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Abstract

Neuropathic pain (NP) is a multifaceted condition with severe symptoms that have proven difficult to treat with conventional pharma-
cotherapies, which are hampered by partial efficacy and adverse effects. This review presents a comprehensive evaluation of the evolving
scientific literature, demonstrating the pivotal role of medicinal plants and isolated phytochemicals as promising therapeutic alternatives
for managing NP. This review also elucidates the complexity of NP pathophysiology, including peripheral and central sensitization,
neuroinflammation, ion channel dysregulation, and oxidative stress. The article subsequently details a broad range of plant-derived
compounds (e.g., curcumin, quercetin, and rosmarinic acid) and whole-plant extracts that have demonstrated efficacy in preclinical mod-
els, including chronic constriction injury (CCI), spared nerve injury (SNI), and chemotherapy-induced peripheral neuropathy (CIPN),
through anti-inflammatory, antioxidant, ion channel modulatory, and neuroimmune mechanisms. In addition, we note that combining
herbal therapeutics with conventional drugs yields synergistic effects that maximize analgesia and minimize side effects. Although there
are good preclinical outcomes, further clinical research is required, including standardization, bioavailability issues, and the undeniable
need for convincing human clinical studies. The review concludes that plant-based therapies can be considered a potential multi-target
approach to NP. Further, the review underscores that the move to clinical practice requires advanced delivery platforms, well-designed

clinical research, and a combination of strategies.
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1. Introduction

Neuropathic pain (NP) is a multifactorial, persistent
condition that arises from dysfunction of the somatosen-
sory nervous system, including peripheral nerves, the spinal
cord, and the brain. However, unlike nociceptive pain,
which results from tissue damage, somatic sensory pain,
including NP, develops from nerve damage or altered pain
processing. Fig. 1 depicts the multiple effects of oxidative
stress in various parts of the brain [1,2]. Common symp-
toms include spontaneous pain, allodynia (pain in response
to non-painful stimuli), and hyperalgesia (increased sensi-
tivity to painful stimuli), all of which affect quality of life.
Peripheral and central pathophysiological mechanisms in-
clude changes in ion channel expression, neuroinflamma-
tory processes, glial cell activation, and the uneven distri-
bution of excitatory and inhibitory neurotransmitters [3].
Since NP is a complex and heterogeneous disease, this con-
dition is sometimes resistant to conventional pharmacother-
apies. NP-related conditions include diabetic neuropathy,
postherpetic neuralgia, spinal cord injury, chemotherapy-
induced peripheral neuropathy (CIPN), and multiple sclero-
sis [4]. The signs and symptoms, and the level of severity,
vary depending on the location and magnitude of the nerve
damage.

The prevalence of NP affects approximately 7% to
10% of the global population and is especially high among
patients with diabetes, cancer, and various neurological dis-
eases [5]. The simultaneous drivers of both chronic dis-
eases and longer life expectancy have led to a concomi-
tant increase in the global effects of NP [6]. In addition to
the logical somatic distress, NP is associated with substan-
tial psychological morbidity, including anxiety, depression,
and sleep disturbance. Socioeconomic implications are also
significant, including high health expenditures, low produc-
tivity, and decreased quality of life [7,8]. Many NP cases
remain undiagnosed or untreated, underscoring the need for
more sensitive diagnostic tests and novel therapeutic ap-
proaches.

Conventional pharmacotherapies include antidepres-
sants (e.g., duloxetine), anticonvulsants (e.g., gabapentin
and pregabalin), opioids, and topical agents (e.g., lidocaine)
[6]. Although these agents can help relieve some symp-
toms, they often provide only partial success. In addition,
there are other negative side effects such as sedation, dizzi-
ness, and gastrointestinal disturbances, and dependence is
possible [9]. These effects may compromise overall qual-
ity of life. Tolerance and high inter-individual variability
in pharmacodynamic response also decrease long-term ef-
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Fig. 1. Free radicals create oxidative stress, which has multiple phases of effects on the brain and nerves. Oxidative stress first

causes neuroinflammation, which includes edema, aberrant signaling, and active immune cells. Next, oxidative stress promotes periph-

eral sensitization, which causes pain from light touch by making the nerves at the lesion site extremely sensitive to stimuli. Central

sensitization, which is typified by elevated activity in the brain and spinal cord that intensifies pain signals, follows. Fig. 1 was generated

from ChatGPT and then modified using Paint and Microsoft PowerPoint.

ficacy. Thus, considering these drawbacks, investigators
are increasingly turning to other treatments, and specific
modes of treatment using plant-derived and naturally oc-
curring substances are of particular interest [10].

Isolation of natural compounds from plant-derived
medicinal herbs has shown potential for managing NP be-
cause of their multi-target effects, antioxidant and anti-
inflammatory actions, and relatively low toxicity [11].
Ayurvedic and traditional Chinese medicine (TCM) have
long used formulations of herbal extracts to treat chronic
pain disorders. Plant-derived agents such as curcumin,
resveratrol, quercetin, and berberine have also shown ef-
ficacy in NP models in preclinical studies. These agents
modulate ion channels, inhibit proinflammatory cytokines,
and confer neuroprotection during oxidative stress [12]. Al-
though numerous reviews discuss phytochemicals in NP,
most remain descriptive compilations. The novelty of the
present review lies in:

» Comparative assessment of strength and reproducibility
of evidence.

* Integration of Ayurveda, TCM, Unani, and ethnomedic-
inal frameworks.

* Critical evaluation of safety, herb—drug interactions, and
bioavailability challenges.

* Synthesis of mechanistic similarities across diverse plant
families.

This review critically evaluates mechanistic,
ethnopharmacological, and translational evidence for
herbal and phytochemical interventions for NP, focusing
on comparative efficacy, safety, and cultural context across
global medical systems.

Literature Search Strategy and Selection Criteria

This narrative review summarizes current scientific
evidence on medicinal plants, phytochemicals, molecular
mechanisms, experimental models, and therapeutic out-
comes for managing NP. A comprehensive literature search
was performed using major scientific databases, including
PubMed/MEDLINE, Scopus, Web of Science, ScienceDi-
rect, Google Scholar, and SpringerLink. The literature
search covered publications from approximately 2000 to
2026, with greater emphasis on studies published in the
last decade to capture recent advances in phytochemical re-
search and mechanistic understanding.
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The search strategy included keyword combinations
such as “neuropathic pain”, “medicinal plants”, “phy-
tochemicals”, “plant extracts”, “bioactive compounds”,
“anti-inflammatory mechanisms”, “oxidative stress”, “neu-
roprotection”, “microglial activation”, “transient receptor
potential vanilloid 1 (TRPV1) modulation”, “nuclear fac-
tor kappa-B (NF-xB) pathway”, “mitogen-activated pro-
tein kinase (MAPK) signaling”, “animal models of neuro-
pathic pain”, “chronic constriction injury (CCI)”, “spared
nerve injury (SNI)”, “chemotherapy-induced peripheral
neuropathy”, and “diabetic neuropathy”. Boolean opera-
tors (AND/OR) were used to refine the search results.

The literature selection was based on predefined crite-
ria. Studies that met the following criteria were included:

(i) investigated medicinal plants, plant extracts, iso-
lated phytochemicals, or purified bioactive molecules with
reported activity against NP; (ii) evaluated pharmacological
effects using validated in vitro, in vivo, or mechanistic ex-
perimental models; (iii) provided information on molecular
pathways, inflammatory mediators, modulation of oxida-
tive stress, neuronal protection, or pain-related behavioral
outcomes; (iv) were published as original research articles,
relevant review articles, or authoritative scientific reports in
peer-reviewed journals.

Studies that met any of the following criteria were
excluded: (i) lacked experimental validation; (ii) focused
exclusively on acute nociceptive pain and were not rele-
vant to neuropathic mechanisms; (iii) did not provide suf-
ficient information on plant identification, phytochemical
constituents, or therapeutic outcomes; or (iv) were dupli-
cate publications, conference abstracts, non-peer-reviewed
sources, or articles unavailable in full text.

2. Pathophysiology of NP

NP results from a multifactorial interplay among pe-
ripheral nerve damage, central sensitization, neuroinflam-
mation, and oxidative stress. Elucidating these processes
provides a pathophysiological framework that guides treat-
ment approaches, especially plant- or herb-based interven-
tions [13]. Fig. 2 illustrates the general pathophysiology of
NP.

2.1 Peripheral Sensitization Mechanisms

Peripheral sensitization is the heightened responsive-
ness of nociceptive afferent neurons after nerve injury.
Damaged sensory axons release proinflammatory media-
tors, including prostaglandins, bradykinin, tumor necro-
sis factor-alpha (TNF-a), and interleukin-1 beta (IL-1p),
which lower the activation threshold of these neurons [14].
Concurrently, voltage-gated sodium channels (Navl.7,
Nav1.8), calcium channels, and transient receptor poten-
tial (TRP) channels are upregulated, further amplifying pain
[15]. This shift in neurophysiological profile leads to spon-
taneous neuronal firing and heightened pain perception,
even in response to benign stimuli [16].
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2.2 Central Sensitization and Plasticity

Chronic pain leads to reorganization of spinal cord and
cerebrum function, known as central sensitization. This re-
organization is characterized by increased concentrations
of excitatory neurotransmitters, particularly glutamate and
substance P, a simultaneous decrease in the activity of in-
hibitory components using y-aminobutyric acid (GABA) or
glycine, and sustained synaptic excitation [17]. Microglial
and astrocytic activation in the spinal cord, respectively, re-
sults in the release of cytokines and neurotrophic factors
involved in persistent pain [18]. Collectively, these neuro-
plastic alterations can contribute to the prolonged duration
of pain even after the initial tissue injury has healed and
allow the pain chronification process and its possible ex-
tension to non-injured tissues to occur [19].

2.3 Neuroinflammation and Immune Crosstalk

Neuroinflammation is a primary pathogenic mech-
anism of NP and is facilitated by the activation of res-
ident immune cells, most notably microglia, astrocytes,
macrophages, and the many subtypes of T cells [20].
These immune effector cells secrete proinflammatory cy-
tokines (e.g., interleukin-6 [IL-6], tumor necrosis factor-
alpha (TNF-a), and interleukin-1) and chemokines, which,
in turn, sensitize neurons and promote synaptic transmis-
sion [21]. Specifically, this crosstalk between the im-
mune and nervous systems is mediated by Toll-like recep-
tors (TLRs), particularly TLR4, and enhances pain percep-
tion. Persistent neuroinflammation remains central to the
development and maintenance of NP. Therefore, inflamma-
tory pathways are a promising therapeutic focus, and anti-
inflammatory phytochemicals that have the potential to al-
ter these mechanisms and, ultimately, decrease NP are be-
ing tested in preclinical trials [22].

2.4 Role of lon Channels and Neurotransmitters

Pain signal generation and transmission are mediated
by ion channels, including TRPV1, Navl.7, Navl.8, and
Cav2.2 [23]. Pathological changes in the expression or
function of these channels may trigger ectopic discharges,
spontaneous pain, and hyperalgesia [24]. Excitatory ef-
fects are potentiated by neurotransmitters such as glutamate
and substance P, which act as agonists, whereas GABA
and glycine mediate inhibitory actions. In NP, the balance
is strongly shifted toward the excitatory pathway, and in-
hibitory pathways are often downregulated [25]. These ion
channels and the neurotransmitter systems that run through
these pathways can be modulated by specific herbal mix-
tures, thereby restoring the system to its physiological state.

2.5 Oxidative Stress and Mitochondrial Dysfunction

Elevated reactive oxygen species (ROS) are linked to
NP, subsequently leading to oxidative stress in the nervous
system [26]. This hyperoxidative state causes mitochon-
drial dysfunction, DNA damage, and proinflammatory sig-
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Integrated Molecular Pathophysiology of Neuropathic Pain and Therapeutic Targets of Herbal Phytochemicals
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Fig. 2. General pathophysiology of neuropathic pain. DAMPs, damage-associated molecular patterns; PAMPs, pathogen-associated

molecular patterns; TLR4, Toll-like receptor 4; MyD88, myeloid differentiation primary response 88; ROS, reactive oxygen species;
Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; NQO1, NAD(P)H:quinone oxidoreductase 1; GSH, glu-
tathione; TNF-a, tumor necrosis factor-alpha; IL-1p, interleukin-1 beta; IL-6, interleukin-6; COX-2, cyclooxygenase-2; iNOS, inducible

nitric oxide synthase; AMPK, AMP-activated protein kinase; TRPV 1, transient receptor potential vanilloid 1; NADPH, nicotinamide ade-

nine dinucleotide phosphate; 5-LOX, 5-lipoxygenase; CBD, cannabidiol; EGCG, epigallocatechin gallate; CIPN, chemotherapy-induced

peripheral neuropathy. Fig. 2 was generated from ChatGPT and then modified using Paint and Microsoft PowerPoint.

naling cascades. Mitochondrial impairment then decreases
adenosine triphosphate in neuronal cells, increases energy
metabolic deficits, and maintains chronic allodynia [27].
Therefore, the use of pharmacotherapies to boost ROS pro-
duction and mitochondrial integrity, such as via the antiox-
idant effects of curcumin, quercetin, or resveratrol, holds
potential as new treatment options in the management of
NPs [28].

3. Diagnostic and Experimental Models of
NP

NP remains a clinical enigma because of its multi-
factorial etiology, heterogeneous presentations, and poor
response to treatment. Accurate diagnosis and modeling
are critical for elucidating mechanisms and assessing novel
therapies. This section outlines the available clinical diag-
nostic approaches and widely used experimental models for
NP research [29].

Rodent NP models (CCI, SNI, partial sciatic nerve
ligation [PSL], CIPN) provide essential mechanistic in-
sights but do not fully capture the complexity of human NP.

Moreover, these models lack chronicity, emotional burden,
drug—gene interactions, and comorbidity effects. There-
fore, all findings herein should be interpreted as preclinical
unless supported by human data.

3.1 Clinical Diagnostic Approaches

The diagnosis of NP in routine clinical practice relies
on medical history, a thorough neurological examination,
and validated pain estimation tools. Standardized ques-
tionnaires, including the Douleur Neuropathique 4 (DN4),
Leeds Assessment of Neuropathic Symptoms and Signs
(LANSS), and PainDETECT [29,30], are frequently used
to distinguish NP from other types of pain. Quantitative
sensory testing (QST) is a relatively harmless procedure
that determines magnitude thresholds for warmth, pressure,
and vibration stimuli and provides functional data on sen-
sory impairment [31]. Confirmation of peripheral nerve in-
jury can be achieved through electrophysiological examina-
tions such as nerve conduction studies and somatosensory
evoked potentials [32]. When structural or metabolic ab-
normalities are suspected, imaging modalities, e.g., mag-
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netic resonance imaging (MRI) and positron emission to-
mography (PET) scans, are used. Recently, researchers
have stepped up efforts to develop composite biomarkers
for NP [33]. Most interesting results show increased proin-
flammatory cytokines, glial markers, and particular mi-
croRNAs in both clinical and preclinical situations [34].
However, to date, no single gold-standard test or biomarker
has been used, and the development of this area of research
reminds us of the complexity of NP diagnosis [35,36].

3.2 Commonly Used Animal Models

NP uses experimental models, which are essential
for studying pathophysiological mechanisms and assess-
ing novel therapeutic regimens. Examples include physi-
cal, chemical, or disease-induced nerve injury, and all of
these successfully model phenomena observed in human
NP, such as allodynia and hyperalgesia, at both the central
and peripheral levels.

3.3 Chronic Constriction Injury (CCI)

The Bennett and Xie CCI model. This model uses a
loosely wrapped ligature around the sciatic nerve to cause
partial nerve damage [37]. The occurrence of spontaneous
nociceptive activity and tactile allodynia makes this proto-
col recapitulate the characteristics of human NP. The model
also induces neuroinflammation and glial activation, allow-
ing the evaluation of anti-inflammatory measures [38].

3.4 Spared Nerve Injury (SNI)

The SNI model involves two branches of the proxi-
mal sciatic nerve, which are restrained by sectioning and
ligature of the nerve, and the third branch is left untouched.
This procedure induces stable pain-like behaviors with only
mild locomotor deficits in an experimental manner [39].
The SNI model has been indicated in the literature as one
of the most reproducible and reliable preclinical models to
investigate NP [40,41].

3.5 Chemotherapy-induced Peripheral Neuropathy (CIPN)

CIPN typically resembles the neuropathy caused by
paclitaxel, oxaliplatin, vincristine, and other such agents
[42]. These agents typically cause loss of sensation, spon-
taneous pain, and morphological damage to peripheral
nerves. CIPN models have attracted increasing interest in
recent years due to the growing clinical burden of NP as-
sociated with these agents [43,44]. These models elucidate
mechanisms of drug-induced neurotoxicity, including ox-
idative stress, mitochondrial injury, and channel dysregula-
tion [45].

3.5.1 Comparative Strength of Evidence

High-evidence compounds (multiple studies, mecha-
nistic clarity):

+ Curcumin, quercetin, epigallocatechin gallate (EGCG),
rosmarinic acid, withanolides.
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Moderate evidence:

* Diosgenin, bacosides, thymol. Low-evidence (single-
study/single-mechanism):

» Tabernaemontana catharinensis, Pterodon pubescens,
Erythrina variegata.

3.5.2 Mechanistic Similarities Across Plant Families

* Anti-inflammatory dominance: Curcumin, rosmarinic
acid, boswellic acids, thymoquinone.

» Antioxidant dominance: EGCG, quercetin, bacosides,
resveratrol.

* Ion channel modulation: Capsaicinoids (TRPV1), gin-
senosides (Nav1.7), cannabinoids (CB1/CB2).

* Neuroregeneration: Withanolides, asiaticoside, hyper-
forin.

3.5.3 Critical Perspective

This comparative approach demonstrates that not all
herbs possess equal translational potential. Plants sup-
ported by multiple independent laboratories using different
models are more reliable than those with single-source data.

4. Overview of Medicinal Plants and
Phytochemicals in NP

4.1 Selection Criteria and Literature Scope

Medicinal plants and phytochemicals were se-
lected for demonstrated efficacy in preclinical or clinical
models of NP. The literature included studies reporting
apparent analgesic outcomes, replicable experimental
protocols, and recognized active phytoconstituents.
Most studies used rodent models of NP, such as CCI
or CIPN, to assess the therapeutic activity of different
plant-derived compounds.  Only herbal products that
showed reproducible results, mechanistic insight (e.g.,
anti-inflammatory or antioxidant effects), and low toxicity
profiles were selected for this review (Table 1, Ref.
[46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,
64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81]).
The phytochemicals chosen ranged from polyphenols and
alkaloids to terpenoids and glycosides, based on the quality
of the evidence. Clinical trials were considered where
available, particularly when they provided information on
dose, tolerability, and mode of administration. Research
on the synergistic action of plant extracts with standard
analgesics was also considered useful for inclusion
[46,47,48,82].

4.2 Classification: Whole Plants vs. Isolated Compounds

Extensive research has examined both crude plant ex-
tracts and identified phytochemicals for the management
of NP. Whole plant extracts contain numerous active com-
pounds that may interact to yield diverse therapeutic effects.
These extracts contain terpenes, alkaloids, flavonoids, and
saponins that synergistically modulate multiple pain signal-
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ing systems. Conversely, certain substances can serve as
distinct treatments. These extracts are easier to adminis-
ter and investigate because each is typically standardized
for purity. Conventional medicine typically employs whole
plant extracts, often in the form of tinctures, powders, or
decoctions. Medications derived from Withania somnifera,
Tinospora cordifolia, or Ocimum sanctum may confer ben-
efits in animal models of NP through mechanisms such as
reducing oxidative stress or inhibiting proinflammatory cy-
tokines.

In contrast to single-target medications, polypharma-
cology may also reduce the likelihood of tolerance devel-
opment. The well-defined chemical components of pure
substances make them common study tools in pharmaco-
logical investigations (e.g., quercetin in Sophora japonica
or curcumin in Curcuma longa). These compounds exhibit
reproducible pharmacodynamics and can be incorporated
into innovative drug-delivery methods, such as liposomes
or nanoparticles, to enhance bioavailability. To clarify the
classification, Table 1 summarizes examples of both types
used in NP models, and Table 2 presents their strengths and
limitations.

4.3 Most Frequently Studied Families in NP

In herbal medicine and the management of NP, cer-
tain plant families are frequently examined for their high
concentrations of phytochemicals and their historical ap-
plication in medicinal practices. The families Lamiaceae,
Zingiberaceae, Fabaceae, Solanaceae, and Asteraceae are
most commonly used in experimental and clinical research.
Examples of the Lamiaceae family include Rosemary (Ros-
marinus officinalis), holy basil (Ocimum sanctum), and
Salvia miltiorrhiza. These plants are abundant in essential
oils, polyphenols, and flavonoids, exhibiting neuroprotec-
tive, antioxidant, and anti-inflammatory properties. Ros-
marinic acid and carnosic acid from Rosmarinus officinalis
have shown the capacity to inhibit microglial activation,
subsequently leading to behavioral enhancements in NP
models [48]. Likewise, Salvia miltiorrhiza is abundant in
tanshinones and suppresses MAPK pathways and neuroin-
flammation [63].

The Curcuma longa (turmeric) and Zingiber offici-
nale (ginger) family has been extensively studied for its
potent anti-inflammatory and antioxidant properties. Cur-
cumin, the main active compound in turmeric, has been re-
ported to suppress NF-«kB activation and proinflammatory
cytokines such as TNF-a and IL-6, thereby reducing neuro-
pathic symptoms in CCI and SNI models [49,50,56]. Gin-
gerols from Zingiber officinale target suppression of neu-
roinflammation receptors and exert analgesic effects, fur-
ther supporting the extensive research on this family in NP
studies [46,52].

Fabaceae, significant family, includes
Glycyrrhiza glabra (licorice) and Mucuna pruriens.
The bioactive constituents glycyrrhizin and L-3,4-

another

Dihydroxyphenylalanine  (L-DOPA) mediate  anti-
neuroinflammatory and dopaminergic —mechanisms,
respectively, thereby modulating the sensory and emo-
tional aspects of pain [47,82]. Licorice extracts have been
shown to alleviate pain behavior and reduce oxidative
stress in neuropathic animals [47,82]. Capsaicin, a TRPV1
agonist derived from Capsicum annuum, a member of the
Solanaceae family, initially induces a burning sensation
and ultimately desensitizes the receptor, thereby diminish-
ing afferent transmission of pain through peripheral nerve
fibers [83]. Meanwhile, topical capsaicin preparations
have also been clinically used to manage postherpetic
neuralgia and diabetic neuropathy [84,85].

Furthermore, the Asteraceae family includes a signif-
icant presence of sesquiterpene lactones and flavonoids in
Arnica montana and Matricaria chamomilla. These com-
pounds are promising due to their neurosedative and anti-
inflammatory activities. Arnica montana reduces inflam-
matory cytokines and provides neuroprotection in rodent
models of neuropathy [86,87].

5. Pharmacological Mechanisms of Herbal
Therapies in NP

5.1 Anti-inflammatory Actions

Inflammation is a major driver of the induction and
maintenance of NP. Following peripheral nerve injury, the
immune system is activated, releasing proinflammatory cy-
tokines such as TNF-a, IL-1B, and IL-6. These sensitized
nociceptors result in persistent excitation of pain pathways
even without reinjury. Sensitization mechanisms lead to
chronic pain, characterized by both peripheral and central
sensitization. Notably, numerous plant compounds have
been shown to block inflammatory mediators, thereby al-
leviating pain in NP models. Curcumin, a key active com-
ponent of Curcuma longa, has been extensively studied
for its potential anti-inflammatory activity. Curcumin sup-
presses the NF-kB signaling cascade, resulting in inhibition
of TNF-a and IL-1B production. Moreover, curcumin has
demonstrated efficacy in considerably reducing hyperalge-
sia by suppressing the pain pathway in animal models of NP
and by alleviating the post-inflammatory process through
reduced inflammatory cytokines. Resveratrol, a stilbene
present in grapes and berries, inhibits NF-kB pathways and
demonstrates substantial anti-inflammatory effects in phar-
macological studies involving sciatic nerve injury, resulting
in enhanced behavior and decreased glial activation [54].

Flavonoid-derived  baicalein from  Scutellaria
baicalensis significantly reduces inflammation by inhibit-
ing the TLR4/NF-kB pathway. Notably, intraperitoneal
administration of baicalein in CCI models lowered nerve
edema, reduced cytokine expression, and enhanced noci-
ceptive thresholds [55]. Another popular herbal medicine,
Withania somnifera (ashwagandha) root extract, has shown
significant neuroprotection in neuropathic models. Indeed,
ashwagandha decreases spinal cord levels of TNF-a and
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Table 1. Medicinal plants and phytochemicals investigated for neuropathic pain: classification, mechanisms, experimental models, and therapeutic outcomes.

Type Plant/pure compound Experimental model Mechanism of action Therapeutic outcome Ref.
(source)
Pure compound Curcumin (Curcuma longa) ~ CCI, diabetic neuropathy 1 TNF-q, | IL-1B, antioxidant activity | allodynia and hyperalgesia [49,50,51]
Extract Zingiber officinale (Ginger) ~ SNI COX inhibition, suppression of neuroinflammation | pain sensitivity, | inflammation [46,52,53]
Extract Glycyrrhiza glabra CCI NF-«B inhibition, antioxidant Nerve protection, | oxidative stress [47,54,55]
Extract Rosmarinus officinalis CIPN ROS scavenging, cytokine suppression Neuroprotection, | neuroinflammation [48,56,57]
Pure compound  Quercetin CCI, other NP models Microglial suppression, antioxidant activity Reversal of neuropathic pain behavior [58,59,60]
Pure compound Diosgenin CCI | TNF-q, anti-inflammatory activity | mechanical allodynia [61,62]
Pure compound Tanshinone I1A (Salvia milti- SNL MAPK inhibition, cytokine suppression Reduced pain response [63]
orrhiza)
Extract Tabernaemontana Mouse pain models TRPA1 modulation, anti-inflammatory activity Antinociceptive effect [64]
nensis
Pure compound Betanin (Beta vulgaris) Cerebral ischemia-reperfusion in- Antioxidant activity; activation of Nrf2 signaling Neuroprotective effects; | oxidative stress [65,66]
jury; STZ-induced diabetes
Extract Withania somnifera LPS/B-amyloid-stimulated mi- | microglial activation and pro-inflammatory media- ! neuroinflammation; neuroprotection [67,68]
croglial cells; restraint-stress —tors; neuroprotective activity
mice
Pure compound Thymoquinone Diabetic neuropathy Antioxidant and neuroprotective activity Neuroprotection in diabetic neuropathy [69]
sativa)
Pure compound EGCG (Camellia sinensis) Dorsal root crush injury T KAT6A, inhibition of pyroptosis Improved sensory function recovery [70]
Extract Bacopa monnieri CCI Neuroprotective and antinociceptive effects | allodynia and hyperalgesia [71]
Extract Piper nigrum/Piper longum  Paclitaxel-induced CIPN | inflammatory and oxidative stress markers | thermal hyperalgesia and neuropathic [72]
pain
Extract Tinospora cordifolia Paclitaxel-induced CIPN Soluble epoxide hydrolase inhibition; antioxidant ac- | cold allodynia and mechanical hyperal- [73]
tivity gesia
Extract Boswellia serrata Oxaliplatin-induced CIPN 5-LOX and NF-kB inhibition | inflammatory neuropathic pain [74,75]
Extract Hypericum perforatum Mouse CNS behavioral models ~ Modulation of central nervous system activity CNS and antidepressant effects [76]
Extract Centella asiatica AB1-40-induced neurotoxicity in Activation of antioxidative defence system Neuroprotection against AB-induced neu- [77]
neuronal cells ronal toxicity
Pure compound Cannabidiol CIPN CB1/CB2 receptor modulation, microglial suppression | pain scores, neuroprotection [78,79]
(Cannabis sativa)
Extract Pterodon pubescens PSNL Vouacapan derivatives, cytokine modulation | inflammation and pain [80]
Extract Ocimum sanctum (Tulsi) Inflammatory and nociceptive an- Anti-inflammatory and analgesic activity | inflammation and nociceptive pain [81]

imal models

CCI, chronic constriction injury; SNI, spared nerve injury; CIPN, chemotherapy-induced peripheral neuropathy; ER, endoplasmic reticulum; HPA, hypothalamic-pituitary-adrenal; MAO, monoamine

oxidase; CB1/CB2, cannabinoid receptor type 1/cannabinoid receptor type 2. | = decrease and 1 = increase.
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Table 2. Medicinal plants and phytochemicals investigated for neuropathic pain: strengths, limitations, and relative translational potential.

Medicinal plant/source

Major phytochemical(s)

Mechanism(s) relevant to neuropathic

pain management

Strengths

Limitations/challenges

Relative translational potential

o)

)

(i

4
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Curcuma  longa L.

(turmeric)

Withania somnifera (L.)

Dunal (ashwagandha)

Boswellia serrata Roxb.

Cannabis sativa L.

Glycyrrhiza glabra L.
(licorice)

Ginkgo biloba L.

Camellia sinensis (L.)

Kuntze (green tea)

Zingiber officinale

Roscoe (ginger)

Piper nigrum L. (black
pepper)

Tinospora cordifolia
(Willd.) Hook.f. &
Thomson (Guduchi)

Mucuna pruriens (L.)
DC.
Centella asiatica (L.) Ur-
ban

Curcumin, desmethoxy-

curcumin, and  bis-

demethoxycurcumin

Withanolides (With-
aferin A, Withanoside
IV, Withanoside V)

Boswellic acids (AKBA)

Cannabinoids (CBD,
THC, CBG)
Glycyrrhizin, liquiritin,
and glabridin
Flavonoids  (quercetin
derivatives) and ter-
penoids  (ginkgolides,
bilobalide)

Epigallocatechin gallate
(EGCG)

Gingerols and shogaols

Piperine

Tinosporaside, alkaloids,
and diterpenoids

L-DOPA,
and phenolics

flavonoids,

Asiaticoside, madecasso-
side, and asiatic acid

Modulation of NF-kB, COX-2, TNF-a,
IL-1P, oxidative stress reduction, and
inhibition of microglial activation

Regulation of oxidative stress, neuroin-
flammation, GABAergic modulation,
and neuronal regeneration
S-lipoxygenase inhibition, reduction of
inflammatory mediators, and inhibition
of leukotriene synthesis

Activation of CB1/CB2 receptors, mod-
ulation of neurotransmitter release, and
reduction in neuroinflammation
Antioxidant activity, inhibition of in-
flammatory cytokines, modulation of
oxidative injury

mitochondrial

Antioxidant activity,

protection, modulation of neuronal

apoptosis

Antioxidant action, suppression of in-
flammatory pathways, and inhibition of
oxidative neuronal damage

TRPV1 modulation, COX/LOX in-
hibition,

inflammatory effects

and antioxidant and anti-

Enhances bioavailability of other phy-
tochemicals; anti-inflammatory and an-
tioxidant activity
Immunomodulation, antioxidant ef-
fects, and suppression of inflammatory
cytokines

Dopaminergic modulation, antioxidant
activity, and neuroprotection
Neuroregeneration, antioxidant ac-
tivity, and enhancement of neuronal

growth factors

Extensive preclinical evidence; strong
anti-inflammatory and antioxidant ac-
tivity; good safety profile; multitarget
action

Neuroprotective activity; adaptogenic
properties; improves nerve function and
stress-related pain pathways

Strong anti-inflammatory profile; es-
tablished use in inflammatory disorders

Demonstrated analgesic effects; clini-
cal evidence available for some neuro-
pathic pain conditions

Neuroprotective and anti-inflammatory

properties; good traditional acceptance

Evidence for neuroprotection and pe-
ripheral nerve function improvement

Strong antioxidant capacity; neuropro-
tective effects established

Natural analgesic potential; multiple

pain-related pathways targeted

of
administered compounds; synergistic

Improves absorption co-
potential
Traditional importance; immunoprotec-

tive and neuroprotective effects

Established neurological relevance; an-
tioxidant protection

Promotes nerve repair and cogni-
tive/neural protection

Poor aqueous solubility, low oral
bioavailability, and rapid metabolism;

inconsistent clinical outcomes

Limited neuropathic pain-specific clin-

ical trials; dose standardization issues

Limited direct evidence in neuropathic
pain; poor water solubility

Psych activity (THC), regulatory issues,
tolerance, and adverse effects
Excessive use

may cause

mineralocorticoid-related adverse
effects; limited neuropathic pain stud-
ies

Complex extract composition; variable
standardization

Low bioavailability; limited neuro-

pathic pain clinical validation

Limited neuropathic pain-specific evi-

dence; pharmacokinetic limitations

Limited independent analgesic ev-
idence; possible  gastrointestinal
irritation

Limited molecular evidence in neuro-

pathic pain; quality variation

Mainly studied in Parkinson’s disease;
neuropathic pain evidence limited
Limited controlled neuropathic pain
studies

High: promising with nanocarriers, li-
posomes, phospholipid complexes, and
enhanced bioavailability systems

Moderate-high: suitable for standard-

ized extracts and combination therapies

Moderate:
neuropathy and adjunct therapy

potential in inflammatory

High but regulated:
translation potential with controlled

strong clinical

cannabinoid formulations
Moderate: requires dose optimization
and safety evaluation

Moderate: potential for diabetic neu-
ropathy and nerve regeneration ap-
proaches

Moderate: promising when combined
with delivery enhancement strategies

Moderate: suitable as supportive ther-

apy

Moderate—high: valuable as a bioavail-
ability enhancer in phytopharmaceuti-
cal combinations

Moderate:

tracts and mechanistic studies

requires standardized ex-

Moderate: possible role in neuropathic
pain associated with neurodegeneration
Moderate—high: attractive candidate for
nerve regeneration-based therapy
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Table 2. Continued.

Medicinal plant/source

Major phytochemical(s)

Mechanism(s) relevant to neuropathic

pain management

Strengths

Limitations/challenges

Relative translational potential

Aloe vera (L.) Burm.f.

Salvia

(sage)

officinalis L.

Nigella sativa L. (black

cumin)

Hypericum  perforatum
L. (St. John’s Wort)

Vitis vinifera L. (grape
seed)
Berberis aristata
DC./berberine-
containing plants

Aloin, aloe-emodin, and

polysaccharides
Rosmarinic acid,
flavonoids, and es-
sential oils
Thymoquinone
Hypericin, hyperforin,
and flavonoids
Proanthocyanidins ~ and
resveratrol

Berberine

Anti-inflammatory, antioxidant, and

modulation of cytokine pathways

Antioxidant activity, modulation of in-
flammatory mediators, and ion chan-
nels

Suppression of NF-kB, antioxidant ef-
fects, modulation of opioid pathways

Modulation of serotonin, dopamine,
and inflammatory pathways
inhibition of

Antioxidant activity,

oxidative nerve damage, and anti-
inflammatory effects

AMPK activation, inhibition of inflam-
matory cytokines, and antioxidant ac-

tivity

Good safety profile; wound-healing and
anti-inflammatory benefits

Strong phytochemical profile; antioxi-

dant neuroprotection

Strong anti-inflammatory and neuro-
protective activity; multiple animal
studies

Evidence of neuropathic pain and
mood-associated pain disorders

Strong free radical scavenging ability;

vascular protective effects

Broad pharmacological activity; emerg-

ing evidence in diabetic neuropathy

Limited systemic neuropathic pain evi-
dence

Limited in vivo neuropathic pain valida-

tion

Limited human neuropathic pain trials;

bioavailability concerns
Drug interactions; variable active con-

stituent levels
Limited direct neuropathic pain studies

Poor absorption; gastrointestinal effects

Low—moderate: more suitable for top-
ical neuropathic pain-associated condi-
tions

Moderate: requires further pharmaco-
logical evaluation

Moderate-high: promising candidate
for standardized formulations

Moderate: potential but requires strict
standardization

Moderate:
ropathy management

potential in diabetic neu-

Moderate—high: suitable  for

nanoformulation-based approaches

AKBA, 3-O-Acetyl-11-keto-B-boswellic acid; THC, A°-Tetrahydrocannabinol (Delta-9-tetrahydrocannabinol); CBG, Cannabigerol; L-DOPA, Levodopa (L-3,4-dihydroxyphenylalanine); GABAergic, Gamma-
Aminobutyric Acid (GABA)-ergic.
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IL-6 and abolishes pain-like behaviors [83]. Quercetin, a
plant flavonoid found in onions and apples, inhibits proin-
flammatory signaling pathways such as MAPK and NF-kB,
thereby reducing the release of pain-causing cytokines. In-
traperitoneal administration of quercetin in rat models of
sciatic nerve injury alleviated pain responses and inflamma-
tion [84]. Analogously, Glycyrrhiza glabra (licorice root)
extract produced significant reductions in IL-1 and TNF-a
levels in animals with peripheral nerve injury, thereby sup-
porting the use of licorice root extract in inflammatory neu-
ropathies [86].

Boswellia serrata, or Indian frankincense, contains
boswellic acids that suppress COX-2, an enzyme central to
inflammation. Animal studies have demonstrated the ef-
fectiveness of Indian frankincense against thermal hyper-
algesia and inflammatory markers after nerve injury [87].
Combining herbal substances with traditional drugs has also
been effective.

5.2 Antioxidant and Free Radical Scavenging

Oxidative stress is a process involved in the patho-
physiology of NP. Oxidative stress is initiated by elevated
formation of ROS and the inability of the body to neutralize
ROS through internal antioxidants. Overproduction of ROS
can lead to oxidative damage to neuronal membranes, pro-
teins, and DNA, resulting in neuroinflammation, ion chan-
nel dysfunction, and neuronal hyperexcitability. Herbal
molecules with antioxidant action are critical in protecting
neurons and preventing NP by scavenging free radicals and
augmenting the action of antioxidant enzymes [56,88,89].

The antioxidant effects of curcumin have significantly
reduced ROS and increased antioxidant enzymes such as
superoxide dismutase (SOD), catalase (CAT), and glu-
tathione peroxidase (GPx). A study utilizing a rat CCI ani-
mal model showed that curcumin improved neuronal struc-
ture and increased malondialdehyde (MDA), a significant
marker of lipid peroxidation [90]. Quercetin demonstrated
efficacy as a neuroprotective drug by decreasing MDA lev-
els and enhancing SOD enzyme activity in spinal cord tis-
sue, while also alleviating neuropathic symptoms in sciatic
nerve ligation models [59].

Rosmarinic acid, a polyphenol in Rosmarinus offici-
nalis, exhibited antioxidant effects in rats with neuropathy
by lowering nitrosative stress and increasing glutathione,
thereby reducing allodynia and hyperalgesia [56].

Diosgenin, a steroidal saponin derived from
Dioscorea spp., has demonstrated efficacy in restor-
ing mitochondrial function and diminishing oxidative
stress in damaged nerve tissues [88]. Flavonoids such
as baicalein and kaempferol safeguard neurocells from
oxidative stress by directly neutralizing intracellular radi-
cals and indirectly by promoting Nrf2-mediated activation
of intrinsic antioxidant defense mechanisms [91,92].
Withania somnifera extract improved levels of endogenous
antioxidants in dorsal root ganglion neurons and spinal
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cord tissue, thereby inhibiting ROS-induced apoptosis and
enhancing pain thresholds [67,68].

5.3 Modulation of Ion Channels and Receptors (e.g.,
TRPVI, Navi.7)

Modulation of ion channels and receptors is essen-
tial to the pathogenesis and management of NP. Nocicep-
tive transmission is mediated by the activation of voltage-
gated sodium channels (e.g., Nav1.7), voltage-gated cal-
cium channels, and TRPV1 receptors in peripheral and cen-
tral neurons. Herbal remedies have been shown to modulate
these targets, thereby reducing pain [85,89,93,94].

TRPV1 is a non-selective cation channel primarily ex-
pressed in nociceptive neurons. TRPV1 is stimulated by
heat, protons, and vanilloids such as capsaicin, leading to
depolarization and pain transmission. Various herbal con-
stituents have been demonstrated to activate TRPV1. Cap-
saicin, a naturally occurring compound in Capsicum an-
nuum, activates and desensitizes TRPV1 and is a commonly
used topical agent for local NP [83,85]. Similarly, eugenol,
obtained from Syzygium aromaticum, is a TRPV1 antago-
nist that exhibits analgesic effects in animal models [93].

Voltage-gated sodium channels, especially Nal.7,
Nal.8, and Nal.9, are essential for generating action poten-
tials in sensory neurons. Components of herbal medicines,
such as ligustilide from Angelica sinensis, have been shown
to inhibit NF-kB-mediated chemokine production in spinal
astrocytes, thereby decreasing neuronal excitability and NP
characteristics in spinal nerve ligation models [95]. Dios-
genin has also been reported to reduce oxidative stress and
inflammatory responses in diabetic neuropathy, which is as-
sociated with antinociception [88].

Cannabinoids from Cannabis sativa, especially
cannabidiol (CBD), also modulate TRPV1 and voltage-
gated channels. CBD suppresses TRPV1 activation and
the influx of sodium and calcium ions in nociceptor nerve
cells, providing pain relief without intoxicating effects
[79]. Berberine derivatives are protoberberine alkaloids
from Berberis plants that downregulate TRPV1 expression
and block calcium channels, thereby producing pain relief
[94].

Moreover, herbals such as paconiflorin from Paeonia
lactiflora attenuate neuroinflammatory responses and sup-
press microglial activation, thereby alleviating mechanical
allodynia [96]. Salidroside from Rhodiola rosea L. allevi-
ates pain by regulating Th17/Treg imbalance through the
AMPK/SIRT1 signaling pathway [97].

5.4 Inhibition of Cytokines and Microglial Activation

Neuroinflammation is a hallmark of NP, character-
ized by upregulation of proinflammatory cytokines and ac-
tivation of microglia and astrocytes in the spinal cord and
dorsal root ganglia. It is reasonable to expect that plant
constituents could inhibit neuroimmune pathways, espe-
cially by preventing cytokine secretion and glial activation,

&% IMR Press


https://www.imrpress.com

thereby offering a highly promising therapeutic interven-
tion for the management of NP.

The effects of certain herbs are mediated by inhibit-
ing the secretion of the major proinflammatory cytokines,
TNF-0, IL-1p, and IL-6. For example, in neuropathic mod-
els, curcumin robustly attenuated TNF-a and IL-1f expres-
sion by inhibiting the NF-kB signaling pathway, thereby
reducing thermal hyperalgesia and mechanical allodynia
[51]. Similarly, quercetin, a flavonoid abundant in most
plants, prevents the release of proinflammatory cytokines
and instead induces the production of anti-inflammatory cy-
tokines, including IL-10, which contributes to the analgesic
profile [59].

Resveratrol, a phenol isolated from Polygonum cus-
pidatum, has been shown to inhibit NP by preventing mi-
croglial activation and the generation of IL-1p and TNF-
a in the spinal cord by inhibiting the TLR4/NF-«xB sig-
naling pathway [98]. Likewise, baicalin from Scutellaria
baicalensis was observed to inhibit pain behavior in animal
models by regulating the IRF4/CCL17 signaling pathway,
thereby mitigating the release of proinflammatory media-
tors [99].

Paeoniflorin, an active constituent of Paeonia lacti-
flora, has potent neuroimmune modulatory effects that re-
duce microglial and astrocytic activation in the spinal cord
by suppressing p38 MAPK/NF-«B signaling and reducing
the production of proinflammatory cytokines such as TNF-
a and IL-1f, thereby lowering IL-6 levels and increasing
pain thresholds [96]. Similarly, tanshinone IIA, isolated
from Salvia miltiorrhiza, exhibits strong anti-inflammatory
effects by inhibiting astrocytic and microglial activation
and NF-xB and MAPK signaling, and by modulating tran-
scription [63].

In diabetic neuropathy models, RA reduced expres-
sion of the inflammatory markers COX-2 and IL-6 and sup-
pressed glial cell activity in the spinal cord, implicating RA
in the inhibition of neuroinflammation [56,57].

Some plant-derived molecules regulate glial cell phe-
notypes, shifting the phenotypes from a proinflammatory
(M1) to an anti-inflammatory (M2) state. EGCG, found
in green tea, exerts neuroprotective effects by upregulat-
ing KAT6A and inhibiting pyroptosis, thereby promoting
sensory functional recovery [70]. Berberine also reportedly
alleviates diabetic neuropathic pain by modulating TRPV1
through the PKC signaling pathway [94].

5.5 Synergistic Effects With Conventional Drugs

Combining herbal compositions with conventional
medications can enhance drug efficacy and reduce harmful
side effects in the treatment of NP. When combined with
drugs such as gabapentin, pregabalin, or non-steroidal anti-
inflammatory drugs (NSAIDs), phytochemicals have been
reported to exert synergistic effects through multiple pain
pathways [100,101].

&% IMR Press

Quercetin, a flavonoid found in apples and onions, in-
creases the effect of carbamazepine by suppressing inflam-
matory cytokines and modulating GABA-dominated trans-
mission [100]. Combining morphine with curcumin, thy-
moquinone, CBD, and resveratrol enhances the analgesic
efficacy of morphine and potentiates its pain-relieving ef-
fects. While morphine alone may suppress glial activation
and delay the development of opioid tolerance, curcumin
exerts similar effects by inhibiting microglial and astro-
cytic activation, reducing neuroinflammation, and attenu-
ating oxidative stress. Consequently, co-administration of
curcumin with morphine may produce synergistic analgesia
while delaying the onset of opioid tolerance [102].

The drug combination (NSAID)/(hesperidin and/or di-
clofenac) caused greater pain inhibition with fewer gas-
trointestinal side effects, a characteristic of NSAIDs [103].

Panax ginseng active principles, ginsenosides, po-
tentiate the analgesic effects of amitriptyline in diabetic
neuropathy, possibly by modulating the levels of nore-
pinephrine and serotonin [104]. Combinatorial effects of
rosmarinic acid in co-treatment with pregabalin in reducing
pain behaviors have also been described, due to its modu-
latory effects on voltage-gated calcium channels [57].

Notably, such combinations may also reduce the re-
quired dose of standard drugs, thereby lowering systemic
toxicity. Combinations such as mangiferin with low-dose
gabapentin have shown efficacy comparable to high-dose
monotherapy and improved safety [101].

5.6 Safety and Herb—Drug Interaction Risks

While medicinal plants and phytochemicals are
promising drug candidates for NP management, clinical
applications should be evaluated to determine toxicity,
pharmacokinetics, dosing, and phytochemical composition.
Unlike standard drugs, herbal preparations may contain
multiple bioactive components that can interact with physi-
ological pathways or other drugs (e.g., antibiotics). Safety,
standardization, and herb—drug interactions should be in-
vestigated for long-term NP therapy with herbs and phyto-
chemicals.

A major safety concern with herbal medicines is
organ-specific toxicity, particularly hepatotoxicity. Some
commonly used medicinal plants for anti-inflammatory and
analgesic purposes have been linked to liver injury when in-
gested at high doses or for prolonged periods. Polygonum
multiflorum (He Shou Wu) is traditionally used for neu-
roprotective and anti-inflammatory purposes but has been
associated with idiosyncratic hepatotoxicity, possibly re-
lated to anthraquinone derivatives and individual genetic
risk factors that affect hepatic metabolism. Boswellia ser-
rata, which has anti-inflammatory activity by inhibiting
5-lipoxygenase (5-LOX) and NF-kB signaling, should be
used with caution, as concentrated extracts can cause gas-
trointestinal disturbances and, in some cases, liver enzyme
changes. These findings highlight the need for standardized
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extracts, quality control of raw materials, and monitoring of
hepatic biomarkers during long-term use.

Cardiovascular safety concerns have also been re-
ported with some herbal agents. Glycyrrhiza glabra
(licorice), which contains the bioactive compound gly-
cyrrhizin, may induce mineralocorticoid-like effects by in-
hibiting 11B-hydroxysteroid dehydrogenase type 2, result-
ing in sodium retention, potassium loss, hypertension, and
fluid imbalance. These effects may be clinically relevant
in NP patients who frequently receive concomitant medi-
cations for diabetes, cardiovascular disorders, or hyperten-
sion. Thus, excessive consumption of licorice-containing
formulations should be avoided in individuals with cardio-
vascular risk factors.

Herbal agents may pose risks due to:

* Hepatotoxicity (Polygonum multiflorum, Boswellia ser-
rata)

+ Cardiovascular effects (Glycyrrhiza glabra)

* Sedation/cognitive effects (CBD)

» Cytochrome P450 (CYP450)/P-glycoprotein (P-gp)
modulation:

o Curcumin —» CYP3A4 inhibition
o Quercetin - CYP2C9 inhibition
o Berberine -» CYP2D6 inhibition

Potential interactions:

* 1 opioid and benzodiazepine toxicity
* | effectiveness of antidepressants
* 1 bleeding risk with NSAIDs and warfarin

While medicinal plants and phytochemicals are sig-
nificant therapeutic agents, their long-term clinical trans-
lation will be affected by their pharmacokinetic profiles
and safety. A key mechanism of herb—drug interactions is
the modulation of CYP450 enzymes (CYP3A4, CYP2C9,
CYP2D6, and CYP2C19), which are responsible for the
metabolism of most drugs studied in clinical practice. Sev-
eral phytoconstituents can affect or interfere with these
enzymes, altering plasma drug levels and influencing hu-
man drug response. Studies on curcumin have shown
that it can inhibit CYP3A4, CYP2C9, and P-gp and, thus,
may increase exposure to co-administered drugs with very
short therapeutic windows. Piperine, as a common bioen-
hancer, inhibits CYP3A4 and intestinal P-gp in the blood
and increases the bioavailability of several drugs, but it
also increases the risk of adverse interactions. Herbal
medicines can also interact with enzymes by activating
their metabolism, which can alter drug clearance and re-
duce therapeutic effect. In NP management, we see the po-
tential for interactions between these drugs since patients
often receive multiple drugs such as opioids, antidepres-
sants, anticonvulsants, and anti-inflammatory drugs. In ad-
dition, drug exposure due to interaction with phytochemi-
cals at the same time may result in high rates of sedation
or bleeding, hepatotoxicity, or a decrease in analgesic re-
sponse. Other safety issues related to medicinal plants in-
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clude pharmacokinetic effects in addition to toxicity. Some
botanicals have organ-specific toxicity in some cases. Poly-
gonum multiflorum has been associated with hepatotoxi-
city in susceptible individuals, and sustained Glycyrrhiza
glabra (licorice) use may lead to mineralocorticoid-like ef-
fects with high blood pressure, hypokalemia, and cardio-
vascular complications due to glycyrrhizin-mediated inhi-
bition of 11B-hydroxysteroid dehydrogenase. CBD is stud-
ied and has been shown to have analgesic and neuroprotec-
tive effects but also has sedation and cognitive disorders,
gastrointestinal disturbances, and significant CYP3A4 and
CYP2C19 interactions.

Furthermore, adulteration, variability in phytochem-
ical composition, and extraction methods pose significant
risks to the safety and reproducibility of herbal products.
Thus, future research on phytochemicals for NP should in-
clude pharmacokinetic profiling, CYP450 interaction stud-
ies, transporter assays, toxicity assessments, and well-
designed clinical trials. Additionally, network pharmacol-
ogy, molecular docking, and physiologically based pharma-
cokinetic (PBPK) modeling could help predict herb—drug
interactions and support the development of safer plant-
derived therapeutics [105,106,107].

6. Highlighted Medicinal Plants and
Compounds

This section discusses plants and phytochemicals that
have frequently been reported to be useful in alleviating NP.
These compounds have been examined in preclinical mod-
els to elucidate their mechanisms of action, including anti-
inflammatory, antioxidant, pro-nociceptive inhibition, and
neuroprotective effects. The subsequent subsections will
delineate the most promising among them. Table 3 (Ref.
[47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,
65,88,108,109]) represents the medicinal plants and
phytocompounds used in the management of NP.

7. Challenges and Limitations
7.1 Standardization and Dosing Issues

The major issue with plant remedies used to treat NP is
a lack of standardization. Herbal products usually vary in
composition due to differences in cultivation, harvesting,
and processing methods. This variability reduces repro-
ducibility and effectiveness. Moreover, most herbal prepa-
rations do not quantify bioactive constituents, making it dif-
ficult to determine an appropriate dosage for clinical use
[110].

For example, the therapeutic efficacy of curcumin
is dose-dependent, yet curcumin concentrations can vary
widely across turmeric preparations, resulting in differ-
ences in efficacy in experimental and clinical settings [111].
Gingerols in Zingiber officinale take different forms de-
pending on the conditions during drying and storage, which
in turn affect their anti-inflammatory activity [112].
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Table 3. Key medicinal plants and phytocompounds in neuropathic pain management.

Plant/compound Key bioactive Mechanism of action Model/outcome Ref.
components
Curcuma longa Curcumin Downregulates NF-«kB; reduces TNF-a. and CCI model; reduced pain hypersensi- [49,50,51,108]
(turmeric) IL-1B; anti-inflammatory and antioxidant tivity
Zingiber offici- Gingerols, Inhibits COX/LOX; suppresses neuroin- SNI model; reduced mechani- [52,53]
nale (ginger) shogaols flammation cal/thermal  hypersensitivity — and
neuroinflammation
Glycyrrhiza Glycyrrhizin, Anti-inflammatory and antioxidant effects; CCI model; reduced allodynia and in- [47,54,55]
glabra (licorice) flavonoids reduces pro-inflammatory cytokines flammatory markers
Rosmarinus Rosmarinic acid  Antioxidant; reduces oxidative stress and NP models; improved neurobehav- [48,56,57]
officinalis microglial activation ioral outcomes
Salvia  miltior- Tanshinone IIA  Inhibits MAPK signaling; suppresses glial SNL model; reduced mechanical hy- [63]
rhiza activation and inflammation peralgesia
Beta  vulgaris Betanin Antioxidant activity; activation of Nrf2 sig- Cerebral ischemia-reperfusion injury [65,109]
(beetroot) naling; neuroprotective effects and STZ-induced diabetes models; re-
duced oxidative stress and neuronal
injury
Quercetin Quercetin Inhibits IL-1p and TNF-0; modulates CCI and other NP models; improves [58,59,60]
AMPK/MAPK; antioxidant pain symptoms
Diosgenin Diosgenin Suppresses cytokines; modulates oxidative CCI and diabetic neuropathy models; [61,62,88]
stress reduces mechanical and thermal hy-
peralgesia
Tabernaemontana Voacangine-like TRPA1 modulation; anti-inflammatory and Mouse pain models; analgesic effect [64]

catharinensis alkaloids antinociceptive activity

HMGBI, high-mobility group box 1; NP, neuropathic pain.

7.2 Lack of Human Trials and Translational Research

Despite strong evidence from preclinical models,
many herbal interventions have not advanced to human
clinical trials. The so-called translational gap prevents the
integration of phytotherapy into conventional medical prac-
tice. Research is limited to rodent models of neuropathy,
usually CCI or SNI, which do not adequately capture the
complexity of neuropathic disease in humans [113].

There is also the challenge posed by metabolic dif-
ferences between humans and rodents. Plant extracts, in-
cluding resveratrol and diosgenin, show activity in rodents
but lack pharmacokinetic and safety data in humans [114].
Ethical, logistical, and government policy considerations
also hinder the conduct of large randomized controlled tri-
als [64].

7.3 Regulatory and Quality Control Barriers

Herbal products also tend to evade strict pharmaceuti-
cal regulations, resulting in inconsistent purity and potency
and an increased risk of safety issues. The clinical validity
of these products is also lacking due to inconsistent label-
ing, heavy metal or adulterant contamination, and a lack of
Good Manufacturing Practices (GMP) [115].

Regulatory systems differ around the world. In-
deed, clinical confirmation is mandatory in some countries,
whereas unstandardized herbal supplements are allowed to
be sold over the counter in others. The international ad-
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vancement of evidence-based phytotherapy has not been
well unified in terms of policy [116].

7.4 Bioavailability and Pharmacokinetics Challenges

Many plant-derived compounds possess limited
bioavailability, undergo extensive first-pass metabolism,
and are poorly absorbed, which impedes their therapeutic
applications. Examples of foods with seemingly beneficial
compounds that undergo extensive first-pass metabolism
include curcumin, which requires considerable formulation
work to enhance its systemic availability (e.g., liposomes,
nanoparticles, or the inclusion of adjuvants such as
piperine) [117].

Similarly, quercetin and genistein are rapidly conju-
gated in the liver, and intact molecules are largely converted
into inactive metabolites before reaching their target tis-
sues. Without comprehensive pharmacokinetic profiling,
their observed pharmacological efficacy may be overesti-
mated, leading to an inaccurate assessment of their thera-
peutic potential.

7.5 Implications for Future Research

While substantial evidence supports animal studies,
there is a paucity of information from human clinical stud-
ies. Moreover, standardized clinical trials are needed to as-
certain the efficacy, dosage, safety, and long-term effects
of these herbal compounds. Many of these phytochemicals
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exhibit low bioavailability and high metabolic rates. Inno-
vative formulations, including nano-carriers, patches, and
liposomes, have the potential to improve outcomes. Re-
search should also focus on understanding drug—herb inter-
actions, genetic responses in pharmacology, and the princi-
ples of personalized herbal therapy. Consistent extraction
methods, validated biomarkers, and standardized pharma-
cological protocols will be essential for translating labora-
tory models of herbal medicines into clinical practice.
Finally, determining an appropriate dosing regimen
and assessing long-term safety in people are challenging.

8. Clinical Evidence, Randomized Controlled
Trials, and Meta-Analyses

The clinical translation of medicinal plants and phyto-
chemicals for NP management is an emerging and rapidly
expanding field of research. While animal studies have
extensively demonstrated the ability of plant-derived com-
pounds to modulate neuroinflammation, oxidative stress,
ion channels, and neuroimmune signaling pathways, clin-
ical evidence remains comparatively limited. Among the
investigated phytochemicals, capsaicin, CBD, curcumin,
palmitoylethanolamide (PEA), Boswellia serrata deriva-
tives, alpha-lipoic acid (ALA), and botanical preparations
containing Withania somnifera, Crocus sativus, and other
medicinal plants have demonstrated promising outcomes in
patients with peripheral neuropathies [53,118].

Capsaicin, a bioactive alkaloid derived from Cap-
sicum annuum that primarily acts by activating and desen-
sitizing TRPV1 on nociceptive fibers, has been extensively
validated in clinical settings. Moreover, high-concentration
capsaicin (8% patch) has been extensively evaluated in
patients with peripheral NP, including diabetic peripheral
neuropathy and post-herpetic neuralgia. Randomized con-
trolled trials have demonstrated significant reductions in
pain intensity, improved quality of life, and prolonged anal-
gesic effects after a single topical application compared
with placebo [89].

CBD, derived from Cannabis sativa, has also attracted
clinical interest for its interactions with cannabinoid recep-
tors (CB1/CB2), modulation of microglial activation, and
suppression of inflammatory cytokines. Preliminary clin-
ical studies suggest benefits for NP conditions; however,
variations in formulations and dosing, along with regula-
tory limitations, have limited definitive conclusions.

PEA, a naturally occurring lipid mediator found
in several plant and animal sources, has demonstrated
promising clinical efficacy in NP by activating peroxisome
proliferator-activated receptor-a (PPAR-a), stabilizing mast
cells, and reducing neuroinflammation. Multiple clinical
trials and observational studies have reported improved
pain scores and reduced need for conventional analgesics,
particularly for diabetic neuropathy and sciatic pain.

Clinical investigations of curcumin (Curcuma longa)
have demonstrated potential benefits due to inhibition of
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NF-«B signaling, reduction of TNF-a and IL-1p, and an-
tioxidant activity. However, most clinical studies have
focused on inflammatory pain conditions rather than NP
specifically. Limited human studies suggest improved pain
outcomes when curcumin is used as an adjunct therapy, al-
though poor bioavailability remains a major challenge.

ALA, although not strictly a phytochemical, is a natu-
rally occurring antioxidant found in plants and has attracted
considerable attention for diabetic neuropathy. Several ran-
domized controlled trials and meta-analyses have reported
improvements in neuropathic symptoms, including burning
sensation, paresthesia, and pain severity, particularly after
intravenous administration [119].

Extracts of Withania somnifera (ashwagandha),
Boswellia serrata, Crocus sativus (saffron), and other
medicinal plants have shown preliminary clinical benefits
through antioxidant, anti-inflammatory, and neuropro-
tective mechanisms. However, most available studies
have small sample sizes, short follow-up periods, and
heterogeneous formulations, underscoring the need for
large-scale, multicenter randomized trials [119].

Overall, available clinical evidence supports the ther-
apeutic promise of medicinal plants and phytochemicals
as complementary approaches to NP management. Nev-
ertheless, compared with conventional pharmacotherapy,
clinical validation remains limited. Therefore, future stud-
ies should prioritize standardized extracts, pharmacoki-
netic evaluation, dose optimization, long-term safety as-
sessment, and well-designed randomized controlled tri-
als.  Details of clinical studies and human evidence
on medicinal plants are presented in Table 4 (Ref.
[51,52,59,60,75,120,121,122,123,124,125,126]).

9. Conclusion

NP is a complex condition characterized by multiple
pathogenic processes, including oxidative stress, ion chan-
nel dysfunction, mitochondrial damage, and neuroinflam-
mation. Conventional medications may offer limited ther-
apeutic benefit and cause adverse effects. In recent years,
numerous medicinal plants and phytochemicals have exhib-
ited potential neuroprotective, anti-inflammatory, and an-
tioxidant benefits in various preclinical NP models. Com-
pounds such as curcumin, quercetin, diosgenin, and ros-
marinic acid have demonstrated efficacy in modulating crit-
ical molecular targets, including NF-xB, TRPV1, Nrf2,
and proinflammatory cytokines, thereby helping to allevi-
ate pain and promote nerve restoration.

Herbal remedies are multifaceted and, therefore, suit-
able for the complex condition of NP. In contrast to synthet-
ically manufactured single-target pharmaceuticals, phyto-
chemicals can modulate multiple processes, including glial
cell inhibition, the restoration of neurotrophic factors, and
calcium channel regulation. This multimodal approach is
more effective for symptom management and may confer
disease-modifying benefits. The management of NP with
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Table 4. Clinical studies and human evidence of medicinal plants and phytochemicals in neuropathic pain.

Phytochemical/plant Clinical condition studied Study design Mechanism relevant to neuro- Major clinical findings Translational Limitations
source pathic pain potential
Capsaicin (Capsicum an- Diabetic peripheral neuropa- Randomized con- TRPVI1 activation followed Significant reduction in pain High Local burning sensation, repeated ap-
nuum) thy, post-herpetic neuralgia trolled trials; systematic by nociceptor desensitization; intensity and improved patient- plication requirement, limited effect on
reviews/meta-analyses reduced peripheral nerve ex- reported outcomes after 8% central sensitization
[120,121] citability capsaicin patch application
Cannabidiol (CBD) Peripheral neuropathic pain, Clinical trials, observa- CBI1/CB2 receptor modula- Reduction in pain scores Moderate—  Dose variability, psychoactive concerns
(Cannabis sativa) chronic pain syndromes tional studies tion, microglial suppression, and improved sleep quality high with THC-containing preparations, lim-
reduced inflammatory cy- reported in some studies ited large RCTs
tokines
Palmitoylethanolamide =~ Diabetic neuropathy, sciatica, Randomized trials, PPAR-o activation, mast cell Significant reduction in pain Moderate—  Limited long-term safety data; variabil-
(PEA) peripheral neuropathic pain prospective clinical stabilization, inhibition of neu- intensity and analgesic require- high ity in formulations
studies, meta-analyses roinflammation ment
Curcumin (Curcuma Neuropathic symptoms associ- Small clinical trials; ad- NF-kB inhibition, ! TNF-0, | Improvement in pain-related Moderate Poor bioavailability; limited neuro-
longa) ated with chronic inflammatory junctive studies [51] IL-1B, and antioxidant activity ~symptoms when combined pathic pain-specific trials
disorders and diabetes with conventional therapy
Alpha-lipoic acid (ALA) Diabetic peripheral neuropathy Multiple RCTs Antioxidant activity, mito- Reduced neuropathic symp- High Intravenous administration required for
and meta-analyses chondrial protection, and toms, including pain, burning, maximal efficacy; adverse gastroin-
[122,123,124,125,126] improved nerve blood flow and paresthesia testinal effects
Boswellia serrata Inflammatory pain and neuro- Pilot clinical studies [75] 5-LOX inhibition, NF-kB sup- Reduction in inflammatory Moderate Limited neuropathic pain-specific clin-
(boswellic acids) pathic pain-associated condi- pression, and reduced inflam- pain symptoms and improved ical evidence
tions matory mediators mobility
Withania somnifera (ash- Chronic pain, stress-associated Clinical trials and obser- HPA axis modulation, antioxi- Improvement in pain percep- Moderate Lack of neuropathy-focused RCTs
wagandha) pain conditions vational studies dant and anti-inflammatory ef- tion and stress-related symp-
fects toms
Crocus sativus (saffron)  Neuropathic symptoms and Small clinical studies Antioxidant, serotoner- Possible improvement in pain Moderate Small sample sizes and short study du-
mood-associated chronic pain gic modulation, and anti- scores and associated depres- ration
inflammatory activity sion/anxiety
Ginger (Zingiber offici- Musculoskeletal and inflam- Human trials; limited COXinhibition, antioxidantef- Reduced inflammatory pain Low— Insufficient neuropathic pain clinical
nale) matory pain neuropathic studies [52]  fects, and TRPV modulation symptoms moderate trials
Quercetin (plant Limited human neuropathy Preliminary clinical in- Microglial inhibition, antioxi- Potential neuroprotective ef- Moderate Mostly preclinical evidence
flavonoid) studies vestigations [59,60] dant activity, and cytokine sup- fects potential
pression
EGCG (Camellia sinen- Neuropathy-related oxidative Limited clinical evidence Mitochondrial protection, an- Potential improvement in ox- Moderate Lack of neuropathic pain-specific RCTs
Sis) stress conditions tioxidant activity, and reduced idative stress markers potential

neuroinflammation

PPAR-a, peroxisome proliferator-activated receptor-a; RCTs, Randomized Controlled Trials. | = decrease.
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medicinal plants is no longer regarded solely as a traditional
practice; it has evolved into a scientifically grounded field.
An herbal remedy is safer and more holistic in addressing
the root cause of a condition rather than merely masking
or alleviating symptoms. Plant-based therapies may be re-
garded as a feasible and sustainable treatment for NP in the
future, contingent upon regulatory oversight, technological
assistance, and evidence-based advancement.
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