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Abstract: Chronic pain greatly affects patients’ quality of life and poses significant challenges for the healthcare system.
Conventional medication is generally inadequate for managing chronic pain and frequently leads to numerous adverse effects. The
chemokine C-X-C motif ligand 12 (CXCL12) and its receptor, the chemokine C-X-C motif receptor 4 (CXCR4), are emerging as
significant neuromodulators within the nervous system. A growing body of evidence has underscored the critical roles of this
chemokine axis in the development and persistence of pathological pain. In this review, we aim to synthesize recent findings that
highlight the role and mechanisms of the CXCL12/CXCR4 axis in the etiology of chronic pain conditions. We focus on chronic pain
stemming from sciatic nerve injury, diabetic neuropathy, spinal cord injury, bone cancer, opioid tolerance, and opioid-induced
hyperalgesia. These conditions represent a diverse range of pathologies that underscore the broad impact of the CXCL12/CXCR4
axis in pain management. Furthermore, we discuss the potential for targeting the CXCL12/CXCR4 axis as a comprehensive
therapeutic strategy for chronic pain. In this review, we aim to summarize emerging evidence on the critical role of the CXCL12/
CXCR4 signaling in mediating chronic pain pathogenesis and its potential contributions to neurological disorders.
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Introduction

Chronic pain, including neuropathic, inflammatory, and cancer-related pain, is increasingly understood as a manifestation
of neural plasticity, which occurs both in the peripheral nervous system (PNS), through peripheral sensitization, and in
the central nervous system (CNS), through central sensitization. Recent studies have shown that chemokines and their
receptors play a crucial role in the development of chronic pain by influencing glial activation and neural plasticity.'
Chemokines, a group of tiny cytokines, serve as attractors for the movement and placement of leukocytes by attaching to
receptors found on the surface of specific cells.* ® As of now, a total of 43 chemokines have been discovered, each
attaching to a distinct receptor. The chemokine C-X-C motif ligand 12 (CXCL12), a chemokine belonging to the
C-X-C subfamily, functions by binding to its specific receptor, the C-X-C motif receptor 4 (CXCR4). Initially identified
and isolated from bone marrow stromal cells, CXCL12 was historically referred to as stromal cell-derived factor-1 (SDF-
1). This chemokine plays a pivotal role in various physiological and pathological processes, including immune cell
trafficking, tissue repair, and cancer metastasis.” CXCR4, a G protein-coupled receptor (GPCR), is structurally similar to
rhodopsin and has a unique affinity for CXCL12, meaning it exclusively binds to this chemokine. The high degree of
homology between human and mouse CXCL12 at both the genomic and protein levels indeed makes mice an appropriate
model for studying the role of CXCLI2 in various pathological conditions.® This homology ensures that the findings
from mouse studies are likely to be relevant to human biology and disease. CXCLI12 plays a multifaceted role in the
nervous system. Under normal conditions, it is involved in neuromodulation and the intricate interactions between
neurons and glial cells, which are crucial for maintaining neural health and function. Moreover, CXCL12’s involvement
extends to the context of neurological disorders, particularly those associated with human immunodeficiency virus (HIV)

infection.”'" Over the past decade, pain research has experienced a substantial rise in publications focusing on the

Journal of Pain Research 2025:18 2583-2603 2583
Received: 13 December 2024 © 2025 Chen et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallahle at https://www.dovepress.com/terms.php
A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creati /by-nc/4.0/). By accessing the work

Accepted: 2 April 2025
Published: 21 May 2025

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press lelted provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-9870-4548
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Chen et al

CXCL12/CXCR4 axis, highlighting its emerging role as a neuromodulator in chronic pain. Chemokines play an
important role in central and peripheral sensitization by exerting chemotactic effect of neurons and glial cells.
Numerous prestigious journals have featured reviews on this subject.'*'* After reading a lot of articles that passed the
keyword search of (CXCL12) AND (pain), we made an outline of their contents. Then, we conducted a keyword search
for different contents in each chapter, such as (CXCL12) AND (neuropathic pain), (CXCR4) AND (neuropathic pain);
(CXCL12) AND (CFA), (CXCR4) AND (CFA). PubMed database was used to access relevant literature in the last 15
years (2009—2024). However, we also cite, for example, SDF1alpha/CXCR4 signaling, via ERKs and the transcription
factor Egrl, induces expression of a 67-kDa form of glutamic acid decarboxylase in embryonic hippocampal neurons
from 2008, which describes in detail the mechanism of action of the CXCL12/CXCR4 signal axis, when beyond this time
frame we feel that it is still constructive after careful reading. This makes an indelible contribution to our understanding
of CXCL12/CXCR4 axis in the treatment of chronic pain. Consequently, this analysis delves into the healing possibilities
of the CXCL12/CXCR4 pathway and the shift from acute to chronic pain studies, providing an extensive and up-to-date
summary.

CXCLI12/CXCR4 Axis and Its Activation Mechanism

CXCLI12 has been acknowledged for its role in maintaining homeostasis, a function attributed to its engagement in key
physiological activities. These activities include the development of the nervous system, the formation of the heart, the
production of blood cells, the navigation of leukocytes to specific tissues, and the creation of new blood vessels. This
chemokine plays a critical part in the directed movement and stimulation of hematopoietic stem and progenitor cells, the
cells that line the blood vessels, and a diverse range of leukocytes.! Unlike the majority of receptors that bind to
inflammatory chemokines, the CXCR4 receptor is unique in that it exclusively pairs with the CXCL12 ligand. The
CXCR4 was first identified due to its role in the entry mechanism of HIV and in the trafficking of leukocytes. It was later
characterized as a seven-transmembrane domain receptor derived from leukocytes, also known as LESTR.' Goazigo
et al have reported that the CXCR4 receptors are primarily located on neuronal plasma membranes, occupying both
presynaptic and postsynaptic positions in the terminals of the central nervous system. This distribution suggests
a significant role for CXCR4 in neuronal communication.'> When CXCL12 engages with CXCR4, it predominantly
triggers G protein-mediated signal transduction. This process commences with the separation of the GBy and Ga subunits
from the intracellular domains of CXCR4, thereby initiating a cascade of cellular responses.'®!” The interaction between
CXCL12 and CXCR4 activates a series of G protein-coupled signaling kinases. Specifically, this binding event initiates
the phosphorylation and subsequent activation of kinases including PI3K/mTOR and MEK/ERK, which play crucial
roles in cellular signaling pathways.'® The binding of CXCLI2 to the extracellular region of CXCR4 stimulates the
generation of cyclic AMP (cAMP) by prompting the Ga subunit to exchange its bound GDP for GTP. This exchange
leads to the separation of the Gai and Gy subunits, initiating a signaling cascade that influences gene expression through
the activation of various downstream effectors. These include key signaling molecules such as protein kinase B (Akt),
c-Jun N-terminal kinase (JNK), mitogen-activated protein kinase kinase (MEK), and extracellular signal-regulated
kinase-1/2 (ERK1/2). Concurrently, the family of regulator of G protein signaling (RGS) proteins offers an alternative
pathway to modulate the CXCR4 response to CXCLI2 binding, ensuring the fine-tuning of this signaling axis'®'’
(Figure 1). The RGS proteins interact with the Go subunit of the CXCR4 receptor, enhancing its GTPase activity, which
in turn accelerates the hydrolysis of GTP to GDP. This increase in GTPase activity results in the inhibition of further
signaling cascades and chemotactic responses. Notably, this regulatory effect is significant regardless of the high levels of
CXCR4 expression, demonstrating a critical role for RGS proteins in modulating the receptor’s activity.”” The CXCR4
protein is involved in a dynamic process of membrane trafficking and expression regulation, leading to higher
concentrations of the protein inside the cell compared to the cell surface. This intracellular retention suggests
a complex mechanism that affects the receptor’s availability for signaling. Moreover, accumulating research indicates
that the CXCL12/CXCR4 signaling pathway is often disrupted in chronic pain states, contributing to the development
and persistence of such conditions. This dysregulation underscores the potential significance of the CXCL12/CXCR4
axis in the pathophysiology of chronic pain, highlighting it as a crucial area for further investigation and therapeutic

intervention.'?
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Figure | CXCLI2 is produced in response to inflammation or damage, which activates CXCR4. The primary mechanism by which this process starts G-protein-mediated
signal transduction is the separation of the GPy and Ga subunits attached to the intracellular ring of CXCR4. Subsequent dissociation of the Goi and Gy subunits enables
them to activate different downstream signaling pathways. Pain processes can be alleviated by controlling ion channel activity and the synthesis of inflammatory mediators.
Created in BioRender. kaisi, y. (2025) https://BioRender.com/bgsnsow.

CXCLI12/CXCR4 Axis in Chronic Pain
CXCLI2/CXCR4 Axis in Neuropathic Pain

Neuropathic pain typically arises from damage or disorders of the somatosensory system, which can occur either within
the PNS or the CNS. This type of pain is often a result of insults or dysfunctions at these levels, leading to altered sensory
processing and the experience of pain.?' A systematic review indicates that the average incidence of neuropathic pain
among adults is 7%. This condition notably diminishes the quality of life and disrupts daily activities and employment
due to the chronic and often debilitating nature of the pain.* Growing research suggests that the heightened respon-
siveness of dorsal horn neurons (DRQG) is crucial in the process of neuropathic pain. Dorsal horn neurons’ heightened
excitability could stem from the triggering of signaling routes following injury to peripheral nerves. To date, multiple
research works have indicated the involvement of the CXCL12/CXCR4 axis in neuropathic pain, a topic we will
elaborate on subsequently.

CXCL12/CXCR4 Axis in Nerve Injury-Induced Neuropathic Pain

Research utilizing the spared nerve injury (SNI) model demonstrated a sustained elevation in the levels of classical
monocytes and CXCL12 in the bloodstream following SNI. Furthermore, the effects of SNI were replicated in naive mice
through the intravenous administration of CXCL12 at concentrations that are considered pathological, indicating a role
for this chemokine in mediating the responses associated with nerve injury.*

Following SNI, there is an upregulation of both CXCL12 and its corresponding receptor, CXCR4, within the neurons
and satellite glial cells of the lumbar DRG. This suggests that the CXCL12/CXCR4 axis may play a significant role in the
neural and glial responses to nerve injury in the lumbar region.'> SNI has been observed to cause a prolonged increase in
the levels of CXCL12 and CXCR4 within the dorsal horn of the ipsilateral L4-5 spinal cord. This upregulation is
characterized by the presence of CXCL12 in both neuronal and microglial cells, while CXCR4 is found in neuronal and
astrocytic populations. Moreover, SNI triggers an enduring increase in the expression of tumor necrosis factor (TNF)-a in
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Figure 2 In DRG, the activation of TNF-0, ERK, NF-kB, TLR4 and Nav|.8 are mainly expressed in glia and astrocytes, which contribute to CXCLI2/CXCR4 signal
transduction, and the expression of TLR4 is also increased in microglia.*% These conditions may be influenced by neuronal expression of CXCR4, which initiates glial-
neuron crosstalk. Created in BioRender. kaisi, y. (2025) https://BioRender.com/30t5cmp.

the DRG and spinal cord, indicating a significant inflammatory response and the potential involvement of TNF-a in the
pathogenesis of neuropathic pain following SNI?® (Figure 2). The administration of thalidomide via intraperitoneal
injection, which inhibits the production of TNF-a, has been shown to alleviate mechanical hypersensitivity induced by
spared nerve injury (SNI) and to suppress the expression of CXCL12 in DRG neurons and the spinal cord. Furthermore,

the application of AMD3100, a specific antagonist of CXCR4, either intragastrically (ig) or intraperitoneally (ip) on day
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8 post-SNI, has effectively reduced abnormal pain behaviors in rats. Additionally, the repeated use of AMD3100 via the
intrathecal (i.t). Route has been found to prevent the activation of extracellular signal-regulated kinase (ERK) in the
spinal cord. Interestingly, pre-treating naive rats with MEK inhibitor PD98059 has also been demonstrated to lessen
mechanical hypersensitivity that was induced by the intrathecal administration of CXCL12, highlighting the potential of
these treatments in modulating pain signaling pathways.?® Collectively, the collective research indicates that tumor
necrosis factor-alpha (TNF-a) might play a role in increasing the expression of CXCL12 in the DRG and spinal cord
following spared nerve injury (SNI). Furthermore, the signaling pathway involving CXCL12 and its receptor CXCR4,
which is activated by extracellular signal-regulated kinase (ERK), appears to be involved in the onset and persistence of
neuropathic pain. Consequently, targeting the CXCL12/CXCR4 axis could present a promising therapeutic approach for
neuropathic pain management. Notably, AMD3100, a selective CXCR4 antagonist, has demonstrated the ability to block
the interaction between CXCR4 and its ligand CXCL12, offering a potential avenue for treatment by inhibiting the pro-
nociceptive effects of this signaling axis.”’ Additional studies have elucidated the mechanisms by which AMD3100,
a specific antagonist of CXCR4, can provide analgesic effects in neuropathic pain conditions. Research indicates that
AMD?3100 not only alleviates pain but also restores the function of inhibitory neurotransmission, such as that mediated
by Glycine Receptor Alpha-3 (GlyRa3). This restoration is significant as it helps to counteract the hyperexcitability often
associated with neuropathic pain, offering a more comprehensive therapeutic effect. By targeting the CXCR4 receptor
and modulating neurotransmission, AMD3100 has the potential to address both the symptoms and underlying patho-
physiology of neuropathic pain.>* Li et al’s research has revealed that AMD3100, a CXCR4 antagonist, can provide
partial relief from neuropathic pain through a novel mechanism. They found that AMD3100 increases the secretion of
endogenous opioids derived from leukocytes, which may contribute to its analgesic effects. Additionally, the early and
repeated administration of AMD3100 resulted in a dose-dependent alleviation of neuropathic pain, suggesting that the
chemokine CXCLI12 acts through its receptor to mediate chronic neuropathic pain (Table 1). Therefore, targeting the
CXCLI12/CXCR4 pathway may represent an effective approach for treating this condition.”> A recent study has identified
that neurons in the DRG expressing the proto-oncogene PIM1 also exhibit colocalization with markers of nociceptive
neurons, including calcitonin gene-related peptide (CGRP), isolectin B4 (IB4), and substance P, with an increase in
expression post-SNL surgery. PIM1, a serine/threonine protein kinase belonging to the PIM family, plays a role in
various cellular processes. Notably, PIM1 has been found to modulate the signal transduction of the CXCL12/CXCR4
pathway in neuroblastoma cells (neuro-2a). This modulation is achieved by regulating the phosphorylation of CXCR4 at
serine 339 (pCXCR4), which may have implications for the signaling mechanisms involved in neuropathic pain and the
potential therapeutic targets within the CXCL12/CXCR4 axis.*

Within DRG tissues, the study identified a co-expression pattern of PIM1 and CXCR4. The study’s findings indicated
that when PIM1 was deleted, there was a notable decrease in the expression of pCXCR4(ser 339), while the overall
expression levels of CXCR4 protein remained largely unaffected following spinal nerve ligation (SNL) surgery. This
suggests that PIM1 may play a specific role in the phosphorylation of CXCR4, potentially influencing the activation state
of the receptor without altering the total CXCR4 protein levels, which could have implications for the understanding of
pain signaling and the role of these proteins in neuropathic pain conditions.>® The study’s results imply that PIM1 plays
a role in mitigating the heightened sensitivity to pain (nociceptive hypersensitivity) that can result from nerve injury. This
is achieved by PIM1’s inhibitory effect on the signal transduction processes within the CXCL12/CXCR4 pathway, which
is integral to pain signaling. Furthermore, the alterations in the CXCL12/CXCR4 axis are not confined to the dorsal root
ganglia (DRGs) that are directly related to the damaged nerves; the influence extends to DRGs that are not in direct
association with the injured nerves. This broader impact indicates that the CXCL12/CXCR4 pathway may have a more
extensive role in the body’s response to nerve injury and the resulting pain, potentially affecting a wider neural network
than previously considered.*> Based on these findings, it is reasonable to hypothesize that modulating the CXCL12/
CXCR4 pathway could emerge as a paramount strategy for managing neuropathic pain in future therapeutic approaches.
The potential of this pathway as a target for intervention is underscored by its involvement in pain signaling and the
broader implications for DRGs, both affected and unaffected by direct nerve injury. This speculation suggests that future
research and clinical development may focus on harnessing the CXCL12/CXCR4 axis to alleviate neuropathic pain
effectively.
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Table | Application of AMD3100 for Treating Different Pain Conditions

days

Pain Condition Species | Administration Administration Dosage Regimen References
Route Dosage
Neuropathic Pain after spinal nerve SD rat it. 20 pg/rat Once daily for 3 consecutive | [31]
ligation (SNL) days
Neuropathic Pain after L5 SNL SD rat i.p. 2 and 5 mg/kg Once daily for 3 consecutive | [32]
days
Peripheral Neuropathic Pain (PNP) C57 it. | ng/5 ug/25 ng Single dose [33]
induced by pSNL mice
Spared Nerve Injury (SNI) SD rat i.p. 20 pg Once daily for 5 consecutive | [28]
days
Neuropathic Pain after Chronic C57 i.p. 5 mglkg Postoperative day 1, 3, 5, 7 [34]
Compression of DRG mice
HIV associated neuropathic pain SD rat i.p. 5 mglkg 7 and 14 days after injection | [35]
HIV associated neuropathic pain SD rat it. 5 g Single dose [36]
Bone Cancer Pain (BCP) SD rat it. 5pug/10puL Once daily for 3 consecutive | [37]
days
BCP SD rat it. 10 pg Single dose [38]
Allergic Contact Dermatitis (ACD) C57 i.p. 5 mg/kg Single dose [39]
mice
Painful Diabetic Neuropathy (PDN) Wistar i.p. 2.5 pg At 2, 4 and 24 h in one day [40]
rats
Chronic Pancreatitis SD rat it. S5pg/lopL Once daily for 7 consecutive | [41]
days
Central Post-Stroke Pain (CPSP) SD rat Intra-thalamic 75 o0r I5 pg Single dose [42]
injection
Postsurgical Pain SD rat it. 5, 10, 20 pg/10 pL Once daily for 5 consecutive | [43]
days
Spinal cord ischemia-reperfusion (IR) SD rat it 10 ng/10 pL Once daily for 5 consecutive | [25]
injury days
CFA SD rat Intraplantar 5, 25,50 pg/kg Once daily for 3 consecutive | [44]
injection days
Unilateral Chronic Constriction Injury Wistar i.p. 5 mg/kg At days 5 and 7 from CCI [45]
(CCl)
BV-induced Primary Mechanical SD rat i.pl 200 pg/10 pL At2,5,24,48,72,and 96 hin | [46]
Hyperalgesia one day
Mechanical Allodynia SD rat it. 5 mg Single dose [47]
Opioid-induced hyperalgesia (OIH) SD rat i.v. 5, 50pg Single dose [48]
OIH SD rat i.p. 10 mg/kg Once daily for 5 consecutive | [49]
days
Chronic pelvic pain syndrome (CPPS) Wistar i.p. 5uM Once daily for 10 consecutive | [50]
days
SNI SD rat i.p. 20ug Once daily for 8 consecutive | [28]
days
Tumor cell implantation (TCI) SD rat it. 5 ng/10 pL Once daily for three [51]
consecutive days
Bone cancer pain (BCP) SD rat it. 5 ng/10 pL Once daily for 3 consecutive | [52]
days
Pl SD rat i.p. 5, 10, 20 pg/10 pL Once daily for 7 consecutive | [43]
days
The colitis model SD rat it. 10ug/20ul Once daily for 7 consecutive | [53]
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During the early stages of a thalamic hemorrhage state, CXCL12/CXCR4 signaling up-regulates central post-stroke
pain (CPSP), a refractory central neuropathic pain. CXCL12 and its receptor CXCR4 may be a potentially attractive
molecular target for therapeutic therapy of CPSP, although in the latter phase, they are more crucial in the microglia-
astrocytome-neuron connection mediated by hypoxia-inducing factor la (HIF-10).** In the context of the chronic
constriction injury (CCI) model of neuropathic pain, an increase in the expression levels of CXCL12, CXCR4,
TXNIP, components of the NLRP3 inflammasome, IL-1B, and IL-18 was observed in neurons and glial cells of the
ipsilateral spinal dorsal horn (SDH) on day 7 post-CCI. This enhancement in protein expression was mitigated following
treatment with an unspecified ‘login’ therapy. Additionally, Dong et al found that in CCI rats, the microRNA miR-130a-
5p was downregulated, leading to overexpression of MEG3, CXCL12, and CXCR4. The overexpression of MEG3 was
associated with exacerbated neuropathic pain and increased levels of pro-inflammatory cytokines, including IL-1, TNF-
o, and IL-6. This indicates that MEG3 may play a role in intensifying neuropathic pain in CCI rats via the miR-130a-5p/
CXCL12/CXCR4 pathway, suggesting a complex interplay between these molecules in the modulation of pain and
inflammation in this model of neuropathy.>*

In a model of neuropathic pain induced by the chronic compression of the dorsal root ganglion (CCD), the expression
of CXCL12 and its receptor CXCR4 was found to be increased within the DRG. This upregulation occurred in a subset
of neurons that also tested positive for nociceptive markers such as IB4, TRPV1, CGRP, and Substance P. The heightened
sensitivity to mechanical and thermal stimuli, known as hypernociception, which is a characteristic of neuropathic pain
following CCD, was reduced with the administration of the CXCR4 antagonist AMD3100. This suggests that the
CXCL12/CXCR4 signaling axis plays a significant role in mediating hypernociception in this neuropathic pain model
and that targeting CXCR4 with antagonists like AMD3100 may offer a therapeutic strategy to alleviate neuropathic pain
symptoms.” This finding’s results suggest that the CXCL12/CXCR4 pathway is crucial in hypernociception post-chronic
constriction injury (CCD), and focusing on this pathway could aid in reducing neuropathic discomfort. The chronic and
acute neuropathic pain linked to HIV significantly deteriorates life quality. Inhibiting the CXCR4/SDF1 pathway within
the L4/5 dorsal root ganglia (DRG) and spinal dorsal horn, along with blocking the expression of the pro-inflammatory
cytokine TNF-a, can mitigate HIV-associated neuropathic pain.*’

After spinal nerve ligation (SNL),neurons predominantly showed elevated levels of CXCL12 expression, whereas
CXCR4 was present in both spinal dorsal horn astrocytes and neurons.Moreover, the CXCL12 peptide in rats elevated
the mRNA quantities of c-Fos, GFAP, and iba-1.In a rat model of SNL, either single or consecutive use of CXCL12
neutralizing antibody inhibited the occurrence and duration of neuropathic pain through the reduction of GFAP and iba-1
levels in the spinal cord’s dorsal horn.>!

In a study examining the effects of partial sciatic nerve ligation (pSNL) on mice, the spinal cords were analyzed for
microRNAs (miRNAs), CXCR4, and associated downstream signaling molecules. It was observed that the expression of
CXCR4 in spinal cord glial cells increased in mice subjected to pSNL, which corresponded to an exacerbation of pain
behavior. Intriguingly, miR-23a, a specific microRNA, was found to bind directly to the 3’ untranslated region (UTR) of
the CXCR4 mRNA, suggesting a regulatory role for miR-23a in CXCR4 expression. Notably, pSNL-induced neuropathic
pain was associated with a significant decrease in miR-23a mRNA levels. Conversely, the intrathecal administration of
miR-23a inhibitors, which reduced miR-23a levels, induced pain-like behaviors in mice, while the inhibition of CXCR4
lessened such behaviors. These findings highlight the intricate relationship between miR-23a, CXCR4, and the mani-
festation of neuropathic pain, indicating that miR-23a may modulate pain sensitivity by targeting CXCR4 in the spinal
cord, and thus could be a potential therapeutic target for the treatment of neuropathic pain.>® Indeed, the data suggest that
miR-23a plays a regulatory role in neuropathic pain by directly targeting CXCR4 in spinal cord glial cells. This
mechanism implies that miR-23a could be a key modulator of the CXCL12/CXCR4 signaling pathway, which is
implicated in the pathogenesis of neuropathic pain. Furthermore, the potential to intervene epigenetically by targeting
CXCR4 offers a novel strategy for developing treatments aimed at reducing nociceptive hypersensitivity that results from
peripheral nerve injury. By modulating the expression or activity of CXCR4, it may be possible to alleviate the symptoms
of neuropathic pain, providing a new direction for therapeutic interventions in this area.

Painful diabetic neuropathy (PDN), a complex and challenging complication associated with diabetes, is marked by
neuropathic pain. In a study utilizing Wistar rats, PDN was induced through the intraperitoneal injection of streptozotocin
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(STZ). Notably, the administration of AMD3100, a CXCR4 antagonist, was found to alleviate hypersensitivity in these
diabetic rats within two hours of treatment. Concurrently, the study observed elevated levels of interleukin-6 (IL-6) and
intracellular calcium ([Ca2+]i) in the spinal synaptosomes of the diabetic rats. The therapeutic intervention with
AMD3100 not only reduced hypersensitivity but also decreased the elevated IL-6 and calcium influx in the synaptosomes
of diabetic rats. This suggests that the CXCR4/CXCL12 axis may modulate PDN, potentially through the involvement of
voltage-dependent calcium channels, indicating a complex interplay between these signaling elements in the pathophy-
siology of PDN. These findings point to the possibility that targeting the CXCR4/CXCL12 interaction could offer a novel
therapeutic strategy for managing PDN, highlighting the importance of further investigating the role of these molecules
in the development and maintenance of neuropathic pain associated with diabetes.*® The outcomes aligned with the key
discoveries made by Jayaraj et al.’” Research has pinpointed the excitatory signaling of CXCR4/CXCL12 within neurons
of the dorsal root ganglion (DRG) that express the sodium channel NAV1.8 as a significant contributor to the
pathophysiology of small-fiber degeneration and mechanical pain in mouse models of painful diabetic neuropathy
(PDN). By curbing CXCR4 signaling or the excitability of these neurons, it is possible to prevent and ameliorate issues
associated with mechanical pain. This insight underscores the potential therapeutic value of interventions that target the
CXCR4 pathway to manage mechanical pain in PDN, offering a promising direction for developing treatments that could
alleviate a key symptom of this prevalent complication of diabetes.

Interestingly, by blocking the CXCL12/CXCR4 signaling pathway, not only the neuralgia but also the itch can be
alleviated. The research revealed that inhibiting the CXCL12/CXCR4 signaling route reduced the levels of CXCL12 and
CXCR4 in trigeminal ganglion neurons, which deteriorated post-skin injury, aiding in alleviating itching and pain linked
to allergic contact dermatitis.””

Therefore, these studies suggest that high expression of CXCL12/CXCR4 may potentially play a role in nerve injury-
induced neuropathic pain and inflammation.

CXCLI2/CXCR4 Axis in Complex Regional Pain Syndrome Type-lI (CRPS-I)

Complex Regional Pain Syndrome Type I (CRPS-I) is a chronic neurological condition that predominantly impacts the
limbs of individuals. Often triggered by trauma, fractures, nerve damage, or ischemia following an initial harmful event,
CRPS-I is characterized by a range of symptoms including swelling, alterations in blood flow to the skin, and heightened
sensitivity to both thermal and mechanical stimuli in the affected region, manifesting as hyperalgesia or allodynia. This
syndrome presents a significant challenge in pain management due to its complex and varied clinical presentation.”®
Therapies for CRPS-I encompass a range of strategies, such as physical therapy, interventions to block the sympathetic
nervous system, the use of corticosteroid drugs, and medications classified as non-steroidal anti-inflammatory agents.>
Regrettably, the efficacy of the aforementioned treatment approaches for CRPS-I has been found to be inadequate, which
complicates the clinical handling of pain-related conditions. Research utilizing the Chronic post-ischemia pain (CPIP)
model in adult animals aims to replicate the early stages of hyperemia and edema, followed by ongoing manifestations of
neuropathic-like pain. This includes symptoms such as continuous pain, enduring sensitivity to mechanical stimuli, and
increased reactivity to temperature changes.’ 8.60 Such manifestations are characteristic of CRPS-I as observed in human
patients.

In an effort to gain further insights into the mechanisms underlying CRPS-I, our recent study focused on examining
the alterations in gene expression within the ipsilateral DRG and the spinal cord dorsal horn (SCDH) in a CPIP model of
rats. This analysis was conducted utilizing RNA sequencing techniques.®' Our investigation has uncovered a heightened
expression of the CXCL12/CXCR4 axis within the SCDH of rats in the CPIP model. This upregulation is attributed to
the modification of spinal neuronal and glial cell activation in the SCDH, coupled with the subsequent triggering of the
ERK signaling pathway. The pharmacological blockade of CXCRA4, facilitated by the intrathecal delivery of AMD3100
—a specific antagonist for CXCR4—resulted in a reduction of c-Fos-positively stained cells, a decrease in glial cell
activation in the ipsilateral SCDH, and an alleviation of mechanical allodynia in the CPIP model rats. These findings
suggest that targeting the CXCL12/CXCR4 pathway could be a promising therapeutic strategy for managing CRPS-I
symptoms>® (Figure 2). Consequently, our findings suggest that targeting the CXCL12/CXCR4 axis and the downstream
ERK pathway within the SCDH could present a novel therapeutic approach for the management of CRPS-I. This
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intervention may offer a new direction for treating the symptoms associated with CRPS-I by modulating the molecular
pathways that contribute to the syndrome’s pathophysiology.

CXCLI12/CXCR4 Axis in Chemotherapy-Induced Peripheral Neuropathy (CIPN)

CIPN is one of the most common side effects caused by chemotherapeutic drugs.®®> Primary manifestations include
discomfort and numbness in the feet and hands, a result of paclitaxel build-up in the dorsal root ganglia. Beyond the pain
associated with it, CIPN is marked by a reduction in the ability to sense vibration, a symptom linked to the effects on
large-diameter sensory neurons. This condition is also accompanied by dysesthesia and an increased sensitivity to cold
and mechanical stimuli, which can severely affect a patient’s quality of life. The use of Paclitaxel in treatment protocols
has been observed to increase the expression of CXCR4 and RAGE receptors in the DRG. Interestingly, the allodynia
induced by Paclitaxel can be prevented through the use of CXCR4 and RAGE antagonists, highlighting a potential
therapeutic strategy for managing CIPN symptoms.*>%?

The latest research has shown that the systemic delivery of paclitaxel triggers an increase in the expression of glial
fibrillary acidic protein (GFAP), a marker indicative of astrocyte activation. Furthermore, paclitaxel has been found to
induce astrocyte activation in vitro, leading to a significant rise in the levels of TNF-a and SDF-1 proteins. The activation
response and subsequent increase in these proteins were substantially reduced by treating with neutralizing antibodies
specific to TNF-a and SDF-1, demonstrating a potential method to counteract the activation of astrocytes and the
associated inflammatory response triggered by paclitaxel.®® In line with these findings, pharmacological inhibition of
CXCLI12 signaling in vivo has been shown to reduce the onset of analgesic tolerance and hyperalgesia induced by
paclitaxel in rats. This suggests that targeting the CXCL12 pathway could be a viable strategy to mitigate the pain-related
side effects associated with paclitaxel treatment.”> Conversely, a study by Ransohoff RM et al demonstrated a link
between paclitaxel-induced hyperalgesia and the activation of the NF-kB pathway by TNF-o, which is triggered by
CXCLI12. This activation can lead to the sustained production of pro-inflammatory cytokines, contributing to the
development and progression of hyperalgesia. This finding highlights the complex interplay between chemokines,
cytokines, and their signaling pathways in the context of chemotherapy-induced pain, and underscores the potential
therapeutic relevance of modulating these interactions to manage paclitaxel-induced hyperalgesia.®*

Another CIPN model, triggered by another anti-tubulin chemotherapy drugs vincristine, showed a notable rise in
CXCLI12 expression within the spinal cord. Additional findings from Western blotting revealed vincristine’s ability to
alter the acetylation level of histones in the CXCL12 promoter area. Crucially, the impact of vincristine on the acetylation
of H4 was reduced in rats with the application of AAV-Cre-GFP—injected transcription activator 3 (STAT3)ox/flox
These results indicated that anti-tubulin chemotherapeutic agents enhanced histone acetylation at the CXCL12 promoter
through STAT3 signaling.

Furthermore, in an animal model of oxaliplatin-induced CIPN, there was an observed increase in the expression of
CXCL12, TNF-0, and IL-1f within the dorsal root ganglia. Notably, the research also revealed that the administration
of an anti-CXCL12 neutralizing antibody or CXCL12 small interfering RNA (siRNA) intrathecally led to a reduction
in mechanical allodynia and thermal hyperalgesia. These findings underscore the unparalleled significance of the
CXCL12/CXCR4 axis in the context of CIPN, indicating that interventions targeting this axis may hold substantial
promise for alleviating the painful symptoms associated with this condition.®> Of interest, immunohistochemical

mice.?

results manifested that CXCL12 was only expressed in IB4- and nf-200 positive cells, and surprisingly, it was not
expressed in GFAP-positive cells, respectively, in a groundbreaking study, researchers discovered that the adminis-
tration of an anti-CXCL12 neutralizing antibody for 10 days effectively reduced the development of mechanical
allodynia and thermal hyperalgesia caused by oxaliplatin treatment. This finding highlights the crucial role of CXCL12
in neuropathic pain associated with CIPN. By targeting CXCL12, we may have found a promising avenue for
alleviating the debilitating symptoms of CIPN and improving the quality of life for cancer patients undergoing
chemotherapy. Thus, targeting peripheral and central CXCL12 neuronal-glial interactions, in addition to previously
recognized inflammatory cytokines and combating oxidative stress, also might be a prognostic biomarker and

a promising target for chemotherapy-induced persistent pain.
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CXCLI2/CXCR4 Axis in Inflammatory Pain

An increasing body of research suggests that chemokines play a crucial role in the genesis of different types of pain,
including inflammatory, postoperative, and chronic pancreatitis-related pain. Their involvement is linked to the ability of
chemokines to trigger the production and release of a range of inflammatory factors. These factors encompass TNF-oa,
nuclear factor kappa B (NF-kB), IL-6, and other pro-inflammatory cytokines, along with other related molecules, which
contribute to the complex pathophysiology of pain conditions.>”*®*” Additionally, these substances serve to heighten the
mechanical sensitivity of peripheral nociceptors, thereby inducing and mediating inflammatory pain.

Complete Freund’s Adjuvant (CFA)-Induced Inflammatory Pain
In the realm of CFA-induced inflammatory pain, the dynamic interplay between various inflammatory elements, such as
IL-2 and TNF-q, intricately governs the activation of CXCL12/CXCR4. This pivotal axis serves as a master regulator,
deftly orchestrating signaling cascades like NF-kB, ERK, and PI3K to fine-tune the intricate machinery of pain
perception.*’ Due to the promoter characteristics of the CXCR4 gene in CFA-induced inflammatory rats, DNA
demethylation is accelerated, leading to upregulation of CXCR4 expression and increased recruitment of NF-«xB
p65.** This insight sheds light on the mechanism behind the increased expression of CXCR4 in inflammatory pain,
indicating that targeting CXCR4 down-regulation could be a potent strategy for managing such pain. By employing
methylation of the CXCR4 gene promoter region in DRGs, it may be possible to suppress the gene expression, thereby
affecting the pain signals. Recently, Yang et al have provided pioneering evidence that supports the notion that the
activation of ERK and PI3K-AKT signaling pathways in primary afferent neurons is facilitated through peripheral
CXCR4 upon the injection of stromal cell-derived factor 1 (SDF1) into the plantar region. This research highlights the
intricate relationship between chemokine signaling and pain perception, offering new avenues for therapeutic interven-
tion in inflammatory pain conditions.®®

Specifically, they demonstrated that SDF1-CXCR4 signaling plays a pivotal role in the development of primary
mechanical hyperalgesia, thereby contributing to the shift from acute to chronic pain states. By modulating protein
translation via the ERK and PI3K-AKT pathways, the SDF1-CXCR4 signaling pathway facilitates this transition and
ultimately contributes to the establishment and persistence of chronic pain. Remarkably, the continuous knock-down of
CXCRA4 prior to stimulation effectively impedes the development of mechanical hyperalgesia and can even reverse the
established chronic inflammatory pain (Figure 2). The studies in question have provided strong evidence that the
intraplantar injection of SDF1 triggers the concurrent activation of both the ERK and PI3K-AKT signaling pathways
within primary afferent neurons, mediated through peripheral CXCR4. This dual activation underscores the significant
role of CXCR4 signaling in the transition from acute to chronic pain, particularly in the context of primary mechanical
hyperalgesia. Consequently, these findings suggest that modulating CXCR4 signaling could be a viable approach to
influence this transition and potentially offer therapeutic benefits in managing pain that becomes chronic.

Chronic Pancreatitis (CP) Pain
CP is a chronic inflammatory and fibrotic disorder of the pancreas. Pain is the most commonly symptom in CP, which
involves in the metabolism of many inflammatory factors. Pancreatic stellate cell (PMC) is the target factors in chronic
pancreatitis pain. The activation of PSC promotes pancreatic stellate cell promotes the expression of cytokine and
production of extracellular matrix proteins, triggers a series of local pro-inflammatory cytokines be released, such as
TNF-a, IL-1, and IL-6, leads to chronic inflammation, collagen deposition, and fibrosis in the progression results in
chronic pancreatitis.®®

There is growing evidence that pancreatitis-induced inflammation and pain response depend on TLR4 release.”” Glial
TLR4 has been shown to play a vital role in the evolution of pain processing by generating sorts of inflammatory
mediators, especially the chemokines CXCL12, which influent the development and maintenance of inflammatory pain.®’
Blocking the TLR4 signaling pathway could attenuate the severity of pancreatitis, reduce the acinar cells necrosis and
inflammatory response in pancreatitis.”’ In a study on chronic pancreatitis-induced mechanical allodynia, researchers
observed a significant upregulation of TLR4 in astrocytes located in the spinal dorsal horn. This finding shed light on the
potential role of TLR4 in mediating pain sensitivity in this particular model. The heightened expression of TLR4 in
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astrocytes suggests a possible involvement of neuroinflammation in the development of chronic pain conditions. Further
investigation into the mechanisms underlying this phenomenon could lead to novel therapeutic targets for managing
chronic pain associated with pancreatitis.”* Research now shows that when TLR4 overlaps with CXCL12 and CXCR4, it
kicks off a positive feedback loop between astrocytes and microglia.> Interestingly, jabbing neutralizing antibodies
against CXCL12 keeps IL-1B and TNF-a whispers-low. This hints that under CP conditions, targeting TLR4 might be the
golden ticket to dialing down the overactive CXCL2/CXCR4 system.

On top of that, using trinitrobenzene sulfonic acid (TNBS) injections to stir up chronic pain in the pancreas lights up
DRG neurons like a Christmas tree and cranks up their CXCL12 and CXCR pathways.*

ERK is a key nociceptive signal which enables and mediates neuron sensitization in different pain conditions and is
prone to be activated by some chemokine receptors.®’ Since in a CP rat model by intrathecal injection CXCR4 inhibitor,
shows much-reversed hyperexcitability of DRG neurons and p-ERK in the DRGs as well as downregulating Navl1.8
sodium channels in DRGs.?” Hence, the initiation of CXCL12-CXCR4 signaling triggers an ERK-dependent amplifica-
tion of Nav1.8 expression, thereby sustaining DRG neuronal hyperexcitability and ongoing hypersensitivity to pancreatic
pain in the context of CP.*' These studies and tests that inhibition of CXCL12 pathway in the initial stage of pain can
inhibit the occurrence and development of CP inflammatory pain, which provide support in facilitating this method to get
to the clinical transformation stage.

At present, therapies targeting against CXCR4 expression has been extensively explored as a prospective strategy for
relieving inflammation and directing CP treatment, which could inhibit inflammatory factors release to ameliorate the
effects of fibrosis in pancreatic tissue, although exact immunological and neurological mechanisms of CP is not exactly
known, but its effectiveness in anti-inflammatory and anti-stromal therapeutic approaches are of crucial importance.”®
Therefore, targeting TLR4 and CXCR4 may offer notably therapeutic options for CP. At the same time, although these
findings do not mention CXCL12, it is important to know that CXCR4 only has CXCL12 as a ligand.

CXCLI12/CXCR4 Axis in Cancer Related Pain

Pain associated with cancer is a prevalent and challenging symptom, with over 70% of cancer patients experiencing it.
This type of pain ranks among the most frequently reported issues, significantly impacting the well-being of those
battling the disease.”' Even with the existence of potent pain management therapies, cancer-related pain remains
undertreated, affecting up to 50% of patients. Particularly in pancreatic ductal adenocarcinoma (PDAC), a type of cancer
known for its pronounced neuropathy, there is a high incidence of tumor cells infiltrating nerves, which can result in
intense neuropathic pain. Remarkably, research utilizing genetically engineered mouse models has demonstrated that in
the early stages of PDAC, the cancer can prompt the formation of nerves ready for tumor spread by secreting the
chemokine CXCL12. This chemokine acts to attract glial cells, specifically Schwann cells, which are integral to nerve
function. This mechanism suggests that early pancreatic cancer lesions may paradoxically suppress pain through the
chemoattraction mediated by CXCL12, highlighting the complex interplay between cancer progression and pain
signaling.”* Lastly, while further research is required to validate these findings in the context of advanced cancer stages,
the mechanistic evidence highlighting the role of the CXCL12/CXCR4/CXCR?7 axis in reactive gliosis within PDAC
could offer valuable insights. Understanding this axis’s function may lead to a better comprehension of cancer-related
pain and the complex interactions between nerves and cancer in a variety of malignancies. This knowledge could
potentially pave the way for more targeted and effective pain management strategies in cancer care.

Studies have noted that Cancer-induced bone pain (CIBP) is associated with the induction of CXCR4, along with the
persistent upregulation of phosphorylated calcium/calmodulin-dependent protein kinase II (p-CaMKII) and phosphory-
lated cAMP response element-binding protein (p-CREB) in spinal neurons. These molecular markers mediate the
expression of p-CaMKII and p-CREB following tumor cell implantation (TCI). Therapeutic intervention with
Plerixafor or the phospholipase C (PLC) inhibitor U73122, both of which are CXCR4-specific inhibitors, has been
shown to significantly reduce SDF-1-induced pain behaviors and to suppress the TCI-induced upregulation of N-methyl-
D-aspartate receptor 1 (NMDAR1) mRNA and protein within the CaMKII/CREB signaling pathway. This suggests
a potential regulatory role of CXCR4 in the CaMKII/CREB pathway, which may be involved in the development of
CIBP due to primary bone tumors or metastases to the bone. These findings underscore the importance of the CXCR4
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signaling pathway in the complex mechanisms underlying bone pain in cancer and could have significant implications for
the development of targeted therapies for CIBP.*® Recent discoveries have highlighted the role of CXCL12/CXCR4
signaling in the genesis of diverse pain types associated with bone cancer. This signaling pathway has been shown to
activate mitogen-activated protein kinases (MAPKSs) within glial cells, which are integral to the transmission and
modulation of pain signals in the context of bone cancer. The activation of MAPKSs suggests a significant role for this
signaling cascade in the pathogenesis of cancer-related bone pain, potentially offering a target for therapeutic intervention
to alleviate pain in patients with bone cancer.”* Immunofluorescence studies conducted in a tumor cell implantation (TCI)
model have demonstrated that on day 14, there is activation of microglia in the spinal cord, characterized by the co-
expression of CXCL12/CXCR4 along with phosphorylated forms of mitogen-activated protein kinases (p-MAPKs),
including p-JNK, p-ERK, and p-p38 MAPK, as well as phosphorylated c-Jun (p-c-Jun). These markers indicate
a heightened state of microglial activity associated with pain signaling. Importantly, the administration of the CXCR4
antagonist AMD3100 directly into the spinal cord (intrathecal injection) has been shown to decrease the phosphorylation
of JNK and c-Jun. This reduction in phosphorylation is associated with a decrease in neuronal sensitivity and an
attenuation of pain hypersensitivity in the context of cancer-induced bone pain, suggesting that targeting CXCR4
signaling may provide a therapeutic approach to manage pain in patients with bone cancer.’' Indeed, research has also
established the RhoA/ROCK?2 pathway as a pivotal downstream target in the context of spinal neuronal sensitization and
heightened pain sensitivity in CXCR4-mediated bone cancer pain. This pathway is instrumental in the transmission and
modulation of pain signals, particularly in scenarios where CXCR4 is implicated. The demonstration of the RhoA/
ROCK?2 pathway’s involvement underscores the complex network of molecular mechanisms that contribute to the
experience of pain in the setting of bone cancer and suggests potential therapeutic avenues for targeting this pathway
to alleviate cancer-related pain.’? Moreover, analyses using Western blotting and immunofluorescence have revealed that
CIBP leads to a prompt and substantial increase in the levels of CXCLI12 protein and the phosphorylation of NF-kB in
the ventrolateral periaqueductal gray (vVIPAG) from day 6 to day 12. In a group treated with bilateral electroacupuncture
(EA) at 2/100 hz, the administration of anti-CXCLI12 neutralizing antibodies in the VIPAG notably elevated the
mechanical pain threshold in the hind limb of the CIBP model. This effect is believed to be mediated by the inhibition
of the upregulation of phosphorylated NF-xB (pNF-kB) and CXCL12 in the vIPAG of the CIBP model, suggesting that
EA may exert its analgesic effects, at least in part, by modulating these pain-related molecular changes.”* That is, the
analgesic mechanism of EA may be to reduce the expression of CXCL12 by inhibiting the activation of NF-«B, thus
inhibiting the promotion effect of CIBP. These approaches may open opportunities for acupuncture analgesia in
mechanism research. Further study should focus on clinical research to confirm this hypothesis.

Pain associated with bone cancer (BCP) frequently affects individuals with advanced stages of breast, lung, and
prostate cancer due to these cancers’ high propensity to spread to the bones. According to epidemiological research,
a substantial majority—ranging from 75 to 90% —of patients with cancer that has metastasized or reached an advanced
stage endure considerable pain due to their disease. This pain significantly impairs their overall quality of life.”
Mechanistically, the general nature of BCP shares similarities with both inflammatory and neuropathic pain under certain
conditions. However, the traditional mechanisms that account for chronic pain are insufficient to fully elucidate the
complex processing of BCP. This is because BCP is initiated by a confluence of factors, including inflammation, nerve
damage, and tumor growth. Each of these components contributes to the pain experience, making it a multifaceted issue
that cannot be attributed to a single cause. To better understand BCP, it’s important to recognize the interplay between
these elements. Inflammatory pain arises from the body’s immune response to tissue damage or infection, which can be
exacerbated by the presence of cancer cells. Neuropathic pain is caused by direct damage to the nervous system, which
can occur as tumors infiltrate or compress nerves. Tumorigenic pain, on the other hand, is pain that is generated by the
cancer itself, either through the release of pain-inducing substances or by the physical distortion of bone tissue. The
complexity of BCP is further compounded by the fact that these three pain types can overlap and interact, leading to
a unique and challenging pain state that is not well-addressed by classic pain management strategies. This highlights the
need for a more comprehensive approach to BCP management, one that takes into account the multifactorial nature of the
pain and the specific characteristics of each contributing component.”>’® In the spinal cord, CXCL12 expression is
mainly concentrated in astrocytes. Studies have shown that the production of CXCLI12 induced by tumor cell
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implantation (TCI) can be effectively reduced by intrathecal injection of specific inhibitors of astrocyte metabolism, such
as fluorocitric acid, or by the use of specific inhibitors of JNK signaling pathways, such as SP600125, which is
demonstrated in the BCP model. These findings shed light on the role of astrocytes in BCP and potential therapeutic
strategies to control CXCL12 expression by inhibiting metabolic or signaling pathways in these cells. As a metabolic
inhibitor, fluorocitric acid can block the energy metabolism of astrocytes, thus reducing the synthesis of CXCL12.
SP600125 can affect the expression and regulation of CXCL12 by inhibiting JNK signaling pathway. The discovery of
these mechanisms provides an important molecular target for the development of CXCL12 as a new treatment for BCP.*’

Intrathecal administration of AMD3100, a CXCR4 antagonist, has been shown to significantly delay and reduce both
the onset and the duration of Bone Cancer Pain (BCP) in the early stages of the disease. Recent studies suggest that
downstream signaling pathways of CXCR4 are involved in the release of key regulatory proteins such as phosphorylated
RhoA (p-RhoA) and phosphorylated ROCK2 (p-ROCK2) within neurons of the spinal cord. Notably, intrathecal
injection of CXCL12, which exclusively binds to CXCR4, has been observed to increase p-RhoA expression in control
rats. This increase was counteracted by the subsequent administration of the CXCR4 inhibitor Plerixafor (AMD3100) or
the ROCK2 inhibitor Fasudil. These findings highlight the potential of targeting CXCR4 and associated pathways for the
management of BCP, indicating that these interventions may modulate the expression of proteins implicated in cancer-
related pain pathways.”” Indeed, these findings indicate that the spinal CXCL12/CXCR4 axis could potentially serve as
a novel therapeutic target for the treatment of BCP. By modulating this axis, it may be possible to develop new strategies
to alleviate pain associated with bone cancer, offering hope for more effective pain management in this patient
population.

Postoperative Pain

Postoperative pain, arising from surgical procedures, is a prevalent form of nociceptive condition. It is widely believed
that postoperative pain can be attributed to either inflammation or neuropathic processes.®® The elevation of cytokines
and chemokines induces neuronal hyperexcitability, consequently giving rise to postoperative pain.®®’” In the research
conducted by Feixing and colleagues, an overabundance of the chemokines CXCL12 and their receptors CXCR4 was
observed within the dorsal horn of the spinal cord. This finding was associated with the postoperative pain that ensued
following plantar incision in the hind paw, a model used to study postoperative pain.*> The dorsal horn of the spinal cord
exhibited elevated levels of CXCL12 and CXCR4 following plantar incision (PI) in the hind paw of rats. Through the
application of double immunofluorescence staining, it was revealed that CXCL12 was present in both neuronal and
astrocytic cells. In contrast, CXCR4 was found to be specifically co-localized with neuronal cells.

PI not only increases the phosphorylation of NF-kB p65 in the spinal cord and extracellular Akt in the spinal cord, but
also leads to mechanical allodynia and thermal hyperalgesia.”® However, intrathecal injection of PDTC, a specific
inhibitor of NF-«kB activation, relieved postoperative pain caused by plantar incisions and reduced CXCL12 expression
in the spinal cord. At the same time, pre-intraperitoneal injection of AMD3100 prevented the activation of extracellular
signal-regulated kinases in the spinal cord.** Thus, activation of NF-kB signaling induced by plantar incision may
mediate the upregulation of CXCL12 in the spinal cord, and CXCL12/CXCR4 axis is involved in the occurrence of
postoperative pain through extracellular signaling regulation of kinase activation.

This work thus provides scientific evidence to support that intervention with CXCL12/CXCR4 axis is particularly
effective for postoperative chronic pain, especially PI.

CXCLI12 in Morphine-Induced Hyperalgesia and Tolerance Morphine-Induced
Hyperalgesia (MIH)

\MIH represents a significant and severe complication associated with opiates and Morphine.>*> MIH is often accom-
panied by hyperalgesia and anti-nociceptive tolerance, which frequently impede medical adherence.*® Paradoxically,
long-term opioid therapy for chronic pain in patients can lead to heightened pain sensitivity, thereby limiting the clinical
use of morphine.”® The signaling between astrocytes and neurons plays a critical role in pain hypersensitivity.**
Following the administration of morphine, there was a noticeable increase in the transcription of CXCL12 within

Journal of Pain Research 2025:18 hetps: 2595



Chen et al

sensory neurons. Concurrently, CXCR4 expression was prominently observed in satellite glial cells. This suggests that
morphine influences the expression patterns of these chemokines and their receptors in distinct cellular populations
within the nervous system.*’

In a murine model subjected to morphine, the glial I1L-33 signaling cascade through the ST2-to-CXCL12 axis in the
spinal cord plays a pivotal role in intracellular communication within both neurons and astrocytes, which are essential
contributors to the progression of chronic pain. Notably, an astrocyte-driven pathway that includes tumor necrosis factor
receptor-associated factor 6 (TRAF6) and the kinase JNK is critical for IL-33’s role in pain modulation. This pathway
facilitates the synthesis of the chemokine CXCL12 in the spinal cord, thereby influencing pain signaling.*® In addition,
the manifestation of mechanical allodynia (MIH) is contingent upon the expression of CXCR4 and the secretion of the
chemokine monocyte chemoattractant protein-1 (MCP1/CCL2) by satellite glial cells. This process occurs within a line
of F11 neuroblastoma-sensory neuron hybrid cells derived from the dorsal root ganglia. Notably, the intraperitoneal
administration of AMD3100 has been shown to fully reverse MIH in rats. Furthermore, the research identified that TNF-
a is implicated in MIH through the CXCL12/CXCR4 signaling system. Inhibition of the signaling pathways of these pro-
inflammatory molecules was found to alleviate MIH.?® Therefore, by targeting both peripheral neuronal-glial interac-
tions, as well as the previously acknowledged central neuronal-glial interactions, it becomes possible to enhance opioid
analgesia.

The neuroinflammatory response involving chemokines and nociceptive transmission through the N-methyl-
D-aspartate receptor (NMDAR) are central to the development of opioid-induced hyperalgesia (OIH). The neurotoxic
effects of CXCL12 are linked to the activation of NMDAR. Acute exposure to refentanil can trigger mechanical
allodynia and thermal hyperalgesia, which are accompanied by an upregulation of CXCL12/CXCR4 expression in the
spinal cord. Importantly, pretreatment with AMD3100 has been shown to mitigate hyperalgesia and reduce NMDAR
phosphorylation, specifically at the NR2B subunit. Furthermore, the administration of exogenous CXCL12 leads to pain
hypersensitivity and NMDAR activation in young rats, indicating that the spinal cord CXCL12/CXCR4 axis and
NMDAR pathways containing NR2B are implicated in the antinociceptive resistance associated with OIH.**

Collectively, these results suggest that the CXCL12 pathway, which is involved in central neuronal-glial interactions,
along with the already established peripheral neuronal-glial interactions, can contribute to the enduring analgesic effects
of opioids. This dual interaction may be key in the effective management of chronic pain, highlighting the importance of
the CXCL12 pathway in both central and peripheral pain modulation mechanisms.

CXCLI12/CXCR4 Axis in Visceral Pain

Visceral pain is a complex phenomenon that can be initiated by a multitude of stimuli, such as mechanical stretching,
inflammatory processes, ischemic conditions, disruptions in pH levels, the presence of bacteria, immune system
mediators, and neurotransmitter activity. The complexity of treating visceral pain is often exacerbated by the limited
knowledge of the sensory mechanisms and contributing factors that underpin its development. This gap in understanding
is especially challenging in instances of “functional” visceral disorders, where no clear pathological cause can be
identified, and pain is the predominant symptom reported by patients. The management of such conditions is further
complicated by the absence of a concrete pathological target, necessitating a more nuanced approach to understanding
and treating the underlying mechanisms of visceral pain. A study conducted by White et al,”® the roles and mechanisms
of monocyte chemoattractant protein-1 (MCP1/CCL2) and CXCL12 in the pathogenesis of chronic pelvic pain (CPP)
were investigated. To mimic the key pathophysiological features of CPP in human patients, a rat model of LPC
(lysophosphatidylcholine-induced focal demyelination injury) was established. In the LPC model mice, there was
a pronounced increase in tactile sensitivity, indicative of hyperalgesia, along with a heightened frequency of urination.
Researchers also noted a substantial increase in the expression levels of chemokines CXCL12 and CCL2 within the
dorsal root ganglia (DRG). Notably, localized demyelination of the sciatic nerve resulted in an elevated count of injured
L4-L5 and non-injured L6-S2 sensory neurons associated with the bladder. These neurons demonstrated a responsiveness
to MCP1 and CXCL12. Consequently, it is hypothesized that the upregulation of the CXCL12/CXCR4 signaling axis in
visceral sensory neurons could be instrumental in the transmission of nociceptive signals that bridge somatic and visceral
sensations.
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Previous studies have found that the expression of CXCR4 in peripheral T-cell of patients with ulcerative colitis
increases with the increase of disease activity. In addition, chemically-induced colitis in mice resulted in increased
expression of CXCR4-positive leukocytes and CXCL12 in colon tissue.”” The use of CXCR4 antagonists can reduce
these inflammatory effects. Therefore, in order to further investigate the role of CXCL12/CXCR4 axis pathway in normal
urination and inflammatory bladder hyperreflexes, some scholars found that the expression of CXCL12 and CXCR4 in
the whole bladder, especially the urinary tract epithelium, was significantly increased in female rats after cyclopho-
sphamide (CYP) injection. Interestingly, blocking the CXCR4 receptor with AMD3100 resulted in a reduction in CYP-
induced bladder hyperexcitability.”® Zhang et al >* further found that increased CXCR4 in L6-S1 DRG and SDH
contribute to colitis-induced bladder hyperactivity and hyperalgesia through phosphorylation of spinal ERK. This
conclusion was reached by intravaginal injection of AMD3100 and PD98059 (an ERK inhibitor) in a colitis model
established by rectal infusion of trinitrobenesulfonic acid, and evaluation of CXCR4 expression and distribution by
Western blot and immunofluorescence, and pain behavior in rats demonstrated by intravesical infusion of resinotoxin.
Therefore, the CXCL12/CXCR4 axis pathway may be an important signaling pathway for the pain caused by the
inability to urinate normally after the treatment of bladder inflammation.

CXCLI12 and CXCR4 undergo further upregulation within the dorsal root ganglion subsequent to the induction of
chronic pancreatitis pain via trinitrobenzene sulfonic acid injection. Furthermore, the direct administration of AMD3100
into the spinal canal, along with the inhibition of ERK activation through the use of intrathecal U0126, has been shown to
markedly reduce the persistent pain caused by TNBS and the overexpression of Nav1.8 in the dorsal root ganglia. This
suggests that targeting the CXCL12/CXCR4 axis could be a pivotal strategy in managing pancreatic pain, and that the
ERK-dependent upregulation of Nav1.8 might contribute to the increased excitability of primary nociceptive neurons in
rats suffering from chronic pancreatitis. These findings underscore the potential therapeutic value of modulating these
pathways in the treatment of chronic pain conditions,' these findings furnish evidence supporting the targeting of the
CXCL12/CXCR4 axis pathway as a potential therapeutic strategy for effectively managing pain in patients afflicted with
visceral pain.

CXCLI2/CXCR4 Axis in Migraine

Migraine, the predominant form of recurring and incapacitating headache, is characterized by a pulsating or throbbing
sensation ranging from moderate to severe. This distressing condition significantly impacts the daily functioning of
afflicted individuals.®® Its prevalence is substantial both in the United States and worldwide. Epidemiological studies
have revealed a higher incidence of migraine in females compared to males.®' The precise role of human CXCL12
signaling in regulating migraines remains poorly understood. It is plausible that human astrocytes fulfill a more intricate
function in chronic pain compared to their rodent counterparts. Indeed, a variety of activated microglia within the human
brain may converge to drive the progression of the disease through the release of cytokines. Notably, Stromal cell-derived
factor-1 alpha (SDF-1a) has emerged as the most powerful chemoattractant for endothelial progenitor cells (EPCs).
Reduced levels of SDF-1a may contribute to endothelial dysfunction in migraines by hindering the mobilization of EPCs

from the bone marrow.*°

CXCLI12 in Electro-Acupuncture Therapy

Electro-acupuncture (EA) has demonstrated its efficacy in treating both inflammatory and neuropathic pain by activating
a range of bioactive chemicals through peripheral, spinal, and supra-spinal mechanisms. The effectiveness of EA is
enhanced by the use of different stimulation frequencies, which can target various pain pathways more effectively. This
approach has broadened the applicability of EA in pain management, offering a non-pharmacological option for patients
suffering from chronic pain conditions.® Our recent research has made significant strides in understanding the role of
CXCLI12 in the pain response observed in the CPIP model rats. We have found that EA can notably reduce allodynia in
an animal model that mimics CRPS-I. This reduction in pain sensitivity is attributed to EA’s ability to suppress the
CXCL12/CXCR4 signaling pathway, which is integral to the transmission of pain signals. Our findings indicate that EA
not only lessens the activation of neurons and glial cells in the SCDH but also diminishes the activation of the ERK
pathway, a key player in the processing of pain. Moreover, we have determined the optimal EA frequency and treatment
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parameters, which could position EA as a promising therapeutic intervention. This could potentially revolutionize the
clinical management of CRPS-I by offering a targeted and effective treatment approach.® This study has shed light on
the role of glial cell activation and regulation in the context of acupuncture. Among the various mechanisms by which
acupuncture exerts its effects, the modulation of central sensitization through neuroglial plasticity stands out as a key
factor. This discovery offers a novel perspective on the analgesic effects of acupuncture and unveils new targets for the
treatment of pain disorders. By understanding these mechanisms, we can enhance the efficacy of acupuncture in clinical
practice and develop innovative pain management strategies.'?

Furthermore, EA is known for its anti-inflammatory properties, which may be attributed to its capacity to reduce the
expression of CXCL12 by dampening the activation of the NF-xB signaling pathway. This mechanism is particularly
relevant in the context of cancer-induced bone pain, where EA could potentially counteract the descending facilitatory
effects that intensify pain signals. By modulating the NF-«kB pathway, EA could provide a therapeutic strategy to
alleviate the painful symptoms associated with bone cancer. This approach targets the underlying inflammatory processes
that contribute to the severity and persistence of pain in such conditions, offering a non-pharmacological method to
manage pain and improve the quality of life for patients suffering from bone cancer.”* These approaches may open
opportunities for acupuncture analgesia in mechanism research. Further study should focus on clinical research to
confirm this hypothesis.

Conclusions and Future Directions
This review highlights recent progress in understanding the role of the CXCL12/CXCR4 signaling axis in various forms
of pathological pain, with particular emphasis on chronic pain.

It has increasingly become evident that CXCL12/CXCR4 contributes to central sensitization through mechanisms
involving not only neuronal and glial processes regulating peripheral sensitization but also neuroinflammation and
neuralgia.

Further studies have shown that modulating the upstream and downstream activation of these chemokines can result
in neuroinflammation or peripheral neuronal hyperactivity within the spinal cord and its surrounding regions (Figure 2)
These mechanisms can trigger, sustain, and further exacerbate pain conditions.

Despite significant advances in this field, several challenges and gaps remain that warrant further investigation. First,
the identification of CXCL12/CXCR4 expression has largely relied on immunostaining, which may suffer from antibody
specificity issues. To achieve more precise localization of these proteins, alternative, more reliable techniques, such as
in situ hybridization or RNA-based methods, should be employed. Second, although CXCL12/CXCR4 targeted therapy
has attracted significant attention in the fields of chronic pain and oncology, its clinical application still faces multiple
challenges. CXCR4 antagonists, such as AMD3100, may interfere with normal physiological functions (eg, hemato-
poietic stem cell homing), leading to side-effects like neutropenia and exerting off-target effects on immune system
cells.® Moreover, CXCLI2 can also mediate downstream effects through the CXCR7 receptor. Most existing antagonists
only target CXCR4, which may result in treatment resistance and signal pathway redundancy.®® Therefore, in the future,
it is necessary to develop dual - receptor inhibitors or combinatorial targeting strategies (eg dual blockade of CXCR4/
CXCR?7) and screen sensitive patient subgroups using biomarkers.

Third, CXCR4 is expressed across multiple systems in the body, including the nervous, immune, and circulatory
systems, and is involved in a broad spectrum of physiological processes.*® This widespread expression complicates the
potential for systemic therapies aimed at blocking CXCR4 for analgesic purposes, as it is unlikely that such interventions
would be free of unpredictable side effects. A more targeted approach, such as the intra-ganglion injection of specific
CXCR4 siRNA, may offer a more precise and effective treatment strategy.

In summary, accumulating evidence demonstrates that the CXCL12/CXCR4 pathway plays a critical role in the
development of chronic pain. We consolidate several promising therapeutic approaches that target this axis for pain relief,
including the small molecule CXCR4 inhibitor Plerixafor (AMD3100), along with techniques such as gene knockdown/
knockout and electroacupuncture. Targeting the regulation of CXCL12/CXCR4 or employing electroacupuncture may
offer novel treatment options for pain relief (Table 2).
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Table 2 Expression of CXCLI2 and CXCR4 Components Under Different Pain Conditions

Tissue Type | Pain Condition | Maker Cell Type Colocalized with | References
Spinal cord SCl CD184 Whole-bone marrow cells | CXCR4 [73]
CIBP NeuN Neuron CXCLI2 [74]
GFAP Astrocyte CXCLI2
OX42 Microglia CXCLI2
CCl NeuN Neuron CXCR4 [21]
GFAP Astrocyte CXCR4
Ibal Microglia CXCR4
Bone cancer pain | NeuN Neuron CXCLI2 [37]
GFAP Astrocyte CXCLI2
Ibal Microglia CXCLI2
CPIP NeuN Neuron CXCLI2, CXCR4 | [26]
GFAP Astrocyte CXCLI2 CXCR4
OX42 Microglia CXCLI2 CXCR4
SNL NeuN Neuron CXCLI2, CXCR4 | [31]
GFAP Astrocyte CXCLI2, CXCR4
OX42 Microglia CXCLI2, CXCR4
DRG CP Neun Neurons CXCLI12, CXCR4 [41]
PDN Na, 1.8 Neurons CXCR4 [57]
CCD F4/80 Macrophages CXCLI2 [34]
TRPVI Neurons CXCR4
B4 Microglial CXCR4
SNL CGRP Neurons PIMI [30]
B4 Microglial PIMI
SP X PIMI
CFA B-tubulin 1l | B-tubulin 1l CXCR4 [44]
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