan H, LiTF, Gong N, Wang YX (2016) Shanzhiside methylester, the principle
effective iridoid glycoside from the analgesic herb Lamiophlomis Rotata,
reduces neuropathic pain by stimulating spinal microglial beta-endorphin
expression. Neuropharmacology 101:98-109. https://doi.org/10.1016/j.neuro
pharm.2015.09.010

Xu M, Wu HY, Liu H, Gong N, Wang YR, Wang YX (2017) Morroniside, a
secoiridoid glycoside from Cornus officinalis, attenuates neuropathic pain

by activation of spinal glucagon-like peptide-1 receptors. Br J Pharmacol
174(7):580-590. https://doi.org/10.1111/bph.13720

Tang X, Wu H, Mao X, Li X, Wang Y (2020) The GLP-1 receptor herbal agonist
morroniside attenuates neuropathic pain via spinal microglial expression of
IL-10 and beta-endorphin. Biochem Biophys Res Commun 530(3):494-499. ht
tps://doi.org/10.1016/j.bbrc.2020.05.080

Zhao X, Wang M, Wen Z, Lu Z, Cui L, Fu C, Xue H, Liu Y, Zhang Y (2021) GLP-1
receptor agonists: beyond their pancreatic effects. Front Endocrinol (Laus-
anne) 12721135. https://doi.org/10.3389/fendo.2021.721135

Belo TCA, Santos GX, da Silva BEG, Rocha BLG, Abdala DW, Freire LAM, Rocha
FS, Galdino G (2023) IL-10/beta-Endorphin-mediated neuroimmune modula-
tion on Microglia during Antinociception. Brain Sci 13:5. https://doi.org/10.33
90/brainsci13050789

Galiero R, Caturano A, Vetrano E, Beccia D, Brin C, Alfano M, Di Salvo J, Epifani
R, Piacevole A, Tagliaferri G, Rocco M, ladicicco |, Docimo G, Rinaldi L, Sardu

C, Salvatore T, Marfella R, Sasso FC (2023) Peripheral neuropathy in diabetes
Mellitus: pathogenetic mechanisms and diagnostic options. Int J Mol Sci
24(4). https//doi.org/10.3390/ijms24043554

Bai Y, Ma JH, Yu'Y, Wang ZW (2022) Effect of cognitive-behavioral therapy or
mindfulness therapy on Pain and Quiality of Life in patients with Diabetic
Neuropathy: a systematic review and Meta-analysis. Pain Manag Nurs
23(6):861-870. https://doi.org/10.1016/j.pmn.2022.05.005

Pandey S, Mangmool S, Madreiter-Sokolowski CT, Wichaiyo S, Luangmon-
kong T, Parichatikanond W (2023) Exendin-4 protects against high glucose-
induced mitochondrial dysfunction and oxidative stress in SH-SY5Y neuro-
blastoma cells through GLP-1 receptor/Epac/Akt signaling. Eur J Pharmacol
954:175896. https://doi.org/10.1016/}.jphar 2023.175896

Qi L, GaoR, Chen Z Lin D, Liu Z, Wang L, Lin L, Liu X, Liu X, Liu L (2022)
Liraglutide reduces oxidative stress and improves energy metabolism in
methylglyoxal-induced SH-SY5Y cells. Neurotoxicology 92:166-179. https://d
0i.org/10.1016/j.neuro.2022.08.007

Jolivalt CG, Fineman M, Deacon CF, Carr RD, Calcutt NA (2011) GLP-1 signals
via ERK'in peripheral nerve and prevents nerve dysfunction in diabetic mice.
Diabetes Obes Metab 13(11):990-1000. https://doi.org/10.1111/j.1463-1326.2
011.01431.x

Shekunova EV, Kashkin VA, Muzhikyan Acapital AC, Makarova MN, Balabanyan
VY, Makarov VG (2020) Therapeutic efficacy of arginine-rich exenatide on
diabetic neuropathy in rats. Eur J Pharmacol 866:172835. https://doi.org/10.1
016/j.ejphar.2019.172835

Zhang Q, LiQ LiuS, Zheng H, Ji L, Yi N, Bao W, Zhu X, Sun W, Liu X, Zhang S,
Zuo C, LiY, Xiong Q, Lu B (2022) Glucagon-like peptide-1 receptor agonist
attenuates diabetic neuropathic pain via inhibition of NOD-like receptor pro-
tein 3 inflammasome in brain microglia. Diabetes Res Clin Pract 186:109806.
https://doi.org/10.1016/j.diabres.2022.109806

ZhangY, Zhang Q BaiY, Zheng H, JiL, Zhu X, Sun W, Liu X, Zhang S, Li

Y, Lu B (2023) Glycogen synthesis kinase-3beta involves in the analgesic

85.

86.

87.

88.

89.

90.

9.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Page 20 of 21

effect of liraglutide on diabetic neuropathic pain. J Diabetes Complications
37(3):108416. https://doi.org/10.1016/j.jdiacomp.2023.108416

Eissa RG, Eissa NG, Eissa RA, Diab NH, Abdelshafi NA, Shaheen MA, Elsabahy
M, Hammad SK (2023) Oral proniosomal Amitriptyline and liraglutide for
management of diabetic neuropathy: exceptional control over hyperglyce-
mia and neuropathic pain. Int J Pharm 647:123549. https://doi.org/10.1016/j.j
pharm.2023.123549

Lee SO, Kuthati'Y, Huang WH, Wong CS (2024) Semaglutide ameliorates Dia-
betic Neuropathic Pain by inhibiting Neuroinflammation in the spinal cord.
Cells 13:22. https://doi.org/10.3390/cells 13221857

Bianchi R, Cervellini |, Porretta-Serapiglia C, Oggioni N, Burkey B, Ghezzi

P Cavaletti G, Lauria G (2012) Beneficial effects of PKF275-055, a novel,
selective, orally bioavailable, long-acting dipeptidyl peptidase IV inhibitor

in streptozotocin-induced diabetic peripheral neuropathy. J Pharmacol Exp
Ther 340(1):64-72. https://doi.org/10.1124/jpet.111.181529

Ponirakis G, Abdul-Ghani MA, Jayyousi A, Zirie MA, Qazi M, Aimuhannadi

H, Petropoulos IN, Khan A, Gad H, Migahid O, Megahed A, Al-Mohannadi

S, AMarri F, Al-Khayat F, Mahfoud Z, Al Hamad H, Ramadan M, DeFronzo R,
Malik RA (2021) Painful diabetic neuropathy is associated with increased
nerve regeneration in patients with type 2 diabetes undergoing intensive
glycemic control. J Diabetes Investig 12(9):1642-1650. https://doi.org/10.111
1/jdi.13544

Dhanapalaratnam R, Issar T, Lee ATK, Poynten AM, Milner KL, Kwai NCG,
Krishnan AV (2024) Glucagon-like peptide-1 receptor agonists reverse nerve
morphological abnormalities in diabetic peripheral neuropathy. Diabetologia
67(3):561-566. https://doi.org/10.1007/500125-023-06072-6

Liu C, WuT, Ren N (2023) Glucagon-like peptide-1 receptor agonists for the
management of diabetic peripheral neuropathy. Front Endocrinol (Lausanne)
14:1268619. https://doi.org/10.3389/fend0.2023.1268619

Sango K, Takaku S, Tsukamoto M, Niimi N, Yako H (2022) Glucagon-like
Peptide-1 receptor agonists as potential myelination-inducible and anti-
demyelinating remedies. Front Cell Dev Biol 10:950623. https://doi.org/10.33
89/fcell.2022.950623

LiuWJ, Jin HY, Lee KA, Xie SH, Baek HS, Park TS (2011) Neuroprotective effect
of the glucagon-like peptide-1 receptor agonist, synthetic exendin-4, in
streptozotocin-induced diabetic rats. Br J Pharmacol 164(5):1410-1420. https:
//doi.org/10.1111/j.1476-5381.2011.01272.x

Muscogiuri G, DeFronzo RA, Gastaldelli A, Holst JJ (2017) Glucagon-like
Peptide-1 and the Central/Peripheral Nervous System: Crosstalk in Diabetes.
Trends Endocrinol Metab 28(2):88-103. https://doi.org/10.1016/j.tem.2016.10
001

Jing F, Zou Q Wang Y, Cai Z, Tang Y (2021) Activation of microglial GLP-1R in
the trigeminal nucleus caudalis suppresses central sensitization of chronic
migraine after recurrent nitroglycerin stimulation. J Headache Pain 22(1):86. h
ttps://doi.org/10.1186/510194-021-01302-x

Jing F, Zou Q, Pu'Y (2023) GLP-1R agonist liraglutide attenuates pain hyper-
sensitivity by stimulating IL-10 release in a nitroglycerin-induced chronic
migraine mouse model. Neurosci Lett 812:137397. https://doi.org/10.1016/j.n
eulet.2023.137397

Zhou C, Zhou Y, Liu L, Jiang H, Wei H, Zhou C, Ji X (2024) Progress and
recognition of idiopathic intracranial hypertension: a narrative review. CNS
Neurosci Ther 30(8):e14895. https://doi.org/10.1111/cns.14895

Botfield HF, Uldall MS, Westgate CSJ, Mitchell JL, Hagen SM, Gonzalez AM,
Hodson DJ, Jensen RH, Sinclair AJ (2017) A glucagon-like peptide-1 receptor
agonist reduces intracranial pressure in a rat model of hydrocephalus. Sci
Transl Med 9:404. https://doi.org/10.1126/scitransimed.aan0972

Krajnc N, Itariu B, Macher S, Marik W, Harreiter J, Michl M, Novak K, Wober C,
Pemp B, Bsteh G (2023) Treatment with GLP-1 receptor agonists is associated
with significant weight loss and favorable headache outcomes in idiopathic
intracranial hypertension. J Headache Pain 24(1):89. https://doi.org/10.1186/s
10194-023-01631-z

Mitchell JL, Lyons HS, Walker JK, Yiangou A, Grech O, Alimajstorovic Z, Greig
NH, LiY, Tsermoulas G, Brock K, Mollan SP, Sinclair AJ (2023) The effect of GLP-
1RA exenatide on idiopathic intracranial hypertension: a randomized clinical
trial. Brain 146(5):1821-1830. https://doi.org/10.1093/brain/awad003

Grech O, Mitchell JL, Lyons HS, Yiangou A, Thaller M, Tsermoulas G, Brock K,
Mollan SP, Sinclair AJ (2024) Effect of glucagon like peptide-1 receptor ago-
nist exenatide, used as an intracranial pressure lowering agent, on cognition
in idiopathic intracranial hypertension. Eye (Lond) 38(7):1374-1379. https://d
0i.0rg/10.1038/541433-023-02908-y


https://doi.org/10.4103/1673-5374.272620
https://doi.org/10.1016/j.nlm.2021.107463
https://doi.org/10.1016/j.nlm.2021.107463
https://doi.org/10.3390/antiox10091438
https://doi.org/10.1097/ALN.0000000000000320
https://doi.org/10.1097/ALN.0000000000000320
https://doi.org/10.1016/j.neuropharm.2015.09.010
https://doi.org/10.1016/j.neuropharm.2015.09.010
https://doi.org/10.1111/bph.13720
https://doi.org/10.1016/j.bbrc.2020.05.080
https://doi.org/10.1016/j.bbrc.2020.05.080
https://doi.org/10.3389/fendo.2021.721135
https://doi.org/10.3390/brainsci13050789
https://doi.org/10.3390/brainsci13050789
https://doi.org/10.3390/ijms24043554
https://doi.org/10.1016/j.pmn.2022.05.005
https://doi.org/10.1016/j.ejphar.2023.175896
https://doi.org/10.1016/j.neuro.2022.08.007
https://doi.org/10.1016/j.neuro.2022.08.007
https://doi.org/10.1111/j.1463-1326.2011.01431.x
https://doi.org/10.1111/j.1463-1326.2011.01431.x
https://doi.org/10.1016/j.ejphar.2019.172835
https://doi.org/10.1016/j.ejphar.2019.172835
https://doi.org/10.1016/j.diabres.2022.109806
https://doi.org/10.1016/j.diabres.2022.109806
https://doi.org/10.1016/j.jdiacomp.2023.108416
https://doi.org/10.1016/j.ijpharm.2023.123549
https://doi.org/10.1016/j.ijpharm.2023.123549
https://doi.org/10.3390/cells13221857
https://doi.org/10.1124/jpet.111.181529
https://doi.org/10.1111/jdi.13544
https://doi.org/10.1111/jdi.13544
https://doi.org/10.1007/s00125-023-06072-6
https://doi.org/10.3389/fendo.2023.1268619
https://doi.org/10.3389/fcell.2022.950623
https://doi.org/10.3389/fcell.2022.950623
https://doi.org/10.1111/j.1476-5381.2011.01272.x
https://doi.org/10.1111/j.1476-5381.2011.01272.x
https://doi.org/10.1016/j.tem.2016.10.001
https://doi.org/10.1016/j.tem.2016.10.001
https://doi.org/10.1186/s10194-021-01302-x
https://doi.org/10.1186/s10194-021-01302-x
https://doi.org/10.1016/j.neulet.2023.137397
https://doi.org/10.1016/j.neulet.2023.137397
https://doi.org/10.1111/cns.14895
https://doi.org/10.1126/scitranslmed.aan0972
https://doi.org/10.1186/s10194-023-01631-z
https://doi.org/10.1186/s10194-023-01631-z
https://doi.org/10.1093/brain/awad003
https://doi.org/10.1038/s41433-023-02908-y
https://doi.org/10.1038/s41433-023-02908-y

He et al. The Journal of Headache and Pain (2025) 26:46 Page 21 of 21

101. Heckel B (2024) Idiopathic intracranial hypertension after Abrupt Cessation of
Medication: a Case Report of Abrupt Glucagon-Like Peptide-1 (GLP-1) recep-
tor Agonist Cessation and Review of the literature. Curr Pain Headache Rep
28(6):453-456. https://doi.org/10.1007/511916-024-01215-9

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1007/s11916-024-01215-9

	﻿Advances in GLP-1 receptor agonists for pain treatment and their future potential
	﻿Abstract
	﻿Introduction
	﻿Inflammatory pain
	﻿Osteoarthritis
	﻿Visceral pain and irritable bowel syndrome
	﻿Neuropathic pain
	﻿Diabetic peripheral neuropathy
	﻿Headache
	﻿Cancer pain

	﻿Discussion
	﻿Limitations

	﻿Conclusion and perspective
	﻿References


