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Abstract

Cancer pain is a multidimensional phenomenon arising from the convergence of nociceptive,
neuropathic, and neuroimmune mechanisms that vary across tumor type, anatomical site, disease
stage, and prior anticancer treatments. Recent advances in “cancer neuroscience” have reframed pain
as both a symptom and a dynamic outcome of reciprocal tumor-nerve-immune interactions, in
which malignant, stromal, and immune cells remodel nociceptive circuits at peripheral and central
levels. This narrative review, conducted in accordance with SANRA criteria, synthesizes current
mechanistic insights into the neurobiology of cancer pain. At the peripheral level, tumor-derived
mediators such as prostaglandins, cytokines, chemokines, glutamate, and endothelin-1 drive
nociceptor sensitization via G-protein—coupled and tyrosine kinase pathways. In bone metastases,
osteoclast-mediated resorption generates an acidic microenvironment that activates acid-sensing ion
channels and transient receptor potential (TRP) channels, linking skeletal destruction with
movement-evoked pain. Pathological nerve remodeling and perineural invasion further contribute
to neuropathic components and adverse oncological outcomes. Treatment-induced syndromes,
notably chemotherapy-induced peripheral neuropathy, result from axonal injury, mitochondrial
dysfunction, and neuroinflammation. At the central level, persistent afferent input induces glial
activation and chemokine signaling, amplifying synaptic transmission and promoting central
sensitization. Emerging evidence also highlights epigenetic regulation, noncoding RNAs, and tumor-
immune-neural crosstalk as potential therapeutic targets. Collectively, these findings position cancer
pain as a disorder of aberrant tumor-nerve-immune signaling. Effective management requires
precision strategies integrating mechanism-guided pharmacology, neuromodulation, and supportive
care. This review emphasizes the need for translational research to bridge mechanistic discoveries
with personalized, multimodal interventions in oncology.

Keywords: neurobilogy; cancer; pain

Introduction

Cancer pain is a heterogeneous, multidimensional experience driven by converging nociceptive,
neuropathic, and neuroimmune mechanisms that vary by tumor type, anatomical site (e.g., bone vs.
viscera), disease stage, and prior anticancer treatments. Recent “cancer neuroscience” work has
reframed pain as both a symptom and a dynamic product of reciprocal tumor-nerve-immune
interactions, in which malignant, stromal, and immune cells remodel peripheral and central
nociceptive circuits [1,2]. Appreciating these interactions clarifies why many patients manifest mixed
pain phenotypes and why mechanism-guided therapy is needed beyond simple escalation of opioids.

Fundamental insights into cancer pain neurobiology come from seminal reviews demonstrating
how tumors provoke nociceptive sensitization via secretion of algogenic mediators (e.g., protons,
neurotrophins, cytokines) and by disrupting nerve function, a view grounded in both animal models
and clinical observations [3,4]. In bone metastases, tumoral activity stimulates osteoclast-mediated
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bone resorption, inducing an acidic microenvironment that activates acid-sensing ion channels and
TRPV receptors on peripheral sensory fibers, thereby linking structural destruction with severe, often
movement-related pain [5]. Additionally, chemotherapy-induced peripheral neuropathy (CIPN), a
common iatrogenic pain phenomenon, derives from cumulative damage to dorsal root ganglia and
peripheral axons via microtubule disruption, mitochondrial dysfunction, ion channel dysregulation,
and neuroinflammation [6]. This may be particularly disturbing at oral level, where it is very frequent
[7].

The neurobiology of cancer pain involves unique features not typically observed in other chronic
pain conditions. Tumors secrete neurotrophic factors, cytokines, chemokines, and metabolites such
as ATP, glutamate, and protons, which directly excite or sensitize peripheral nociceptors [3,5]. Bone
metastases generate a distinctive acidic microenvironment through osteoclast-mediated resorption,
activating acid-sensing ion channels and transient receptor potential (TRP) channels on sensory
neurons, thereby coupling skeletal destruction with pain [6]. Beyond peripheral mechanisms, cancers
promote pathological nerve sprouting and perineural invasion, which contribute to severe
neuropathic components of pain and have been linked to disease progression [8].

At the central level, spinal microglia and astrocytes become chronically activated by persistent
afferent input, releasing proinflammatory cytokines and chemokines that amplify synaptic
transmission and diminish inhibitory control, ultimately driving central sensitization [9,10]. In
parallel, supraspinal circuits involved in affect, cognition, and descending modulation undergo
maladaptive plasticity, contributing to the emotional and cognitive burden of cancer pain [11].

Importantly, as already mentioned, pain in oncology is not only tumor-driven but also
treatment-induced. Chemotherapy, radiotherapy, and surgery can damage peripheral and central
neural structures, producing long-lasting neuropathic syndromes such as chemotherapy-induced
peripheral neuropathy (CIPN), which substantially affect survivorship [12]. Collectively, these
insights highlight cancer pain as a disorder of aberrant tumor-nerve-immune crosstalk, where
effective management requires integrating pathophysiological understanding into personalized,
multimodal strategies.

The purpose of this narrative review is to synthesize and critically appraise emerging insights
into the neurobiology of cancer pain, highlighting how tumor-nerve-immune interactions contribute
to its complex and heterogeneous clinical presentation. By integrating mechanistic evidence across
peripheral, central, and treatment-induced pathways, this work aims to support the development of
more precise, mechanism-guided strategies for effective and personalized pain management in
oncology.

Methods

This research was designed as a narrative review, developed in accordance with the Scale for
the Assessment of Narrative Review Articles (SANRA), which provides structured criteria to ensure
methodological rigor, transparency, and coherence in narrative synthesis [13]. The review adhered
to the six SANRA domains, including justification of the review’s importance, clarity of aims,
appropriate literature search, referencing, scientific reasoning, and appropriate presentation of data.

Literature Search Strategy

A comprehensive, non-systematic search of the literature was conducted between June and
August 2025. Major electronic databases, including PubMed/MEDLINE, Scopus, and Web of Science,
were queried using a combination of controlled vocabulary and free-text terms. Search strings
included: “cancer pain,”

s s

neurobiology,” “tumor—nerve interactions,” “neuroimmune mechanisms,” “bone

oo

metastasis pain,” “perineural invasion,” and “chemotherapy-induced peripheral neuropathy.” Boolean
operators and filters were applied to refine results. Only articles published in peer-reviewed journals,
in English, and between 2000 and 2025 were considered to ensure both foundational knowledge and

the inclusion of contemporary developments in cancer neuroscience.
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Eligibility Criteria

Included studies encompassed original experimental research (both preclinical and clinical),
systematic and narrative reviews, and clinical guidelines relevant to the neurobiology of cancer pain.
Priority was given to publications addressing mechanistic pathways at peripheral, central, or
treatment-related levels. Exclusion criteria were articles not directly related to cancer pain
mechanisms (e.g., general oncology without a pain component), case reports with insufficient
mechanistic focus, and non-peer-reviewed sources.

Data Extraction and Synthesis

Relevant data from eligible studies were extracted narratively, focusing on molecular mediators,
cellular interactions, and neuroimmune crosstalk underlying cancer pain. Evidence was organized
across major domains: peripheral mechanisms, central sensitization, tumor-nerve-immune crosstalk,
translational implications, special context and emerging directions. Reference lists of included articles
were also screened for additional relevant sources. No quantitative synthesis (meta-analysis) was
attempted, as this work aimed to provide a conceptual integration rather than statistical aggregation.

Quality Assurance

To maintain methodological soundness, the selection of literature and synthesis process were
independently cross-checked against SANRA recommendations. Emphasis was placed on scientific
reasoning, critical analysis, and balanced reporting, while avoiding selective citation or
overinterpretation. Table 1 is better illustrating the used criteria.

Table 1. Compliance of the present review with the SANRA (Scale for the Assessment of Narrative Review

Articles) domains.

SANRA Domain Requirement Compliance in this Review

Cancer pain remains a highly prevalent,
1. Justification of the
The topic should be multidimensional burden; understanding its
article’s  importance
relevant and timely. neurobiology is crucial for improving mechanism-
for the readership
based treatments.

2. Statement  of Aim explicitly stated: to synthesize current
concrete  aims  or Clear articulation of the knowledge on neurobiology of cancer pain,
formulation of review’s purpose. focusing on tumor-nerve-immune crosstalk and

questions treatment implications.

Literature searched in PubMed/MEDLINE, Scopus,
Transparent description
3. Description of the and Web of Science (2000-2025) using predefined
of sources and search
literature search terms related to cancer pain mechanisms;
approach.
inclusion/exclusion criteria specified.
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SANRA Domain Requirement Compliance in this Review
Appropriate, Peer-reviewed primary research, systematic
4. Referencing comprehensive, and up- reviews, and guidelines were cited; preference
to-date references. given to high-impact and recent publications.
Logical organization
Evidence structured by domains (peripheral,
and critical
5. Scientific reasoning central, treatment-related mechanisms); balanced
interpretation of
interpretation avoiding overgeneralization.
findings.
Findings presented in narrative form,
6. Appropriate Clear  structure and supplemented by structured subheadings; proposal
presentation of data synthesis of material. ~ to include schematic figures and summary tables

for clarity.

Results
Peripheral Mechanisms

Tumor- and Stroma-Derived Mediators

Malignant cells secrete mediators that directly excite or sensitize primary afferents.
Prostaglandins (COX-2/PGEz), cytokines (IL-1B, TNF-a, IL-6), chemokines (e.g.,, CCL2), and
endothelin-1 lower nociceptor thresholds via G-protein—coupled and tyrosine kinase pathways
(including NGF-TrkA), enhancing transducer channel activity and sodium current density [14,15].
In oral and melanoma models, endothelin-1 acting at ETA receptors is a potent peripheral algogen;
ETA antagonism can produce morphine-scale antinociception in vivo [16]. Tumor glutamate export
through the cystine/glutamate antiporter xCT (SLC7A11) increases extracellular glutamate in tumor
beds (including bone), activating peripheral receptors and contributing to ongoing pain; inhibiting
xCT with sulfasalazine attenuates pain behaviors in preclinical bone metastasis models [17].

Ion Channels and Nociceptor Sensitization

A hallmark of cancer pain is up-regulated activity in TRP, purinergic, and acid-sensing channels.
TRPV1 and TRPA1 are consistently implicated across soft-tissue and bone models; pharmacological
blockade or defunctionalization reduces hyperalgesia in animals, and clinical translation of TRPV1-
targeting strategies (e.g., resiniferatoxin) is underway. P2X3/P2X2/3 receptors mediate ATP-driven
signaling from the tumor microenvironment and bone; selective antagonism or receptor silencing
reduces cancer-induced bone pain (CIBP) in animals. [18,19] Tumor- or osteoclast-generated acidosis
activates ASIC3 and TRPV1 on bone-innervating afferents, linking osteolysis to spontaneous and
movement-evoked pain [20-22].

Nerve Remodeling, Perineural Invasion, and Neurotropism
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Cancers foster perineural invasion (PNI) and pathologic nerve sprouting (sensory and
sympathetic), driven in part by NGF and other neurotrophic cues [23]. PNI is prevalent in pancreatic
and head-and-neck cancers, correlates with severe neuropathic pain, and portends adverse outcomes;
mechanistically, cancer-nerve crosstalk (e.g., HGF/c-MET—-mTOR—NGF signaling) promotes
neuritogenesis and tumor infiltration of nerve sheaths [24,25].

Bone Cancer Pain: A Distinct Microenvironment

Bone is the commonest site of metastatic cancer pain [5,26]. The “vicious cycle” of tumor—bone
interaction includes osteoclast-mediated acidification (protons, lactate), release of ATP and growth
factors, and exuberant NGF-dependent sprouting of nociceptors [21]. These changes recruit and
sensitize bone afferents through ASIC3, TRPV1, and P2X3, driving background pain and movement-
evoked flares [27]. Reviews synthesize robust preclinical evidence and the translational signal that
targeting osteoclasts (bisphosphonates, denosumab) reduces skeletal events and pain [21,28,29].

Treatment-Induced Neurotoxicity and Pain

Chemotherapy-induced peripheral neuropathy (CIPN), common with platinums, taxanes, vinca
alkaloids, and bortezomib, results from combined axonal transport failure, mitochondrial
dysfunction, DNA adducts, ion channel remodeling, and neuroinflammation within dorsal root
ganglia (DRG) and peripheral nerves. Although mechanistic details differ by agent (e.g., microtubule
stabilization with taxanes, proteasome inhibition with bortezomib), the convergent phenotype is
distal sensory neuropathy with allodynia and burning pain; duloxetine remains the only guideline-
supported analgesic for painful CIPN [30,31].

Central Sensitization

Spinal Neuroinflammation and Disinhibition

Peripheral input from tumor or treatment injury engages microglia and astrocytes in the dorsal
horn [32]. Cancer-related models demonstrate hippocampal and spinal cord activation of p38 MAPK
in microglia, increased glial cytokines, and chemokine signaling (e.g., CX3CL1/CX3CR1,
CCL2/CCR2) that potentiate synaptic transmission and weaken inhibitory control, canonical features
of central sensitization. These pathways are consistent with broader neuropathic pain biology and
have been directly implicated in CIBP [33,34].

Descending Modulation and Network-Level Changes

Functional alterations in descending inhibitory/excitatory controls and cortical-subcortical
circuits (including limbic regions) likely contribute to the affective-cognitive burden of cancer pain
and to opioid responsiveness. Although direct cancer-specific imaging evidence remains limited,
convergent neuropathic literature and emerging neuromodulation studies suggest supraspinal
adaptations relevant to spinal cord stimulation (SCS) targeting [35].

Tumor—Nerve-Immune Crosstalk

Bidirectional signaling between nociceptors, immune cells, and tumor cells is increasingly
recognized. Nociceptors can shape tumor progression and immune infiltration in the
microenvironment, while tumor-associated immune cells release mediators that sensitize afferents
(e.g., IL-6, IL-1$3, CCL2) [36]. Recent publication even suggests nociceptor-dependent regulation of
myeloid-derived suppressor cells, supporting an integrated model in which analgesic strategies may
modify disease biology [2].

Translational Implications
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Advances in mechanism-guided pharmacology have expanded therapeutic strategies for cancer-
induced bone pain (CIBP). Within the bone microenvironment, anti-resorptive agents play a central
role in reducing skeletal-related events (SREs) and alleviating pain. Denosumab has demonstrated
superiority over zoledronic acid in delaying the onset of SREs, although both agents remain widely
employed in clinical practice, with careful consideration of dental and renal safety precautions.
Radiotherapy continues to represent a highly effective modality for painful bone metastases, with
both single 8-Gy fractions and short-course regimens providing robust analgesic benefit [29,37].

At the level of peripheral sensitization, several molecular targets have gained prominence. The
endothelin axis, particularly ETA receptor antagonism, has emerged as a rational strategy in tumors
overexpressing endothelin-1, with preclinical studies showing antinociception comparable to high-
dose morphine [16]. Similarly, transient receptor potential (TRP) channels offer therapeutic
possibilities, exemplified by resiniferatoxin (RTX), which induces defunctionalization of TRPV1-
positive afferents. Translation from companion-dog bone cancer models to first-in-human trials has
demonstrated meaningful reductions in pain and opioid use with an acceptable safety profile [38,39].
In addition, purinergic signaling through P2X3 and P2X2/3 receptors has been implicated in CIBP
behaviors, with ongoing clinical development in non-cancer conditions suggesting future
applicability to oncologic pain [20].

Finally, central neuroinflammatory pathways, particularly chemokine signaling via
CX3CL1/CX3CR1 and CCL2/CCR?2, alongside microglial p38 MAPK activation, have been strongly
validated in preclinical models of neuropathic and bone cancer pain. However, the lack of clinically
viable inhibitors capable of penetrating the central nervous system remains a major translational
challenge [34].

Neuromodulation and Interventional Approaches

For carefully selected patients with refractory mixed pain, spinal cord stimulation may reduce
pain intensity and opioid requirements; mechanistic advances point to both spinal and supraspinal
actions [40,41]. Intrathecal drug delivery and sympathetic or splanchnic blocks remain essential for
visceral cancer pain syndromes [42].

Special Contexts

Pancreatic and Head-and-Neck Cancers

Severe neuropathic pain often reflects dense PNI and neural remodeling. The HGEF/c-
MET—mTOR—NGEF axis has been implicated in promoting PNI and sensitization; strategies that
disrupt this loop may achieve dual analgesic and antitumor benefit [25].

Chemotherapy-Induced Peripheral Neuropathy

Mechanistic heterogeneity argues for agent-specific prevention and treatment trials (e.g.,
mitochondrial stabilizers for platinums; microtubule-targeted interventions for taxanes). Exercise
and behavioral programs show supportive evidence in mitigating symptom burden, but high-quality
disease-modifying therapies are lacking [43].

Emerging Directions

Recent advances point toward novel avenues in the mechanistic understanding and treatment
of cancer pain. Epigenetic modifications and noncoding RNAs, particularly microRNAs, have
emerged as key regulators of neuronal excitability and neuroinflammatory cascades [44]. Preclinical
models of bone cancer pain demonstrate that histone acetylation and DNA methylation contribute to
persistent nociceptor sensitization, while dysregulated miRNA expression modulates cytokine
release and glial activation, suggesting new epigenetic targets for intervention [5,45]. In parallel,
efforts to refine clinical phenotyping through the integration of quantitative sensory testing,
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inflammatory biomarkers, and neuroimaging hold promise for distinguishing predominant
nociceptive, neuropathic, or mixed drivers of cancer pain, thereby informing mechanism-based
therapies [46]. Finally, the recognition of a dynamic tumor-nerve-immune triad highlights
chemokine signaling pathways such as CCL2/CCR2 and CX3CL1/CX3CR1 as potential dual-action
targets that may both attenuate nociceptor sensitization and favorably remodel the tumor
microenvironment, offering an attractive strategy for translational research [47-49].

Discussion

The present narrative synthesis highlights the remarkable complexity of cancer pain, in which
multiple peripheral and central mechanisms converge to shape a multidimensional clinical
phenotype. The evidence reviewed underscores that tumor- and stroma-derived mediators,
including prostaglandins, endothelins, cytokines, chemokines, and glutamate, serve as potent drivers
of peripheral nociceptor sensitization [50]. These mediators not only lower neuronal thresholds but
also promote aberrant ion channel activity, thereby sustaining spontaneous and evoked pain.
Importantly, advances in experimental oncology suggest that interfering with these signaling
cascades, such as through ETA receptor antagonism or blockade of xCT-mediated glutamate release,
may yield analgesic benefits without reliance solely on opioids [4,51].

Ion channel dysregulation emerges as a particularly promising therapeutic target [52]. TRPV1
and TRPA1, along with P2X3 and ASIC3 receptors, link the tumor microenvironment to peripheral
hyperexcitability, explaining both the background and movement-evoked components of cancer-
induced bone pain. Translational studies with resiniferatoxin and P2X3 antagonists highlight the
feasibility of moving from bench to bedside, although challenges remain in balancing efficacy with
safety [38,53].

The recognition of pathological nerve remodeling and PNI has deepened understanding of
neuropathic elements in cancer pain. PNI, common in pancreatic and head-and-neck cancers, is not
only a source of severe pain but also a marker of aggressive disease biology. Pathways such as HGF/c-
MET-driven NGF upregulation suggest that interventions disrupting tumor—nerve crosstalk could
achieve dual antitumor and analgesic effects, representing a paradigm shift in supportive oncology
[47,54].

Equally significant are central mechanisms, where glial activation and chemokine signaling
(CX3CL1/CX3CR1, CCL2/CCR?2) sustain spinal hyperexcitability and diminish inhibitory tone. These
processes resemble established neuropathic pain states but may be amplified by the tumor milieu.
While no CNS-penetrant inhibitors are yet approved for clinical use, ongoing preclinical studies
strengthen the rationale for targeting glial-neuronal interactions [55,56].

From a translational perspective, therapies that modify the bone microenvironment remain the
most mature, as anti-resorptives and radiotherapy are clinically validated to reduce skeletal events
and alleviate pain [57]. However, the persistence of CIPN, despite preventive strategies, emphasizes
the urgent need for disease-modifying interventions tailored to drug-specific neurotoxic mechanisms
[12,58].

Looking forward, integration of epigenetic and biomarker research with refined phenotyping
approaches offers the potential to stratify patients by predominant pain mechanisms. This may
enable mechanism-guided therapies that not only relieve suffering but also influence tumor-immune
dynamics. Ultimately, bridging mechanistic discoveries with precision interventions represents the
central challenge (and opportunity) of contemporary cancer pain research.

Limitations: This narrative review is limited by its non-systematic methodology, which may
introduce selection bias and restrict comprehensiveness. Although adherence to SANRA guidelines
ensured transparency and rigor, the absence of quantitative synthesis prevents formal comparison of
effect sizes, and the rapidly evolving literature may render some mechanistic insights preliminary.

Conclusions
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Cancer pain arises from a complex interplay between malignant tissue, the skeletal or visceral
microenvironment, and the nervous system. Key neurobiological themes include (i) peripheral
sensitization by tumor/stromal mediators and acidic/ATP-rich milieus, (ii) pathological nerve
remodeling and PNI, (iii) chemotherapy-driven neural injury, and (iv) central glial-chemokine-
mediated plasticity. These mechanistic insights already guide practice (e.g., anti-resorptives and
radiotherapy in bone pain) and are spawning new approaches, from TRPV1-targeted neuroablatives
to chemokine and purinergic antagonists. Future progress hinges on rigorous phenotyping,
translational trials that pair mechanism with target, and integrated care pathways that address both
pain biology and cancer control.
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