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1 INTRODUCTION

Neuropathic pain (NP) is a common chronic pain condition 
caused by a lesion or disease affecting the somatosensory ner-
vous system and is clinically characterized by ongoing or inter-
mittent spontaneous pain, often accompanied by allodynia and 
hyperalgesia. It can arise from a wide range of conditions, 
including diabetic neuropathy, postherpetic neuralgia (PHN), 
spinal cord injury (SCI), and chemotherapy-induced neurotox-

icity, and is associated with substantial impairment in quality 
of life [1]. Epidemiological studies further highlight the con- 
siderable population-level burden of NP. In a survey of 24,925 
individuals, 63.7% reported experiencing pain, and 15.7% 
(95% CI: 14.9%-16.5%) of those with pain met PainDETECT-
based criteria for probable NP, corresponding to an estimat- 
ed overall prevalence of approximately 10% (95% CI: 9.5%–
10.5%) [2]. The prevalence of NP also appears to vary across 
racial and ethnic groups, with higher rates reported among 
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Black and Hispanic populations than among White popula-
tions. Despite this substantial clinical burden, current mana- 
gement remains largely symptom-oriented and commonly 
involves gabapentinoids and antidepressants as first-line thera-
pies, with topical agents and opioid-based therapies used in 
selected or refractory cases [3].

NP differs from predominantly nociceptive or inflammatory 
pain in its tendency to persist after nervous system injury and 
in the marked interindividual variability in treatment response. 
Its development and maintenance involve complex interactions 
among maladaptive neuronal plasticity, neuroinflammatory 
activation, neurotransmitter dysregulation, and altered pain-
processing networks [1]. For example, SCI has been reported  
to increase neuronal activity in several nociception-related 
regions, including the NTM/NPL regions (GrN and PBN), 
while increasing GAD67 expression in the periaqueductal gray 
(PAG), reducing serotonin levels in the raphe magnus nucleus 
(RMN), and suppressing NTR2-expressing fear-inhibitory 
neurons in the basolateral amygdala (BLA). SCI-induced alter-
ations in hippocampal neurogenesis may further contribute to 
the persistence and amplification of maladaptive pain process-
ing [4]. Collectively, these neuroplastic and neurochemical 
changes create a pathological environment that facilitates per-
sistent nociceptive signalling and chronic pain. Advances in 
our understanding of NP pathophysiology have been accom- 
panied by increasing efforts to identify novel pharmacological 
targets. In several rodent models of NP, compounds 50a and 
56a have shown significant analgesic activity against oxalipla-
tin- and paclitaxel-induced neuropathy as well as streptozoto-
cin-induced diabetic NP, with compound 56a exhibiting the 
strongest in vivo effects [5]. In addition, BDNF-mediated regu-
lation of KCC2 expression in dorsal root ganglia (DRG) has 
been implicated in peripheral and central sensitization and may 
contribute to the attenuation of bisphenol A (BPA)-induced NP 
[6]. These findings illustrate how mechanistic studies can iden-
tify potential therapeutic targets and provide a rationale for the 
development of mechanism-based analgesic strategies.

Nevertheless, NP is still predominantly treated using conven-
tional pharmacological and neuromodulatory agents, including 
gabapentinoids and antidepressants as first-line therapies, with 
topical agents and opioid-based therapies used in selected or 
refractory cases. Although these therapies can provide symp-
tomatic relief, their overall efficacy is often modest, adverse 
effects remain common, and treatment responses vary substan-
tially among patients [3]. Despite considerable progress in elu-
cidating the molecular mechanisms underlying the develop-
ment and persistence of NP, translating these discoveries into 
clinically effective therapies remains challenging. Numerous 
molecular targets have demonstrated promising analgesic 
effects in preclinical models, yet relatively few have achieved 
successful clinical translation. This translational gap likely 
reflects several factors, including the limited ability of expe- 
rimental models to reproduce the phenotypic heterogeneity of 

human NP, insufficient target specificity, the lack of validated 
predictive biomarkers, and substantial interpatient variability. 
As understanding of NP biology continues to evolve, therapeu-
tic development is progressively shifting from symptom-ori-
ented management toward mechanism-based interventions tar-
geting neuroinflammation, ion-channel dysfunction, synaptic 
plasticity, and neuroimmune interactions. At the same time, 
advances in precision medicine and pharmacogenomics are 
creating new opportunities for individualized treatment selec-
tion and optimization. In this Review, we summarize the major 
biological mechanisms underlying NP, discuss conventional 
and emerging pharmacological approaches, critically examine 
the translational barriers limiting the clinical success of mech-
anism-based therapies, and highlight future opportunities for 
biomarker-guided and precision-oriented pain management.

2 BIOLOGICAL MECHANISMS OF NP

2.1 Neuronal plasticity and pain signal transduction

NP is a chronic pain condition caused by injury or dysfunction 
of the nervous system and can arise as a consequence of trau-
ma, inflammation or peripheral nerve damage. NP is a multi-
factorial condition involving a complex network of pathologi-
cal changes occurring in both the peripheral and central ner-
vous systems. In this context, maladaptive neuronal plasticity 
and remodelling of pain-associated signalling processes emerge 
as essential factors in the establishment and maintenance of 
chronic pain. Trans-synaptic autophagy has been recently iden-
tified as an important regulatory process involved in chronic 
pain states [7]. In terms of synaptic organization and neuronal 
function, autophagic removal of damaged cellular components 
at local compartments modulates both processing and trans-
mission of nociceptive signals [7]. Nevertheless, dysregulation 
or excessive activation of this process may lead to abnormal 
remodelling of neural circuits that enhance nociceptive signal-
ling, resulting in heightened pain sensitivity and the persistence 
of pathological pain [8].

The spinal cord acts as a central regulatory hub both to initiate 
and maintain NP. In addition to serving as a relay for peripheral 
nociceptive signals, the spinal cord also plays an active role in 
central sensitization and the development of chronic pain 
states. Activation of spinal neurons and glial cells following 
peripheral nerve injury or intrinsic spinal stress signals leads  
to significant alterations in neuronal excitability and synaptic 
plasticity [9]. The coordinated interactions between neurons 
and glial cells in the spinal cord are crucial for developing and 
maintaining central sensitization. Microglia can also affect 
astrocytic activity and disturb synaptic glutamate clearance, 
resulting in the activation of extrasynaptic NMDARs, increas- 
ed aberrant neuronal excitability, and enhanced aberrant syn-
aptic transmission as well as neural network remodelling [10]. 
Meanwhile, miR-146a-5p regulates the balance of microglial 
autophagy and pyroptosis through TRAF6 targeting [11]. These 
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neuro–glial interactions play a pivotal role in synaptic dys- 
function and the persistence of pain signalling.

Advances in mechanistic understanding have led to the identi-
fication of emerging molecular pathways and therapeutic tar-
gets. GRID1/GluD1-dependent trans-synaptic autophagy has 
been implicated in synaptic regulation associated with chronic 
pain, and its dysfunction induces abnormal pain phenotypes, 
underscoring its role in pain maintenance [7]. In addition, 
NMDA receptor–associated nitric oxide signalling is a key 
regulator of spinal nociceptive transmission. Eukaryotic elon-
gation factor 2 kinase (eEF2K) modulates L-arginine utiliza-
tion and participates in NMDA-dependent nitric oxide signal-
ling, thereby influencing neuronal excitability and synaptic 
transmission [12]. Following peripheral nerve injury, microgli-

al activation and pyroptosis, impaired astrocytic glutamate 
uptake, dysregulated trans-synaptic autophagy and enhanced 
NMDA receptor signalling are functionally coupled, collec-
tively driving spinal synaptic plasticity remodelling and sus-
tained amplification of nociceptive signalling as shown in 
Figure 1. Targeting NMDA receptor–related signalling net-
works may therefore provide novel molecular strategies for 
therapeutic intervention.

Overall, NP is characterized by increased neuronal excita- 
bility, aberrant nociceptive signalling, and remodelling of spi-
nal neural circuits. Trans-synaptic autophagy plays a critical 
role in regulating synaptic structure and neuronal activity dur-
ing the development and maintenance of chronic pain, where-
as excessive microglial activation exacerbates neuroinflamma-

Figure 1. Trans-synaptic autophagy, glial activation, and NMDA receptor–mediated amplification of nociceptive signalling in NP. This 
schematic represents mechanisms of pain signal amplification in NP. After injury of peripheral nerves, abnormal sensory input is delivered to 
the spinal cord and induces the activation of microglia with pyroptosis and cytokine release. These processes induce remodelling of the synaptic 
microenvironment through neuroglial interactions. At the same time, astrocytic dysfunction reduces glutamate uptake, resulting in its accumula-
tion within the synaptic cleft and a sustained activation of NMDARs and associated nitric oxide signalling pathways, which increases neuronal 
excitability. Autophagy mediates trans-synaptic turnover and dendritic spine remodelling, underlying aberrant synaptic transmission and central 
sensitization. Together, these convergent mechanisms maintain the amplification of nociceptive signals and drive NP initiation and persistence.
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tion and sustains pain signalling. These central plasticity mech-
anisms provide a foundation for further exploration of inflam-
mation-driven pain processes.

2.2 Inflammation-driven mechanisms of NP

Neuroinflammation is a key driver of the development and per-
sistence of NP. In particular, activation of microglia and astro-
cytes enhances nociceptive signalling through the release of 
pro-inflammatory cytokines and chemokines, thereby increas-
ing pain sensitivity and promoting chronicity.

Metabolic reprogramming, especially enhanced glycolysis, 
plays a central role in sustaining neuroinflammatory responses 
in neuropathic pain. Activated microglia undergo metabolic 
reprogramming characterized by a shift from oxidative phos-
phorylation toward enhanced glycolysis, which promotes pro-
inflammatory signalling, supports sustained neuroinflamma-
tory responses, and contributes to pain sensitization and persis-
tence [13]. Given the important role of glial cells and glycome-
tabolism reprogramming in neuropathic pain, targeting glial 
cells and their metabolic regulation has emerged as a potential 
therapeutic strategy [13]. For instance, semaglutide (SEMA) 
has been reported to exert neuroprotective effects in diabetic 
NP by inhibiting astrocytic and microglial activation, thereby 
alleviating inflammation and oxidative stress [14]. Further- 
more, PRMT6 interacts with HIF-1α to promote the stabiliza-
tion of glycolytic processes, subsequently enhancing neuroin-
flammation and facilitating pain progression, suggesting its 
potential as a therapeutic target [15].

Beyond glycolytic regulation, accumulating evidence indicates 
that additional molecular regulators participate in the control of 
neuroinflammatory responses. TRIM28 has been implicated in 
NP pathogenesis by modulating microglial function and re- 
gulating autophagy and ferroptosis, suggesting a previously 
unrecognized mechanistic link involved in pain development 
[16]. In addition, ozone has been reported to alleviate neuroin-
flammation through activation of the p-AMPK/Gas6/MerTK/
SOCS3 signalling axis, thereby enhancing macrophage clear-
ance, with preliminary findings indicating its potential clinical 
relevance [17]. Collectively, glial activation and the production 
of pro-inflammatory mediators represent key contributors to 
aberrant pain signalling, whereas glycolytic reprogramming 
and associated pathways not only support the metabolic re- 
quirements of inflammatory processes but also reveal potential 
therapeutic targets. Modulating these mechanisms may facili-
tate the development of more precise and individualized thera-
peutic strategies for NP and provide new opportunities for 
future drug discovery.

2.3 Neurotransmitter imbalance and pain perception

In addition to neuroinflammatory processes and glial cell-
mediated regulation, disruption of neurotransmitter homeosta-

sis represents another fundamental mechanism contributing to 
NP development. Disruption of the balance between excitatory 
and inhibitory neurotransmission is considered an important 
contributor to abnormal pain processing in NP. This imbal-
ance promotes neuronal hyperexcitability and leads to sus-
tained amplification of nociceptive signalling. Among the 
major inhibitory neurotransmitter systems, γ-aminobutyric 
acid (GABA) and glycine are pivotal for ensuring efficient in- 
hibitory circuits. Under physiological conditions, GABA pre-
vents excessive neuronal activation via receptor-mediated sig-
nalling to reduce nociceptive transmission. However, impaired 
GABAergic function is common in NP. Following neuronal 
injury or circuit disruption, reduced GABA release and dimin-
ished receptor responsiveness may weaken inhibitory regula-
tion, allowing sustained nociceptive signalling and persistent 
pain perception [18]. Simultaneously, maladaptive reorganiza-
tion of local neural circuits (synaptic restructuring and upregu-
lation or downregulation of pain-related pathways) contributes 
to the amplification of nociceptive inputs. Thus, perturbing 
excitatory–inhibitory balance not only increases local pain pro-
cessing, but can also increase the spread of hypersensitivity 
across regions beyond the initial site of injury.

The spinal cord serves as a key integration centre for nocicep-
tive information processing. After neural injury or pathological 
changes, spinal neurons can develop spontaneous hyperexcit-
ability, generating persistent nociceptive activity. At the same 
time, neuroinflammatory responses promote the release of 
excitatory neurotransmitters and further increase neuronal 
responsiveness, thereby sustaining abnormal pain signalling. 
Multiple molecular pathways participate in this process. For 
example, the α2δ-1 subunit, metabotropic glutamate receptor 5 
(mGluR5), and NMDA receptor signalling pathways have been 
implicated in spinal disinhibition and nociceptive hypersensi-
tivity following injury. These molecular changes collectively 
contribute to the establishment of a dysregulated neurotrans-
mitter network that supports NP development and mainte-
nance. Given the central role of excitatory–inhibitory imbal-
ance in NP, restoring inhibitory neurotransmission has become 
an important therapeutic direction. Strategies that enhance 
KCC2 function can help re-establish inhibitory control in the 
central nervous system (CNS), thereby correcting excitation–
inhibition (E/I) imbalance and reducing pathological pain [19]. 
In addition, botulinum toxin A has been reported to relieve 
chronic sciatic pain through modulation of SNAP-25 expres-
sion [20]. Therapeutic approaches designed according to spe-
cific pathological mechanisms may provide additional oppor- 
tunities to restore coordination between excitatory and inhibi-
tory networks and achieve more effective pain control.

In summary, impaired inhibition and neurotransmitter im- 
balance are core mechanisms underlying NP pathogenesis. 
Sustained and inappropriate excitation/inhibition imbalance 
drives pain hypersensitivity, whereas keeping a proper equi-
librium of excitatory vs inhibitory signalling is critical for nor-
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mal pain processing. Better characterization of these mecha-
nisms may enable the design of more mechanistically-princi-
pled and personalized strategies aimed at re-establishing E/I 
balance and enhancing NP management.

3 CONVENTIONAL PHARMACOLOGICAL 
APPROACHES

3.1 Nonsteroidal anti-inflammatory drugs (NSAIDs)

NSAIDs exert their analgesic and anti-inflammatory effects 
mainly through inhibition of cyclooxygenase (COX)-depen- 
dent prostaglandin synthesis. Although these agents are widely 
used in inflammation-related pain conditions, their effective-
ness in NP is generally limited. Increasing evidence suggests 
that NSAIDs may also influence pain processing beyond classi-

cal suppression of inflammation through mechanisms involv-
ing lipid mediators and metabolic regulation. For instance, 
aspirin-triggered lipoxin A4 decreases NP-like behaviours and 
anxiety-related responses in diabetic rats, while simultaneous 
administration with cannabinoid receptor agonists produces 
greater analgesic effects than either treatment alone [21]. In 
addition, short-term treatment with diclofenac was found to 
reduce sensory dysfunction associated with NP, which may be 
mediated by modulation of the kynurenine pathway, including 
increases in KYNA levels and an increased KYNA/QA ratio. 
Such effects may be due to modulation of glutamatergic neuro-
transmission and pathways involved in excitotoxicity [22]. 
Consequently, NSAIDs may represent more than just inhibitors 
of inflammatory responses in NP, and may regulate peripheral 
sensitization, central sensitization, and descending pain inhi- 
bitory pathways (Figure 2).

Figure 2. Mechanistic targets of conventional pharmacological therapies in NP. This schematic highlights the major targets and mechanisms 
of action for classical pharmacotherapy in NP, which mainly modulate peripheral or central sensitization, and descending inhibitory pathways. 
NSAIDs work by inhibiting COX activity and the subsequent synthesis of prostaglandins; this reduces inflammation as well as peripheral sensi-
tization. Opioids produce analgesia via μ-opioid activation that inhibits Ca2+ channel influx and downregulates voltage-gated sodium channels, 
as well as TRP channels, to decrease neuronal excitability. Antidepressants promote descending inhibitory control through serotonergic (5-HT) 
and NE pathways. Antiepileptic drugs mainly act on the α2δ subunit of voltage-gated calcium channels, reducing pathological excitatory neu-
rotransmitter release. Moreover, these agents target glutamatergic transmission, NMDA receptor activity, and neuroinflammatory processes—all 
of which together affect the initiation and chronicity of NP.
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NSAIDs have shown minimal but clinically relevant effects in 
many NP-related clinical conditions, especially in sciatica. 
Sciatica is a common condition caused by nerve root compres-
sion associated with local inflammatory responses triggered 
by intervertebral disc herniation or degenerative changes of the 
spine, manifesting as radiating pain along the sciatic nerve dis-
tribution. NSAIDs may partially attenuate nociceptive trans-
mission and pain perception by reducing local inflammation 
and peripheral sensitization [23]. Yet, in a clinical context, 
patients with acute low back pain or sciatica treated with 
NSAIDs (either alone or in conjunction with other analgesic 
medications) do not show major improvements in functional 
recovery [24]. This observation indicates that the therapeutic 
effect of NSAIDs may be partly dependent on disease-related 
characteristics and patient-specific factors. Importantly, sciati-
ca encompasses heterogeneous spine-related leg pain condi-
tions with differing dominant pain characteristics, including 
nociceptive and neuropathic components, rather than repre-
senting a uniformly classical neuropathic pain condition [25, 
26]. Thus, the clinical efficacy of NSAIDs in sciatica is primar-
ily likely mediated by inhibition of peripheral inflammatory 
pathways rather than direct alteration of neuropathic mecha-
nisms. This further highlights that the relatively modest effects 
of systemic anti-inflammatory agents in classical NP suggest 
that simple modulation of inflammation is insufficient to over-
come the multiple redundant neuronal and neuroimmune alter-
ations involved in chronic NP [1, 27].

NSAIDs have a long history of analgesic efficacy, but chronic 
use warrants safety concerns. Gastrointestinal complications 
(e.g., mucosal injury, ulcer development, and bleeding) are 
common but serious adverse events associated with prolonged 
exposure or high-dose use, especially in elderly individuals. 
NSAIDs may additionally adversely affect renal function and 
increase cardiovascular risk, especially among patients with 
existing disease states predisposing to these outcomes [28]. 
Consequently, NSAID treatment should be guided by individu-
alized risk stratification that considers medication type, dos-
age, and duration of therapy. NSAIDs are often used in con-
junction with other non-opioid analgesics or neuromodulatory 
agents (antidepressants and anticonvulsants) to overcome the 
limitations of NSAID monotherapy and increase analgesic effi-
cacy. These multimodal strategies could act by modulating 
pain pathways regulated through different molecular targets, 
possibly improving analgesic efficacy and neuropathic symp-
toms [29]. However, in patients with moderate-to-severe NP or 
inadequate responses to NSAIDs, anti-inflammatory analgesia 
alone is often insufficient and may require treatment escalation 
to agents that act through different mechanistic pathways, such 
as opioids.

3.2 Opioids: Efficacy and risks

Opioids are still an important class of drugs for NP, especially 
in cases of moderate to severe pain or inadequate response to 

first-line treatments. The majority of their analgesic effects are 
mediated through the activation of μ-opioid receptors, which 
suppress the transmission of nociceptive signals. In addition to 
central actions, peripheral μ-opioid receptor activation may 
further modulate pain processing through the regulation of 
transient receptor potential (TRP) channels and voltage-gated 
sodium channels, as well as decreasing nitric oxide-associated 
stress responses and neuroinflammatory activity. These inter-
actions likely contribute to analgesic effects at the molecular 
level [30].

Various formulations of opioids have been investigated across 
multiple NP conditions. Tramadol-based combinations have 
shown favourable efficacy and tolerability in managing pa- 
tients suffering from PHN; for example, extended-release tra-
madol combined with an immediate-release formulation has 
demonstrated efficacy in reducing pain intensity while improv-
ing quality of life [31]. Tapentadol has been investigated as a 
treatment option for patients with cancer-related NP who do not 
respond adequately to conventional opioid therapy, providing 
analgesic benefits with a relatively favourable safety profile 
[32]. Methadone has also been used as an adjunctive therapy in 
specific clinical scenarios, in which improvements in sleep 
quality and other functional outcomes may be achieved [33].

Recent developments in our knowledge of the mechanisms of 
NP have additionally encouraged increased opportunities for 
personalized pain treatment with opioids. For example, the 
combination of morphine and FLT3 inhibitors has been shown 
to retain analgesic efficacy while decreasing side effects related 
to opioid dosage escalation, highlighting the value of incorpo-
rating mechanism-based approaches in clinical practice [34]. 
These results provide further information on how opioid-based 
therapies may be optimized in clinical practice.

Although long-term opioid treatment has shown clinical uti- 
lity, it is not without important drawbacks, notably tolerance, 
dependence, and a variety of other side effects. Individualized 
treatment decisions should incorporate consideration of both 
pain phenotype and underlying disease characteristics, as well 
as patient tolerance, in order to find the optimal balance 
between analgesia and safety. Combination strategies using 
neuromodulatory agents, specifically antidepressants and anti-
convulsants, to improve long-term NP management have re- 
ceived increasing interest in this setting.

Another major concern during prolonged opioid therapy is opi-
oid-induced hyperalgesia (OIH), which represents a paradoxi-
cal increase in pain sensitivity after exposure to opioids. 
Clinically, differentiation of OIH from disease progression, 
opioid tolerance, or inadequate pain control can be difficult. 
Signs of OIH include worsening pain despite escalating doses 
of opioids, increased sensitivity to pain (hyperalgesia), de- 
creased analgesic effects from the same opioid dose, and relief 
after decreasing the opioid dose or rotating to another opioid 
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[35, 36]. The proposed mechanisms underlying OIH involve 
enhanced glutamatergic signalling, NMDA receptor activa-
tion, neuroinflammatory responses, and central sensitization, 
which collectively contribute to increased nociceptive process-
ing [35, 37]. Several therapeutic strategies, including opioid 
dose adjustment, opioid rotation, NMDA receptor modulation 
using low-dose ketamine, and partial opioid receptor agonists, 
have been explored; however, their clinical effectiveness 
remains to be fully established [36, 37].

3.3 Antidepressants and antiepileptic drugs in pain man-
agement

NP is a chronic pain condition caused by injury or dysfunction 
of the nervous system and is characterized by persistent or 
intermittent pain, limited responsiveness to conventional anal-
gesics, and frequent co-occurrence with affective disorders, 
including anxiety and depression. Its pathogenesis involves 
complex alterations in neuronal plasticity, neuroinflammatory 
regulation, and neurotransmitter homeostasis, among which 
monoaminergic signalling pathways play an important regula-
tory role. Descending inhibitory pathways mediated by sero-
tonin and noradrenaline represent essential modulatory sys-
tems involved in the control of nociceptive processing. Ac- 
cordingly, antidepressants may exert therapeutic benefits in 
NP through both mood-related and analgesic mechanisms. At 
the molecular level, these agents exert analgesic effects by 
strengthening descending inhibitory pathways and modulat- 
ing neuroinflammatory responses. For example, paroxetine has 
been reported to attenuate chronic NP through the regulation 
of multiple pain-associated proteins [38]. In addition, low-dose 
esketamine has been shown to alleviate depression-like behav-
iours associated with NP, possibly through modulation of the 
Homer1a–mGluR5 signalling pathway [39].

In clinical practice, combining antidepressants with antiepi- 
leptic drugs has become an important therapeutic approach for 
NP management. Antiepileptic agents, particularly gabapentin 
and pregabalin, primarily reduce neuronal hyperexcitability by 
targeting voltage-gated calcium channel α2δ subunits or stabi-
lizing neuronal membrane function, thereby limiting abnormal 
neuronal firing and reducing pain transmission. By contrast, 
antidepressants act mainly through inhibition of neurotrans-
mitter reuptake, enhancing serotonergic and noradrenergic sig-
nalling and modulating multiple pain-related pathways. Clini- 
cal studies have indicated that fixed-dose combinations (FDCs) 
of low-dose pregabalin and duloxetine can achieve analgesic 
effects comparable to high-dose pregabalin monotherapy while 
maintaining an acceptable safety profile. Dizziness and somno-
lence remain the most commonly reported adverse events [40]. 
Furthermore, trazodone administered at doses of 50–100 mg 
has been reported to enhance the analgesic effects of gabapen-
tin, providing additional support for low-dose combination 
strategies in NP treatment [41].

Recently, novel antidepressants have gained attention for their 
potential role in NP treatment. Venlafaxine exerts multimodal 
effects through the modulation of multiple neurotransmitter 
receptors and signalling pathways, including α2-adrenergic 
receptors, 5-HT3 and 5-HT1B/1D receptors, cholinergic path-
ways, as well as CB1/CB2 cannabinoid and adenosine A1 
receptors [42]. In preclinical models, venlafaxine has been 
shown to attenuate oxaliplatin-induced NP and mechanical 
allodynia, with α2-adrenergic and 5-HT3 receptors contri- 
buting to distinct pain modalities [42]. In addition, antidepres-
sants have been shown to demonstrate analgesic effects in tri-
geminal neuralgia (TN), visceral pain and inflammatory pain 
models, with relatively mild adverse effects, including nausea, 
dry mouth and sleep disturbances [43].

Overall, antidepressants and antiepileptic drugs play a central 
role in the long-term management of NP by modulating neu-
rotransmitter systems and neuronal excitability. However, con-
ventional pharmacotherapy remains limited by interindividual 
variability in efficacy and adverse effects, with mechanisms 
largely confined to neurotransmitter regulation. With increas-
ing recognition of the role of neuroinflammation in pain main-
tenance and amplification, therapeutic strategies targeting neu-
roinflammatory pathways are emerging as a major focus of 
research. A summary of representative agents, mechanisms of 
action and clinical applications of antidepressants and antiepi-
leptic drugs in NP is provided in Table 1.

4 EMERGING PHARMACOLOGICAL STRATEGIES

4.1 Targeting neuroinflammation

Neuroinflammation is a central mechanism underlying the ini-
tiation and persistence of NP. Following peripheral nerve inju-
ry, activation of glial and immune cells leads to the release of 
pro-inflammatory mediators, including TNF-α, IL-1β, and 
IL-6, which enhance neuronal excitability and amplify noci-
ceptive signalling through neuroimmune interactions, thereby 
promoting central sensitization and pain chronicity. Conse- 
quently, targeting neuroinflammatory pathways has emerged 
as a major therapeutic strategy.

Within neuroinflammatory regulation, glial polarization states 
play a critical role in pain modulation. Emerging evidence 
indicates that active components of DHJSD may attenuate 
neuroinflammation by regulating microglial M1 polarization, 
potentially via Peroxisome proliferator-activated receptor-γ 
(PPARG)–dependent mechanisms [80]. In addition, the double-
stranded RNA–induced Toll-like receptor 3 (dsRNA–TLR3) 
signalling pathway has been implicated in both neuroinflam-
mation and the development of morphine tolerance, suggesting 
that targeting this pathway may provide a therapeutic approa- 
ch to mitigate opioid tolerance [81]. Inter-glial immune signal-
ling also represents a promising avenue for intervention. For 
example, intrathecal administration of the CD200R1 agonist 
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Table 1. Comparative roles of antidepressants and antiepileptic drugs in the management of NP

Drug class Representative 
agents Primary targets/mechanisms Indications Analgesic advantages Adverse effects References

Tricyclic antidepres-
sants

Amitriptyline Modulation of neurotransmission in 
pain pathways

Palliative care; lumbo-
sacral radiculopathy

Pain improvement in 43.3% after 14 
days or ≥30% relief in a subset

Dizziness, dry mouth, constipa-
tion, urinary retention

[44, 45]

Antiepileptics Gabapentin Binds to the α2δ-1 subunit of voltage-
gated calcium channels; injury-induced 
α2δ-1 upregulation is associated with 
gabapentin-sensitive allodynia

NP Effective against neuropathic al-
lodynia; early combination therapy 
may benefit patients with intense 
and deep pain

Generally well tolerated; 
reported adverse drug reactions 
are mostly mild and non-
serious

[46, 47]

Antiepileptics Pregabalin, gaba-
pentin

α2δ-1 subunit targeting PHN Combination therapy enhances ef-
ficacy

No significant increase in risk 
with combination

[48, 49]

Antiepileptics Carbamazepine, 
oxcarbazepine

Sodium channel blockade; selective 
inhibition of ectopic afferent activity

TN First-line therapy with phenotype-
specific targeting

Increased risk of ischaemic 
stroke (HR 1.78)

[50, 51]

Antidepressant–anti-
epileptic combination

Pregabalin + du-
loxetine

α2δ-1 targeting and monoamine 
reuptake inhibition

Painful diabetic 
peripheral neuropathy 
(DPNP)

Superior improvement in pain, sleep 
and mood versus pregabalin–nor-
triptyline

Higher incidence of mild ad-
verse events (30% vs. 16.67%)

[52]

Antidepressants Duloxetine Inhibition of 5-HT and noradrenaline 
reuptake

Diabetic neuropathy Improves objective neurological 
outcomes

Nausea (10.6%), dizziness 
(7.1%), somnolence (6.2%)

[53]

Antiepileptics Pregabalin Binding to voltage-gated Ca²⁺ channel 
α2δ subunit; reduces central sensitiza-
tion

Radiotherapy-induced 
NP (head and neck 
cancer)

Superior pain relief and quality-of-
life improvement vs placebo

Good tolerability; adverse 
events comparable to placebo

[54]

Antidepressants LPM580098 Triple reuptake inhibition; modulation 
of NR2B/CaMKIIα/GluR1 pathways

NP No significant sedation or motor 
impairment

No marked central inhibitory 
effects

[55]

Antidepressants Topical amitripty-
line (10%)

Local inhibition of voltage-gated 
sodium channels in nociceptors

Chemotherapy-induced 
neuropathy; burning 
mouth syndrome

Effective analgesia with reduced 
systemic toxicity

Occasional mild somnolence 
and dry mouth

[56, 57]

Antiepileptics Pregabalin α2δ-1 subunit targeting; inhibition of 
Ca2+ currents

Post-traumatic NP No superiority over placebo in large 
RCT (≤15 weeks)

Dizziness (14.6%), somnolence 
(9.9%)

[58, 59]

Antidepressants Flupentixol + 
melitracen

Dopamine receptor antagonism + 
monoamine reuptake inhibition

Persistent idiopathic 
facial pain

High response rate (82%) with rapid 
onset

Mild somnolence, dry mouth [60]

Antiepileptics HSK16149 Modulation of GABAergic pathways DPNP Demonstrates superior efficacy vs 
placebo

Common dizziness and somno-
lence (mostly mild–moderate)

[61]

Antiepileptics Mirogabalin Selective binding to α2δ-1 subunit Lumbar disc hernia-
tion–related NP

Enhances NSAID efficacy and 
improves sleep

Somnolence (31.1%), dizziness 
(18.9%)

[62]

Antiepileptics Mirogabalin Selective α2δ ligand DPNP Dose-dependent analgesia; 30 mg/
day effective

Somnolence, dizziness, oe-
dema, weight gain

[63]

Antiepileptics Mirogabalin α2δ-1 targeting Cervical radiculopa-
thy–related NP

Superior efficacy in combination 
with NSAIDs

Somnolence, dizziness [64]

Antidepressants Duloxetine, ami-
triptyline

Dual central–peripheral analgesic 
mechanisms

NP Delayed analgesia associated with 
peripheral neuroimmune modulation

Somnolence (42.4%), dizziness 
(21.2%), dry mouth (21.2%)

[65, 66]
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Antiepileptics Gabapentinoids LAT1-mediated BBB transport; influ-
enced by genetic polymorphisms

NP Highest efficacy and safety in GG 
genotype

Somnolence and dizziness 
(highest in GA genotype)

[67]

Antiepileptics Lacosamide Sodium channel blockade Peripheral NP Higher rates of ≥30% and ≥50% 
pain relief vs placebo

Good tolerability [68]

Antiepileptics Mirogabalin Potent and selective α2δ ligand DPNP Cost-effective (ICER below willing-
ness-to-pay threshold)

Somnolence (26.7%), dizziness 
(12.3%), oedema, weight gain

[69, 70]

Antiepileptics Lacosamide Sodium channel blockade TN Comparable efficacy to carbamaze-
pine

Somnolence, dizziness, mood 
instability

[71]

Antiepileptics HSK16149 Potent α2δ ligand; inhibits [³H]gaba-
pentin binding

DPNP ~23-fold greater potency than pre-
gabalin; longer duration; improved 
CNS safety

Good tolerability; low inci-
dence of severe adverse events

[72, 73]

Antiepileptics Pregabalin α2δ targeting DPNP, PHN and other 
NP

Greater cost-effectiveness vs gaba-
pentin

Sexual dysfunction (41.3%) [74, 75]

Antiepileptics Pregabalin α2δ subunit modulation PHN Faster pain relief; improved sleep 
and mood

Dry mouth, somnolence, 
blurred vision, ataxia

[76]

Antidepressants Duloxetine 5-HT/NE reuptake inhibition DPNP, CIPN, refrac-
tory cancer-related NP

Effective in treatment-resistant cases Nausea, constipation, somno-
lence, sexual dysfunction

[77, 78]

Antiepileptics Pregabalin α2δ1 targeting; inhibition of silent cold 
nociceptors

Oxaliplatin-induced 
neuropathy

Reduces cold allodynia by suppress-
ing silent nociceptor activation

Dizziness, somnolence [79]
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CD200Fc rapidly suppresses glia-associated neuroinflamma-
tory responses and effectively alleviates NP, highlighting its 
potential as a novel therapeutic modality [82].

Advances in molecular biology have revealed a growing num-
ber of inflammatory signalling pathways that contribute to NP 
pathogenesis. Among these, the cyclic GMP–AMP synthase–
stimulator of interferon genes (cGAS–STING) pathway, a criti-
cal component of innate immune sensing, has emerged as an 
important regulator of neuroinflammation and a potential ther-
apeutic target for NP [83]. Similarly, signal transducer and acti-
vator of transcription 3 (STAT3) acts as a key molecular regula-
tor in NP by influencing glial polarization and the expression of 
inflammatory mediators. Pharmacological inhibition of STAT3 
signalling using Bt354 has been reported to suppress inflam-

matory responses and reduce pain behaviours, supporting its 
potential therapeutic value [84]. These findings highlight 
emerging molecular targets for the development of more  
precise anti-inflammatory analgesic approaches. Following 
peripheral nerve injury, the activation of neuroinflammatory 
cells and the disruption of multiple signalling networks interact 
to promote the initiation and persistence of NP. The major 
mechanisms and corresponding therapeutic targets are summa-
rized in Figure 3.

In addition to upstream signalling pathways, therapeutic strate-
gies targeting inflammatory mediators and downstream effec-
tors have also attracted increasing attention. For example, NR-3 
has been shown to increase mechanical and thermal pain th- 
resholds in spinal nerve ligation (SNL) models without altering 

Figure 3. Neuroinflammatory signalling pathways and therapeutic targets in NP. This figure depicts the major mechanisms whereby neuro-
inflammation contributes to the development and persistence of NP after peripheral nerve injury. Nerve injury leads to immune activation and 
macrophage infiltration, subsequently triggering microglial and astrocyte activation in the central nervous system. Numerous signalling path-
ways and molecular regulators, including peroxisome proliferator-activated receptor gamma (PPARG), Toll-like receptor 3 (TLR3), the cGAS–
STING axis, STAT3, and the MMP2/IL-1β pathway, promote the amplification of neuroinflammatory responses. Such processes potentiate the 
release of inflammatory mediators, elevate neuronal excitability, and promote central sensitization, thus ultimately facilitating the 
transition to chronic NP. The schematic also summarizes representative therapeutic strategies including DHJSD, CD200Fc, Bt354, and NR-3, 
and highlights that targeting glial activation and inflammatory signalling networks represents a promising direction for NP therapy.
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baseline nociception in healthy animals, suggesting a favour-
able degree of therapeutic selectivity. Its analgesic effects are 
likely mediated through inhibition of the MMP2/IL-1β signal-
ling axis in the DRG and spinal astrocytes, thereby attenuating 
neuroinflammation and reducing persistent pain states [85]. 
Overall, continued advances in our understanding of neuroin-
flammation and neuroimmune interactions are accelerating the 
development of therapies targeting inflammatory mediators 
and related signalling pathways. These approaches provide 
important mechanistic insights into NP treatment and may con-
tribute to the future development of more targeted and indi-
vidualized therapeutic strategies.

4.2 Stem cell therapy and regenerative medicine

Stem cell-based therapies have attracted growing attention in 
NP research because of their potential immunomodulatory, 
neuroprotective, and regenerative effects. Among these app- 
roaches, mesenchymal stem cells (MSCs), including human 
umbilical cord-derived MSCs (HUC-MSCs), have shown anal-
gesic potential in preclinical models. Their beneficial effects 
are thought to involve multiple mechanisms, including regula-
tion of neuroinflammatory responses, modulation of glial acti-
vation, secretion of neurotrophic factors, and restoration of the 
injured neural microenvironment [86, 87]. In addition, trans-
plantation of neural stem/progenitor cells has demonstrated 
therapeutic effects in experimental models of nerve injury and 
spinal cord injury (SCI), possibly through promoting neural 
repair processes and reducing pain sensitization [88, 89].

In addition to direct cellular transplantation, cell-free strategies 
based on extracellular vesicles, particularly MSC-derived exo-
somes, have enhanced the potential applications of regenera- 
tive therapies. Experimental studies suggest that exosomes can 
influence a range of pathological processes relevant to NP, 
including inflammatory regulation, synaptic plasticity, remye-
lination, and neuronal survival. Compared with cell-based 
therapies, exosome-based therapeutic approaches may offer 
some advantages, such as lower immunogenicity and impro- 
ved biosafety profiles [90]. Despite encouraging evidence in 
preclinical studies, clinical translation of stem cell-based thera-
pies for NP remains limited. The current evidence is mainly 
based on animal models of peripheral nerve injury or SCI, and 
high-quality randomized controlled trials in patients with NP 
are still lacking. Ultimately, a wide range of translational chal-
lenges need to be addressed, including variability in cell sourc-
es, manufacturing processes, administration routes, dosing 
regimens, quality control procedures, and long-term safety 
assessment [91-94]. Thus, stem cell-based therapies should  
currently be viewed as investigational rather than established 
NP treatment modalities. Future studies will need to focus on 
improving manufacturing standardization, identifying bio-
marker-defined patient populations most likely to respond, and 
conducting rigorously designed clinical trials using clinically 
meaningful outcomes.

4.3 Rational combination strategies and multi-target phar-
macotherapy

Single-target therapeutic strategies in NP remain insufficient 
and are unlikely to fully address the heterogeneous mecha-
nisms underlying disease, such as neuronal hyperexcitability, 
neuroinflammatory activation, and central sensitization. This 
has led to the development of combination approaches, where 
small molecules and biologic agents are administered together 
since such strategies may provide complementary benefits in 
terms of tissue penetration, onset of action, and target specific-
ity, potentially allowing intervention at multiple pathological 
processes.

Biologic therapies directed at neuroinflammatory pathways 
represent one area of growing interest. Astrocyte senescence 
has been suggested to contribute significantly to neuroinflam-
matory responses after peripheral nerve injury, and targeting 
astrocytic activation states or related secreted molecules, such 
as clusterin (CLU), may represent a potential therapeutic strat-
egy [95]. Similarly, nerve growth factor (NGF) is an important 
regulator of pain sensitivity and is involved in several pain-
associated conditions. NGF silencing has been reported to 
influence nociceptive signalling pathways and may improve the 
efficacy of immunochemotherapy while supporting relatively 
low-toxicity delivery approaches [96]. Together, these findings 
suggest that selective regulation of inflammatory mediators 
and neurotrophic factors may provide opportunities to inter-
vene in neuroinflammatory processes involved in NP.

Because of the potential complementary effects between differ-
ent agents, a mechanistic aspect of combination therapies is 
that they may produce effects unattainable with single-agent 
treatment. Small molecules usually allow rapid modulation of 
neuronal activity, whereas biologic agents may have a more 
prolonged effect on the regulation of inflammatory and immune 
processes. For instance, ambroxol, a small-molecule ion chan-
nel modulator, inhibits Nav1.8 and can additionally influence 
TRPV1 and TRPA1 channels at higher concentrations, indicat-
ing a relatively wide modulatory profile [97]. Such features 
may support the rationale for combining ion channel modula-
tors with anti-inflammatory biologics. Furthermore, data from 
immunomodulatory studies suggest that multi-pathway inter-
ventions may enhance analgesic responses through regulation 
of cytokine networks, including enhancement of IL-10 expres-
sion and suppression of chemokine signalling pathways [98, 
99]. In clinical practice, combination therapy is usually used 
when monotherapy does not offer adequate analgesia or if dose 
escalation is limited due to adverse effects. However, the evi-
dence for specific mechanism-based combinations remains 
limited. Current clinical recommendations remain focused on 
rational first-line drug selection, patient-tailored dose optimi-
sation and ongoing assessment of treatment efficacy and to- 
lerability whilst minimising the risk of polypharmacy [100]. 
Combination approaches may provide advantages for selected 
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patient populations, yet few clinical trials have defined a stan-
dard regimen applicable to NP. These combinations will also 
need to be based on biological mechanisms, pain phenotypes, 
and individual patient characteristics as opposed to simply 
empirical drug combinations [100, 101].

The incorporation of nanodelivery platforms has further 
expanded the potential of combined small-molecule and bio-
logic therapies. Different nanocarriers offer unique advantages 
in central nervous system targeting and the coordinated deliv-
ery of multiple therapeutic cargos. For instance, 46.1-Lipo lipo-
somes markedly increase brain-specific accumulation of prali-
doxime, achieving approximately a tenfold enhancement in 
targeting efficiency [102]. Similarly, liposomal co-delivery of 
donepezil, memantine, and BACE-1 siRNA has been shown to 
reduce β-amyloid levels and related gene expression while sup-
pressing inflammatory responses, illustrating the potential of 
multi-target therapeutic regulation [103]. Furthermore, lipid 
nanoparticles enable mRNA transport across the blood–brain 
barrier into the central nervous system, whereas Tan IIA-based 
nanoparticles promote neuroprotection and regeneration by 
modulating neural stem cell differentiation and neuroimmune 
responses [104, 105]. Collectively, nanocarrier-mediated com-
bination strategies enable coordinated intervention at molecu-
lar, cellular, and tissue levels, providing an integrated frame-
work for future NP therapy. Meanwhile, increasing recognition 
of interindividual genetic differences in drug responses high-
lights the potential importance of pharmacogenomics in preci-
sion treatment strategies. Despite rapid progress in nanotech-
nology, no nanoparticle-based formulation has been approved 
specifically for NP treatment by the FDA or other major regula-
tory agencies to date. Currently available nanomedicines are 
primarily applied in oncology, infectious diseases, and nucleic 
acid delivery, including liposomal systems, polymeric nanopar-
ticles, and lipid nanoparticle-based platforms [106, 107]. 
Therefore, nanocarrier applications in NP remain an emerg-
ing area of investigation rather than an established clinical 
approach. Major translational challenges include achieving 
selective targeting within the nervous system, accurately pre-
dicting in vivo biodistribution, establishing scalable manufac-
turing processes, defining regulatory requirements, and dem-
onstrating long-term safety [100, 108].

5 PERSONALIZED THERAPY AND PHARMACOGE-
NOMICS

5.1 Genetic determinants of drug response

In neuropathic and other chronic pain conditions, marked inter-
individual differences are observed in both analgesic efficacy 
and treatment-related adverse effects. Pharmacogenomic stud-
ies have shown that genetic variants of drug-metabolizing 
enzymes, key transporters involved in drug transport, and tar-
get proteins can influence clinical responses to therapy and 

susceptibility to toxicity. Thus, elucidating the genetic factors 
underlying interindividual differences in analgesic responses 
has become an integral part of precision medicine for pain 
treatment. Importantly, beyond single loci, the genetic deter- 
minants of treatment response span multiple biological levels, 
including pain processing, pharmacokinetics, pharmacody-
namics and clinical outcomes, resulting in individualized ther-
apeutic strategies as depicted in Figure 4.

Genetic variation affecting analgesic response is an important 
factor contributing to interindividual differences in pain treat-
ment outcomes. Although various genetic determinants can 
impact therapeutic responses and adverse effects, polymor-
phisms in drug-metabolizing enzymes are arguably the most 
studied mechanism. Analgesics are often subject to extensive 
enzymatic biotransformation, and genetic variants affecting 
these pathways may result in altered enzyme activity that af- 
fects drug exposure, therapeutic efficacy and the likelihood of 
adverse effects. Nonetheless, the clinical consequences of indi-
vidual variants are highly context-dependent and depend on 
disease, treatment strategy, and patient characteristics. As an 
example, the CYP2D6*2 polymorphism was not associated 
with analgesic response in PHN patients treated with tramadol; 
thus, its predictive value may be limited to certain clinical  
contexts [109]. Besides affecting metabolic enzymes, variant 
alleles of drug transporters might affect pharmacological 
responses by changing the distribution and availability of 
drugs. The ABCB1 rs1045642 polymorphism has been associ-
ated with differential analgesic responses to a combined treat-
ment of nortriptyline and morphine, with certain genotypes 
showing greater therapeutic benefit [110]. These results suggest 
that while drug metabolism and transport pathways differ due 
to genetic variation, their clinical application remains limited 
and requires further validation.

Single-nucleotide polymorphisms (SNPs) related to nocicep-
tive signalling pathways and potential therapeutic targets may 
also modulate response to analgesic treatment. SNPs in genes 
involved in pain transmission and opioid signalling pathways 
may influence sensitivity to various opioid-based therapies. 
Such genetic variability may, in part, account for differences 
between patients with chronic low back pain (CLBP), such as 
greater analgesic benefit in some patients and limited responses 
in others despite similar treatment strategies [111]. These find-
ings lend support to potential clinical utility of incorporating 
genetic information in chronic pain management. In addition, 
variations in candidate genes may contribute to the response 
and adverse effects of cannabinoid-based treatments, thus 
directly or indirectly affecting efficacy and tolerability, includ-
ing future treatment discontinuation [112].

In addition to pharmacological effects, genetic variations drive 
differences in intrinsic pain processing, such as individual pain 
sensitivity and susceptibility to chronic pain states. It is likely 
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Figure 4. Genetic determinants of variability in analgesic response: An integrated mechanistic framework. This schematic depicts the 
genetic influences that lead to interindividual variation in analgesic responses via multi-level modulation of pathways involved in pain process-
ing and drug action. Drug metabolism and transport, target sensitivity, as well as pain-related inflammatory responses and ion channel activity 
are influenced by genetic polymorphisms and DEGs. Together, these effects modify central integration of nociceptive signals and drug actions 
within the nervous system, resulting in differences in analgesic potency, side effects, and response. Based on this framework, integration of bio-
informatic analyses with candidate gene identification may support genotype-guided drug selection, and dose optimization, thereby facilitating 
the transition towards personalized and precision-based pain management.

that genes affecting neurotransmitter regulation and pathways 
important in nociceptive signalling neural circuits modulate 
pain thresholds and contribute to the development of chronic 
pain phenotypes. Differentially expressed genes (DEGs) identi-
fied in patients with low back pain were found to be enriched 
in neuroinflammation-associated pathways, and key candidate 
genes KLRK1, LRRK2, NLRP3 and PLG were identified 
through LASSO regression and support vector machine (SVM) 
analyses [113]. In summary, genetic influences impact multiple 
aspects of neuropathic and chronic pain, including drug 
metabolism, treatment response, as well as the biological basis 
of pain susceptibility. This suggests that pharmacogenomic 
research, which is currently ongoing, may ultimately be incor-
porated into clinical decision-making to improve drug selec-
tion and optimize dosing strategies for more individualized 
analgesic therapy approaches.

5.2 Clinical implementation of personalized therapy

Precision dosing strategies have gained increasing utility in the 
individualization of NP management. Intrathecal drug delivery 
(ITDD) systems offer the potential for effective and localized 
administration of analgesic agents in chronic pain patients, par-
ticularly those with refractory NP. Clinical evidence has shown 
that ITDD pumps can maintain accurate dosing and consistent 
delivery performance when used with off-label medications or 
mixtures of drugs infused under different conditions [114]. The 
stability generated can help individualize treatment regimens 
according to pain severity, medication tolerance and therapeu-
tic response for improving pain management. By increasing 
availability of the drug at the site of action and limiting sys-
temic exposure with concomitant adverse effects, intrathecal 
delivery represents a therapeutic option for precision analgesia, 
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thus offering an attractive approach compared with systemic 
administration.

Contemporaneously with drug delivery advances, digital 
health technologies are offering new opportunities for tailored 
treatment decision-making. Tools like the systematic individu-
alized benefit–risk evaluation tool (SIBRET) can help clini-
cians and patients systematically weigh the potential benefits 
and risks of different therapeutic options, thereby supporting 
more informed treatment decisions [115]. Moreover, SIBRET 
has provided proof-of-concept evidence for the analgesic effi-
cacy of topical 10% phenytoin cream, further illustrating the 
potential role of local treatment strategies in precision pain 
management [115]. Integrating patient characteristics, clinical 
outcomes, and risk assessments into modeling platforms may 
lead to more rational selection and optimization of therapeutic 
interventions.

Novel neuromodulation modalities also broaden the arsenal of 
personalized treatment options for NP. The closed-loop spinal 
cord stimulation (CL-SCS) systems employing ECAP feedback 
can provide continuous monitoring of neural responses and 
dynamic adjustment of stimulation parameters, further stabi-
lizing neural activation [116]. ECAP-modulated CL-SCS pro-
vides enhanced neuromodulation control in cervical and tho-
racic spinal applications. Compared with wider-targeted neuro-
modulation, the design may improve analgesic efficacy, while 
reducing stimulation levels that are greater or lower than opti-
mal and enhancing control of cervical neural structures with a 
narrow therapeutic window.

Altogether, precision drug delivery, digital decision-support 
systems and closed-loop neuromodulation indicate a move 
toward more individualized and data-informed NP manage-
ment. At the same time, these systems are still in clinical devel-
opment and much additional research will need to be done to 
delineate their mechanisms, optimize their integration with 
current treatments, and construct robust predictive paradigms. 
Table 2 highlights the key differences in mechanisms of ac- 
tion, delivery approaches and clinical applications between 
these personalized therapeutic modalities.

5.3 Future directions in personalized therapy

The trend of NP management is gradually changing from tra- 
ditional empirical drug selection to more mechanism-informed 
and personalized therapy with the continued advancement of 
precision medicine. Multi-omics approaches in conjunction 
with other clinical characteristics lay an invaluable foundation 
for this transition. Integration of genomic, transcriptomic, pro-
teomic and metabolomic analyses has advanced our under-
standing of the molecular networks involved in both initiation 
and maintenance of the pain state; this has enabled identifi- 

cation of targets for potential therapeutic intervention. Among 
these molecular properties, functional gene expression profiles 
in nociceptive neurons have gained increasing attention, espe-
cially ion channel-related genes including SCN9A, SCN10A, 
TRPV1, and TRPA1 that govern neuronal excitability and 
mediate calcium-dependent responses to external stimuli (such 
as capsaicin) [140]. Neuron-derived S100A4 has also been 
shown to modulate neurotoxic astrocyte reactivity and is asso-
ciated with neuroinflammation and persistent pain, suggesting 
that S100A4 may represent a potential therapeutic target for 
NP [141]. Thus, the integration of multi-omics datasets with 
bioinformatic analyses to define molecular subtypes could 
allow for biologically based patient stratification and precision 
therapy.

A more detailed understanding of neuroimmune mechanisms 
has further broadened the possibilities for personalized NP 
treatment. Chronic pain involves inflammatory alterations wi- 
thin the central nervous system accompanied by neurophysio-
logical changes, which are associated with distinct clinical pain 
phenotypes, particularly the severity of nociplastic pain [142]. 
Systematic characterisation of neuroimmune signalling net-
works may open up a path to elucidate biological heterogene-
ity in patients and identify novel therapeutic targets for me- 
chanism-based intervention. Molecularly, regulation of TGFβ1 
and GP130 signalling pathways has been suggested to parti- 
cipate in pain modulation in preclinical studies, positioning 
these targets as potential candidates for further translational 
research.

Beyond molecular classification, directed modulation of spe-
cific nociceptive pathways is emerging as a novel strategy in 
NP personalized therapy. Ion channel disorders, neuroimmune 
interactions and inflammatory signalling are not independent 
phenomena but interconnected regulatory networks that togeth-
er promote the onset and maintenance of NP. Post-translational 
modifications of NaV1.7 can influence neuronal excitability, 
P2X3 receptor signalling interacts with microglial activation, 
and NLRP3 inflammasome activity contributes to pain mainte-
nance [143-145]. In the meantime, however, alternative thera-
peutic strategies are being investigated. Sustained analgesic 
activity, improved glycaemic control and reduced opioid con-
sumption are observed with inhaled cannabis in patients with 
refractory diabetic neuropathy while maintaining an accept-
able safety profile. Future studies integrating biomarkers, such 
as levels of endogenous cannabinoids, may further elucidate 
the mechanisms underlying this therapeutic effect and refine 
patient selection for treatment response [146]. In general, the 
field of NP management is converging on a molecularly 
informed classification, mechanism-based intervention, and 
data-driven treatment decisions. There are still major hurdles 
to overcome, yet bringing together biological signatures, clini-
cal phenotypes and insights into mechanisms is likely to move 
the field closer to precision therapy.
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Table 2. Emerging perspectives in pharmacological management of NP: Towards individualized therapy
Drug Target Mechanism Clinical application Inter-individual variability Selection rationale References
Pregabalin + α-lipoic 
acid

α2δ subunit; antioxidant Combined calcium channel 
modulation and antioxidation

Peripheral NP Comparable efficacy across sub-
groups

RCT shows no superiority 
over pregabalin alone

[117]

Mirogabalin α2δ-1 subunit Voltage-gated calcium chan-
nel modulation

NP Variable efficacy with co-medica-
tion or dosing

Response predictable based on 
combination regimens

[118]

Oxcarbazepine Voltage-gated sodium channels Sodium channel blockade NP syndromes Response to intravenous lidocaine Lack of lidocaine response 
predicts poor efficacy

[119]

Ketamine NMDA receptor NMDA receptor antagonism NP White matter microstructure (inter-
nal capsule; default mode network)

Structural connectivity pre-
dicts analgesic response

[120]

Pregabalin α2δ subunit Reduction of central sensitiza-
tion

NP Early pain response (weeks 1–3) Early improvement predicts 
long-term efficacy

[121]

Lidocaine spray Voltage-gated sodium channels Local sodium channel block-
ade

Acute TN Nerve distribution and dosing Response predicted by ana-
tomical targeting

[122]

Capsaicin 8% patch TRPV1 receptor Functional defunctionalization 
of epidermal nerve endings

Traumatic peripheral 
NP

Cold allodynia; absence of pen-
etrating pain

Baseline phenotype predicts 
response

[123]

Carbamazepine Voltage-gated sodium channels Suppression of neuronal 
hyperexcitability

TN NVC ≤5 mm3 and ≤3 mm distance Predicts response to low-dose 
therapy

[124]

Oxcarbazepine vs 
pregabalin

Sodium channels vs α2δ 
subunit

Distinct mechanisms Post–spinal cord 
injury NP

Pain phenotype Drug selection guided by 
evoked pain characteristics

[125]

Carbamazepine Voltage-gated sodium channels Correction of mutant channel 
activation

Inherited erythrome-
lalgia

Nav1.7-I234T mutation Genotype predicts therapeutic 
response

[126]

ISC 17536 TRPA1 receptor Peripheral nociceptive signal 
modulation

Painful diabetic neu-
ropathy

Preserved small-fibre function Greater efficacy in defined 
sensory phenotype

[127]

Multimodal analgesia μ-opioid receptor, monoamine 
transporters, sodium channels

Combined mechanisms Acute herpetic pain Age ≥50; moderate–severe pain Early treatment reduces PHN 
risk

[128]

Intravenous lidocaine Voltage-gated sodium channels Systemic sodium channel 
blockade

Multiple NP syn-
dromes

High baseline pain; older age Greater benefit in these popu-
lations

[129]

Esketamine NMDA receptor Analgesic and rapid antide-
pressant effects

PHN with depression/
anxiety

Psychiatric comorbidity Faster symptom relief vs 
sufentanil

[130]

Mirogabalin α2δ-1 subunit Selective calcium channel 
modulation

Central NP after 
spinal cord injury

Moderate renal impairment Dose adjustment improves 
safety and efficacy

[131]

Capsaicin TRPV1 receptor Peripheral nociceptor defunc-
tionalization

Localized NP Pain catastrophizing; sensory 
thresholds; TRPV1 polymorphism

Multivariable prediction 
model guides therapy

[132]

Pregabalin α2δ subunit Central sensitization inhibi-
tion

Painful diabetic neu-
ropathy

Demographics, BMI, disease dura-
tion, depression

ARMAX modelling predicts 
response

[133]

Carbamazepine Voltage-gated sodium channels Neuronal stabilization TN Diabetes and glycaemic control Poor glycaemic control pre-
dicts reduced efficacy

[134]

https://doi.org/10.61189/167468gjipte


Perioperative Precision Medicine 2026; 4 (3): 313-341. 	 Zhao

https://doi.org/10.61189/986324cwpmgi	 328

Mirogabalin α2δ-1 subunit Selective calcium channel 
modulation

Taxane-induced neu-
ropathy

Poor response to duloxetine Alternative or add-on strategy [135]

Pregabalin α2δ subunit Central sensitization inhibi-
tion

Painful diabetic neu-
ropathy

4-week response trajectory Early response guides continu-
ation

[136]

Ketamine NMDA receptor NMDA receptor antagonism NP Descending inhibitory pathway 
connectivity

Functional connectivity pre-
dicts response

[137]

Nortriptyline + 
morphine

μ-opioid receptor; monoamine 
transporters

Dual analgesic mechanism NP ABCB1 rs1045642 polymorphism Genotype predicts treatment 
efficacy

[110]

Topical lidocaine Voltage-gated sodium channels Peripheral nociceptor inhibi-
tion

Mono-/polyneuropa-
thy

Increased C-nociceptor excitability Predicts enhanced response [138]

Lacosamide Nav1.7 sodium channel Enhancement of slow inacti-
vation

Nav1.7-related small 
fibre neuropathy

Gain-of-function mutations Electrophysiological response 
predicts efficacy

[139]
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6 TRANSLATIONAL CHALLENGES OF MECHA-
NISM-BASED THERAPIES: LESSONS FROM CLINI-
CAL FAILURES

While mechanism-based research has greatly advanced our 
understanding of NP pathophysiology, translation of promis-
ing molecular findings into successful analgesic treatments 
remains an ongoing challenge. While many targets involved in 
neuronal excitability, neuroinflammation and neuroimmune 
regulation have shown analgesic potential in preclinical stud-
ies, only a small number of these targets have demonstrated 
effective clinical translation. This discrepancy between experi-
mental success and clinical application mirrors the heterogene-
ity of human NP, which is a group of heterogeneous conditions 
rather than a single disease process. The differences in disease 
origin, lesion location, sensory phenotypes, molecular changes 
and personalized treatment responses still make it difficult to 
develop mechanism-guided therapies [1, 147]. Voltage-gated 
sodium channel Nav1.7 provides a representative example of 
the clinical challenges associated with translating genetically 
validated targets into analgesic therapies. Nav1.7 functions as a 
regulator of peripheral nociceptive signalling. Strong evidence 
supporting Nav1.7 as a potential analgesic target has been pro-
vided by human genetic studies, showing that gain-of-function 
mutations in SCN9A can cause inherited pain disorders includ-
ing primary erythromelalgia and paroxysmal extreme pain dis-
order in humans, while loss-of-function mutations lead to con-
genital insensitivity to pain. These results stimulated the explo-
ration of selective Nav1.7 inhibitors as potential therapeutic 
agents [1, 148]. Despite strong genetic support and promising 
data from experimental models, multiple Nav1.7 inhibitors 
have failed to achieve sufficient clinical efficacy. Possible 
explanations include incomplete target engagement in human 
tissues, compensatory effects of other sodium channel sub-
types, discrepancies between preclinical models and human 
pain conditions, and the lack of robust biomarkers to identify 
patients whose pain will respond best. The Nav1.7 experience 
shows that successful translation requires a biologically attrac-
tive target, appropriate patient selection, adequate exposure to 
the drug tested and clinically meaningful outcome measures.

Similar translational challenges have been encountered with 
other mechanism-based targets. Nerve growth factor (NGF) 
signalling represents an attractive therapeutic target because 
NGF contributes to nociceptor sensitization, inflammatory 
responses, and pain amplification. Anti-NGF therapies have 
demonstrated substantial analgesic effects in preclinical stud-
ies and clinical trials of osteoarthritis-related pain; however, 
concerns regarding rapidly progressive osteoarthritis and joint 
safety have restricted their broader clinical application [149, 
150]. These observations underscore that targeting a biologi-
cally relevant pathway alone does not necessarily ensure an 
adequate therapeutic window. Several factors contribute to the 

limited translation of mechanism-based analgesics. Current 
animal models have greatly contributed to the understanding 
of NP mechanisms; however, they mainly capture specific 
components of pain-related behaviors, such as stimulus-evoked 
hypersensitivity, and may not fully reproduce complex human 
pain experiences, including ongoing spontaneous pain, affec-
tive dimensions, and disease heterogeneity. Therefore, improv-
ing the clinical relevance of behavioral assessments remains 
an important challenge for translational pain research [151, 
152]. Many candidate targets are involved in physiological 
neuronal functions, creating difficulties in achieving sufficient 
analgesia while preserving normal sensory processing. The 
absence of clinically validated biomarkers limits patient strati-
fication and may obscure therapeutic benefits in biologically 
defined responder populations [147, 153].

Therefore, future development of mechanism-based therapies 
should move beyond traditional target-centric approaches to- 
ward integrated precision strategies. Combining human-rele-
vant disease models, multi-omics profiling, molecular biomark-
ers, and clinical phenotyping may facilitate identification of 
mechanistically distinct NP subgroups. In addition, rational 
multi-target interventions that simultaneously regulate neuro-
nal excitability, neuroinflammation, and immune–synaptic in- 
teractions may provide a more effective approach than single-
target inhibition. Such strategies may improve the likelihood 
of successful translation from experimental discoveries to 
individualized NP treatment [1].

7 ADJUNCTIVE THERAPEUTIC STRATEGIES

7.1 Integration of non-pharmacological interventions

In the comprehensive management of NP, pharmacotherapy 
alone is often insufficient to achieve sustained long-term effi-
cacy, and non-pharmacological interventions are increasingly 
recognized as important adjunctive strategies. Approaches 
such as physical and exercise-based therapies, acupuncture 
and electroacupuncture, as well as neuromodulation techniques 
exert multi-level effects ranging from peripheral repair to cen-
tral regulation. When combined with pharmacological treat-
ment, these modalities provide complementary benefits and 
support a more integrated management framework.

Among physical and exercise-based interventions, photobio-
modulation therapy (PBMT) and functional exercise demon-
strate notable analgesic and rehabilitative potential. PBMT 
improves mitochondrial function, modulates inflammatory 
responses, and promotes neural regeneration through light 
stimulation at specific wavelengths, thereby reducing pain sen-
sitivity. In parallel, aerobic exercise (for example, swimming) 
alleviates pain by regulating neuroimmune responses, and neu-
ral plasticity while preserving muscle function [154]. These 
findings support the value of multimodal non-pharmacological 
strategies in NP management.
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Increasing evidence has elucidated the molecular and circuit-
level mechanisms underlying acupuncture and electroacupunc-
ture-mediated analgesia. Electroacupuncture modulates multi-
ple stress-response and neuroprotective signalling pathways 
through stimulation of specific acupoints. For instance, it has 
been shown to inhibit ferroptosis via regulation of the SAT1/
ALOX15 pathway, thereby alleviating NP and suggesting fer-
roptosis as a potential therapeutic target [155]. At acupoints 
such as Zusanli (ST36) and Baihui (GV20), electroacupunc-
ture-induced analgesia may be associated with suppression of 
ferroptosis in spinal neurons, partially mediated by activation 
of the Nrf2 signalling pathway [156]. At the central level, elec-
troacupuncture also modulates functional activity in pain-
related brain regions. It has been reported to restore suppressed 
Tet1 expression in hippocampal neural stem cells (NSCs) and 
promote adult neurogenesis in the ventral dentate gyrus by alle-
viating Prox1 hypermethylation, thereby contributing to the 
long-term antidepressant effects of electroacupuncture in 
chronic neuropathic pain [157]. In addition, electroacupuncture 
attenuates NP by inhibiting endoplasmic reticulum stress medi-
ated by BIP and IRE-1α in the anterior cingulate cortex, high-
lighting the role of ER stress in pain pathophysiology [158]. 
Clinically, electroacupuncture has been shown to alleviate 
multiple NP symptoms, including burning pain, electric shock–
like sensations, and mechanical allodynia, while improving 
psychosocial function and quality of life; however, larger-scale 
studies are still required to validate its efficacy and generaliz-
ability [159].

Electroacupuncture treatment has been shown to provide  
neuromodulatory effects, and recent advances in neuromodula-
tion have led to increasing attention toward the combination 
of electroacupuncture with other neuromodulation modalities. 
Electroacupuncture produces significant antinociceptive ef- 
fects in models of chronic sciatic nerve compression that are 
increased by combined stimulation of the infralimbic region of 
the medial prefrontal cortex (mPFC), suggesting that different 
neuromodulatory strategies may have synergistic effects [160].

In conclusion, physical and exercise-based treatments, acu-
puncture and electroacupuncture, and neuromodulation strate-
gies all exert analgesic effects through coordinated regulation 
of inflammatory responses, cellular stress pathways, and cen-
tral neural networks. Integration of these non-pharmacological 
strategies with pharmacotherapy may facilitate a more holistic 
and individualized treatment paradigm, which could improve 
pain control as well as affective and behavioural changes asso-
ciated with chronic pain while also paving the way for integra-
tion with psychological and behavioural therapies.

7.2 Synergistic effects of psychological and behavioural 
interventions

In the comprehensive management of NP, pharmacological 
treatment alone is often insufficient to achieve satisfactory 

symptom control, and the incorporation of non-pharmacologi-
cal strategies has become an important component of multi-
modal care. Evidence indicates that, among patients with 
comorbid anxiety and depression, pharmacological therapies, 
including antiepileptic and antidepressant agents, remain fun-
damental treatment options, whereas early integration of non-
pharmacological interventions focused on physical activity 
may provide additional benefits in pain management and re- 
covery from pain-related disability [161]. Accordingly, behav-
ioural interventions and lifestyle-oriented strategies have 
become important components of multidisciplinary pain man-
agement. Patients with NP frequently experience emotional 
distress, impaired sleep, and reduced physical activity, which 
may further reinforce pain persistence through complex neuro-
psychological mechanisms. Structured behavioural approach-
es, including cognitive–behavioural therapy, graded activity 
programmes, and pain coping skills training, aim to modify 
maladaptive pain-related perceptions, reduce catastrophizing, 
and improve emotional regulation and coping capacity.

Lifestyle interventions also play a meaningful role in the long-
term management of chronic pain. Exercise, sleep hygiene, 
and psychological techniques may modulate pain processing 
through multiple biological and psychological pathways. 
Aerobic exercise has been shown to enhance neural plasticity 
and increase the amplitude of transcranial magnetic stimula-
tion (TMS)-induced motor evoked potentials (MEPs), suggest-
ing its involvement in regulating cortical excitability and sup-
porting functional recovery. There is a strong association 
between sleep disruption and greater pain interference, where-
as the relationship between sleep quality and pain severity 
seems to be bidirectional [162, 163]. Moreover, mindfulness-
based interventions have been shown to decrease pain inten- 
sity and unpleasantness as well as reduce negative emotional 
responses to pain [164]. Collectively, these findings indicate 
that exercise, sleep regulation, and psychological interventions 
may influence both neural and subjective pain processing and 
serve as effective adjuncts to NP management.

The rapid development of digital health technologies for be- 
havioural support and self-management of chronic pain has 
provided additional opportunities as well. Psycho-educational 
interventions based on combined disease-specific informa- 
tion and multidisciplinary self-management strategies, such as 
those developed for endometriosis, have been shown to reduce 
symptom burden, anxiety, depression and NP while improving 
disease-related knowledge and quality of life [165]. Digital 
interventions such as mobile applications, web-based learning 
platforms and remote monitoring systems enable ongoing de- 
livery of pain education, psychosocial support and symptom 
monitoring, facilitating enhanced patient engagement and tai-
lored management. Combining behavioural therapy, lifestyle 
modification, and digital interventions may provide additional 
benefits for long-term outcomes. Such approaches are charac-
terized by a multidisciplinary practice involving medical, psy-

https://doi.org/10.61189/167468gjipte


https://doi.org/10.61189/986324cwpmgi	 331

Perioperative Precision Medicine 2026; 4 (3): 313-341. Zhao 

chological and rehabilitation perspectives; thus, their applica-
tion requires effective collaboration among various health pro-
fessionals. Patient-centred, team-based care models may ulti-
mately offer a more integrated framework for optimizing NP 
management while facilitating the delivery of improved and 
personalized treatment strategies.

7.3 Role of multidisciplinary teams (MDTs) in pain man-
agement

The management of NP is inherently multifaceted, and one-
discipline-based approaches are often insufficient due to the 
diverse clinical manifestations and long-term care needs. 
MDTs offer a more integrated structure by bringing together 
the expertise of specialists, which fosters comprehensive as- 
sessment, collaborative clinical decision-making and personal-
ized treatment approaches. MDTs may enhance the quality of 
both therapeutic decision-making and the delivery of care for 
pain through this collaborative model.

Clinical pharmacists within multidisciplinary pain manage-
ment programmes have become more involved in optimizing 
pharmacological treatment. Clinical pharmacists involved in 
interdisciplinary care models have been shown to significantly 
reduce the overall medication use over five or more follow-up 
visits for patients undergoing chronic opioid therapy (COT).  
In addition, pharmacist-led interventions can improve adher-
ence to guideline-recommended prescribing practices, opti-
mize prescriptions with and without an opioid component, and 
increase access to evidence-based care [166]. Likewise, current 
guidelines for trigeminal neuralgia (TN) indicate MDT-based 
methods for both acute and chronic management. These app- 
roaches place a greater emphasis on collaborative evaluation 
and evidence-based decision-making, and treatments can be 
adapted according to ongoing assessments of clinical outcomes 
[167].

MDT-based care helps maximize pharmacotherapy, but also 
has potential benefits for longer-term outcomes in people with 
chronic pain. Psychological factors are closely associated with 
changes in pain-related disability, and early assessment of the 
psychological domain may facilitate earlier and more individu-
alized multidisciplinary interventions [168]. In clinical con-
texts, MDT approaches combine pharmacologic, psychologi-
cal, and rehabilitative strategies to deliver integrated pain man-
agement. Patients receiving MDT interventions have shown 
better pain control and improvement in functional outcomes at 
follow-up compared with conventional care, including a sig-
nificant reduction in movement-related pain scores at 3 months 
[169].

In summary, structured multidisciplinary collaboration is an 
important part of modern NP management. MDTs offer more 
patient-centered individualized care through a multidisci-
plinary approach, with expertise spanning clinical, psychologi-

cal, and rehabilitation domains. This model provides an im- 
portant approach toward advancing more personalized pain 
management and improving treatment outcomes, although it 
may vary in its implementation within healthcare settings.

8 DISCUSSION

Recent evidence indicates that NP may be better understood as 
a complex pathological condition arising from dysregulation 
of neuro–immune–synaptic networks rather than simply as a 
consequence of peripheral nerve injury. Following nerve inju-
ry, microglia and astrocytes undergo rapid activation, releas- 
ing pro-inflammatory mediators while concurrently promoting 
synaptic plasticity and increasing the excitability of dorsal horn 
neurons. Enhanced neuronal activity further reinforces neuro-
inflammatory signalling, resulting in the establishment of a 
sustained neuroimmune positive feedback loop. Within this 
regulatory framework, the Hv1 proton channel has emerged as 
an important modulatory component. Hv1 contributes to reac-
tive oxygen species (ROS) generation in microglia following 
spinal nerve transection (SNT), facilitates astrocyte activation, 
and increases interferon-γ (IFN-γ) expression, ultimately pro-
moting pain hypersensitivity [170]. These findings highlight 
the potential of targeting neuroimmune interactions and ion 
channel-mediated signalling pathways as therapeutic strategies 
for NP.

Despite the availability of multiple pharmacological interven-
tions, the overall therapeutic efficacy of current treatments 
remains suboptimal. Existing analgesic approaches primarily 
focus on modulating neurotransmitter systems or reducing 
neuronal hyperexcitability. For example, the tricyclic antide-
pressant amitriptyline produces analgesic effects through in- 
hibition of serotonin and noradrenaline reuptake; although 
approved by the US Food and Drug Administration (FDA) for 
depression treatment, it is widely used in clinical practice for 
NP management [171]. Similarly, calcium channel modulators, 
including gabapentin and pregabalin, are regarded as first-line 
treatments, with gabapentin demonstrating a favourable bal-
ance between analgesic efficacy and tolerability, thereby sup-
porting long-term treatment adherence [172]. Meanwhile, novel 
ion channel-targeting agents continue to be explored. The volt-
age-gated sodium channel modulator vixotrigine has demon-
strated good tolerability at single doses of up to 825 mg and 
repeated administration of 450 mg twice daily [173]. In addi-
tion, transient receptor potential (TRP) channels are important 
regulators of peripheral inflammatory pain. Increased TRPV1 
expression and reduced TRPM8 activity contribute to enhanced 
nociceptive signalling, whereas TRPM8 activation can sup-
press TRPV1 function in DRG neurons, providing a potential 
mechanism underlying the analgesic effects of menthol [174]. 
Collectively, these findings suggest that although modulation of 
specific molecular pathways can provide partial relief in NP, 
the complex interactions among neuroinflammation, synaptic 
plasticity, and neural repair processes limit the efficacy of sin-
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gle-target interventions. Therefore, therapeutic strategies capa-
ble of simultaneously addressing multiple pathological mecha-
nisms may better reflect the biological complexity of NP.

With the advancement of precision medicine, therapeutic strat-
egies for NP are gradually transitioning from empirical treat-
ment toward individualized approaches. Nevertheless, person-
alized NP management remains at an early stage, largely owing 
to the limited availability of reliable predictive biomarkers and 
validated decision-making frameworks. Future studies should 
focus on integrating multi-omics datasets, clinical phenotypes, 
and real-world evidence to establish comprehensive patient 
stratification systems that can facilitate treatment optimiza- 
tion. Furthermore, integrated therapeutic approaches combin-
ing multi-target pharmacological interventions, neuroimmune 
modulation, and regenerative strategies may offer a more effec-
tive framework for precision analgesia. The shift from single-
mechanism therapies toward network- and system-level regula-
tion will be essential for developing mechanism-based and 
personalized treatment strategies for NP.

9 LIMITATIONS OF THIS REVIEW

As a narrative review rather than a systematic review or meta-
analysis, this study may be subject to potential selection and 
interpretation bias, and quantitative estimates of therapeutic 
efficacy were not performed. Although systematic reviews and 
meta-analyses have generated important evidence regarding 
pharmacological interventions for NP, substantial heterogene-
ity remains across studies, including differences in disease eti-
ology, diagnostic criteria, treatment duration, and outcome 
measurements, which limits direct comparisons among thera-
peutic strategies [1, 27]. The evidence summarized in this 
Review spans multiple stages of therapeutic development, from 
cellular and animal experiments to early clinical investigations 
and established treatment approaches. These distinct levels of 
evidence should be interpreted according to their respective 
translational contexts rather than being considered directly 
comparable.

Importantly, many mechanism-based targets that demonstrate 
efficacy in experimental models have failed to achieve success-
ful clinical translation, largely due to discrepancies between 
preclinical models and human NP conditions, insufficient tar-
get specificity, and the absence of reliable biomarkers for iden-
tifying responsive patient populations [151, 175]. Several 
emerging therapeutic strategies, including stem cell-based 
therapies, exosome-derived products, nanomedicine, pharma-
cogenomics-guided interventions, and closed-loop neuromod-
ulation, are currently being actively explored. Although these 
approaches have demonstrated encouraging biological effects 
in preclinical models and early-stage clinical studies, their 
widespread clinical implementation will require further evi-
dence regarding long-term efficacy, safety profiles, manufac-
turing consistency, and cost-effectiveness. Nanomedicine, in 

particular, has shown considerable potential for improving 
drug targeting and enhancing therapeutic bioavailability. How- 
ever, challenges associated with in vivo distribution, large-
scale manufacturing, regulatory approval, and long-term sa- 
fety evaluation remain major barriers limiting clinical transla-
tion [107, 108]. Similarly, pharmacogenomic strategies designed 
to guide analgesic selection require additional prospective clin-
ical validation before they can be routinely integrated into NP 
management [176]. NP represents a biologically diverse group 
of disorders caused by multiple etiologies, including peripheral 
nerve injury, diabetes, chemotherapy, infection, and SCI. The 
considerable variation in clinical manifestations, underlying 
molecular mechanisms, and treatment responsiveness suggests 
that mechanism-based therapies are unlikely to provide consis-
tent benefits across all patients without reliable approaches for 
patient stratification [153]. Future studies combining detail- 
ed clinical phenotyping, molecular biomarker identification, 
multi-omics profiling, and prospective clinical validation will 
be critical for refining patient classification and advancing 
more individualized therapeutic strategies for NP.

10 CONCLUSION

NP is a biologically heterogeneous condition, arising from 
complex interactions among neuronal hyperexcitability, neuro-
immune activation, glial dysfunction, synaptic plasticity and 
pain-processing network remodeling. While conventional phar- 
macological therapies still constitute the core of clinical man-
agement, their suboptimal efficacy and the unwanted side 
effects associated with treatment indicate a necessity for thera-
peutic approaches more closely tailored to the underlying dis-
ease processes. In this Review, we assess recent advances in 
pharmacological therapies and novel approaches to alleviate 
NP within a mechanism-to-translation framework. Instead of 
focusing on experimental effectiveness alone in appraising 
potential therapies, we use a broader framework that integrates 
biological plausibility, strength of evidence, clinical feasibility, 
and translational limitations. This viewpoint highlights that 
for the successful development of NP treatments, not only do 
promising molecular targets need to be discovered but respon-
sive patient populations need to be precisely defined and pre-
dictive biomarkers need to be established, which requires a 
more concerted effort.

Although there has been great progress in understanding  
NP pathophysiology, translating mechanism-based discoveries 
into effective clinical therapies remains challenging. Numerous 
promising targets identified in preclinical studies have failed to 
translate into substantial clinical benefit, which likely high-
lights issues in disease modeling, target selectivity, and the sig-
nificant inter-patient NP heterogeneity. Novel strategies such  
as stem cell therapies, nanomedicine approaches, pharmaco- 
genomics-guided methods and closed-loop neuromodulation 
appear to offer exciting avenues for future therapy but need to 
be validated in well-designed studies prior to widespread clini-
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cal application. The future management of NP will likely 
depend on the combination of mechanistic classification, 
molecular biomarkers, multi-omic approaches and detailed 
clinical phenotyping in order to provide a better basis for pre- 
cision medicine. Adopting approaches that target mechanisms 
involved in neuropathic pain rather than relying on empirically 
driven interventions for the management of clinical symptoms 
may lead to enhanced outcomes and reduce the substantial bur-
den associated with chronic NP.
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