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Abstract: Chronic pain affects over 10% of the global population, yet current analgesics face limitations such as addiction and
systemic toxicity. Borneol, a traditional Chinese medicine (TCM) with over a millennium history, has emerged as a promising
alternative due to its multi-target mechanisms. This review synthesizes preclinical evidence demonstrating borneol’s dual analgesic
pathways: (1) receptor-mediated actions (eg, TRPMS8 activation, GABA agonism) and (2) immune modulation (eg, NF-kB suppres-
sion, ROS inhibition). Notably, comparative analysis with menthol reveals borneol’s superior TRPMS specificity and lack of opioid-
related side effects. By elucidating these mechanisms, we advocate for borneol’s integration into modern pain management strategies,
highlighting its potential as a safe, multi-modal therapeutic.
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Introduction

Over 10% of individuals globally experience chronic pain, significantly diminishing their quality of life and imposing
substantial financial burdens.' Presently, the majority of conventional analgesics are systemic and include non-steroidal
anti-inflammatory drugs (NSAIDs) such as aspirin and ibuprofen, narcotic analgesics like morphine and pethidine,
antispasmodic analgesics such as atropine and anisodamine, and central analgesics like tramadol and bucinnazine.” The
first two categories of analgesics, while potent, are highly addictive and are therefore subject to stringent regulation,
being primarily approved for the management of severe pain associated with advanced cancer, major trauma, and surgical
procedures.> Antispasmodic analgesics alleviate visceral smooth muscle spastic pain, such as gastrointestinal spasms,
biliary colic, and renal colic, by inhibiting M choline receptors on smooth muscle. However, they are associated with side
effects including dry mouth, blurred vision, and increased heart rate.* NSAIDs primarily mitigate inflammatory pain by
inhibiting cyclooxygenase (COX) activity and reducing prostaglandin synthesis, although they can also produce adverse
effects such liver and renal malfunction and gastrointestinal distress.” Due to concerns regarding the addictive, abusive,
and harmful systemic effects of analgesics, there is an ongoing search for safer and more effective medications and pain
management approaches.

Traditional Chinese medicine (TCM) has been used in East Asia for millennia to address various pains. Among these,
Borneol stands out with more than a millennium application history in analgesia, yet research on its analgesic
mechanisms and effects remained scarce in the early stages due to the complexity of mechanisms and differences in
theoretical systems, lack of standardization and normalization, cultural and cognitive barriers only being supplemented to
a certain extent up to now.

The chemical composition of Borneol is identified as C10H180, comprising four enantiomers: (+)-borneol, (—)-
borneol, (+)-isoborneol, and (—)-isoborneol.® Studies on the analgesic effects and mechanisms of (+)-borneol are

relatively abundant, while research on other isomeric forms remains scarce. It should be noted that this article provides
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clear annotations whenever the included studies specifically describe borneol isomers; when the term “borneol” is used
without qualification, it indicates that the original literature did not explicitly identify the isomeric form.

According to historical records such as Hui Yue Yi Jing (1818) and Ben Cao Gang Mu (1596), as well as modern standards
outlined in the Chinese Pharmacopoeia (Chinese Pharmacopoeia Commission, 2015), borneol demonstrates therapeutic
efficacy in topical applications. Specifically, it has been documented to reduce swelling, alleviate pain, and promote healing
in cases of trauma (eg, falls, injuries), skin sores, and ulcers. Additionally, it can be administered orally to treat consciousness
disorders, such as stroke-induced coma, and to relieve throat and gingival swelling and pain caused by the accumulation of
heat toxins in the body.” Borneol is frequently utilized as an adjunct component in traditional Chinese medicine for the
treatment of cardiovascular and cerebrovascular diseases, primarily by facilitating the transmission of other medicinal
constituents.® '° Additionally, borneol exhibits anti-inflammatory, neuroprotective, and antibacterial properties.' ™" It has
received approval from the FDA for use as a flavoring agent and excipient in food and toiletries."* Given its various beneficial
properties and uses, it is of great significance to explore and optimize its utilization in modern medicine including depth
research into its molecular mechanisms of action, rigorous clinical trials to precisely determine its efficacy and safety profiles.

The diverse pharmacological effects of borneol appear to be mediated through its direct or indirect interactions with
various receptors and the immune system. Current research indicates that borneol can exert analgesic effects by modulating
several ion channels, including TRPMS8, TRPV3, GABAA, 5-HT receptors, and acetylcholine receptors.mf16 Furthermore,
studies have demonstrated that borneol can mitigate inflammatory pain by regulating immune-active substances such as
NF-kB and nitric oxide synthase. This complex and distinctive role of borneol positions it as a promising candidate for
analgesic drug development.

This article aims to provide a comprehensive review of borneol’s analgesic properties, focusing on preclinical
findings and the molecular mechanisms underlying its effects. By exploring its potential as a modern analgesic drug,
this review seeks to bridge the gap between TCM and contemporary drug development, offering insights into safer and
more effective pain management strategies.

Clinical and Preclinical Tests of Borneol Analgesia

Pain is defined as an unpleasant sensory and emotional experience associated with actual or potential tissue damage, or
described in terms of such damage.'” Chronic pain can be classified into three main categories based on etiology and
clinical manifestations: nociceptive pain, neuropathic pain, and central sensitization pain."'® However, certain types of
pain, such as cancer-related pain and spinal pain, exhibit mixed pain phenotypes. To date, the analgesic efficacy of
borneol has been demonstrated in clinical studies in different modes of diseases and in various rodent models for acute
pain, nociceptive pain associated with chronic pain, and neuropathic pain.

Clinical Applications of Borneol in Pain Management

A meta-analysis has demonstrated that the Compound Danshen Dripping Pill (CDDP), which includes borneol as a primary
active ingredient, in conjunction with percutaneous coronary intervention (PCI), significantly reduces the incidence of recurrent
angina (P = 0.0001) and alleviates angina symptoms.'® Furthermore, a randomized controlled clinical trial indicated that
Kuanxiong Aerosol (KXA), which contains borneol, exhibited a significantly higher short-term efficacy in pain relief (72.2%
pain relief rate within 30 minutes) compared to nitroglycerin aerosol for prehospital chest pain, while maintaining comparable
safety.”® Additionally, another randomized controlled trial (RCT) revealed that the topical application of (+)-borneol (25%) can
substantially alleviate postoperative pain in patients following spinal surgery."* Nonetheless, current clinical trials involving
borneol present considerable opportunities for enhancement, particularly regarding sample size, combination therapies,
administration methods, dosage, frequency, disease models, and the specific stereochemical configuration of borneol utilized.

Preclinical Trials

Acute Pain

Capsaicin Model

Mice that received a local application of borneol at concentrations of 2% and 25% prior to capsaicin injection resulted in

a significant reduction in paw licking and lifting time within five minutes post-injection.'*?'
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Formalin Model

Topical administration of (+)-borneol at concentrations of 1.5%, 2%, 4.5%, and 15% before formalin injection into the
plantar surface significantly reduced the duration of paw licking and lifting within the initial five minutes and between
fifteen to sixty minutes post-injection. The analgesic effect was dose-dependent.'*?' Additionally, the time spent licking
the paws was consistently reduced by intraperitoneal injection of 5 mg/kg, 25 mg/kg, and 50 mg/kg borneol prior to
formalin injection.”

AITC Model
The topical administration of (+)-borneol five minutes prior to AITC plantar injection significantly reduced the duration
of paw licking in mice compared to the control group.”’

Acetic Acid Model
In the context of intraperitoneal acetic acid injection, mice exhibited a dose-dependent reduction in convulsions when
pre-treated with intraperitoneal injections of (+)-borneol at doses of 5 mg/kg, 25 mg/kg, or 50 mg/kg.”

Unmodeled Mouse
Mice demonstrated a significantly increased latency time compared to the control group when administered 50 mg/kg of
(+)-borneol intraperitoneally prior to the hot plate test.** Additionally, local application of 2% (+)-borneol prior to the hot
plate test significantly extended latency time.*'

The above researches highlight borneol as a promising candidate for acute pain management, with mechanisms likely
involving modulation of pain pathways and anti-inflammatory effects.

Chronic Pain

Nociceptive Pain

Nociceptive pain arises from the activation of peripheral nociceptors by noxious stimuli, which may include mechanical,
thermal, and chemical stimuli. Upon tissue damage, nociceptors are activated, generating nerve impulses that are
transmitted to the spinal cord via nerve fibers and subsequently relayed to the brain, resulting in the perception of
pain. In the context of inflammation, damaged tissues release chemical mediators such as prostaglandins and histamine,
which increase nociceptor sensitivity, lower the pain threshold, and enhance pain signal transduction.”® The administra-
tion of 15% (+)-borneol significantly elevated the 50% paw withdrawal thresholds and nociceptive response latency in
mice subjected to the CFA plantar injection model of inflammatory mechanical and thermal hyperalgesia.'* Additionally,
oral administration of (+)-borneol at doses of 125 mg/kg, 250 mg/kg, and 500 mg/kg significantly increased the 50% paw
withdrawal thresholds in a dose-dependent manner (P < 0.001), as did intrathecal injections of 15 pug, 30 pug, and 60 pg of
borneol.>* In the inflammatory pain model induced by subcutaneous injection of P. acnes in the ear, the combination of
a 40% borneol local ear application and photodynamic therapy (PDT) significantly enhanced the 50% paw withdrawal
thresholds of the ipsilateral hind paw of the affected ear.’

Neuropathic Pain
The International Association for the Study of Pain (IASP) defines neuropathic pain as pain arising from damage or
disease affecting the somatosensory nervous system.”® Neuropathic pain are primarily attributed to alterations in the
structure and function of neurons following nerve injury, which lead to abnormal electrical activity and neurotransmitter
release. The injured nerve exhibits ectopic discharges, resulting in spontaneous pain; concurrently, the remodeling of the
nerve conduction pathway contributes to the aberrant amplification of pain signals.?”*® In the mouse spinal nerve ligation
(SNL) model, intrathecal administration of (+)-borneol at doses of 15 pg, 30 pg, and 60 pg significantly increased the
50% paw withdrawal thresholds in a dose-dependent manner. Similarly, oral administration of (+)-borneol at doses of
125 mg/kg, 250 mg/kg, and 500 mg/kg also significantly elevated the 50% paw withdrawal thresholds.**

Overall, borneol can be administered through various routes, including local application, oral administration,
intraperitoneal injection, and intrathecal injection. These methods have been evaluated in models of acute pain, such
as capsaicin, formalin, AITC plantar injection, and acetic acid intraperitoneal injection, as well as in chronic pain models,
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Figure | Analgesic efficacy of borneol across various administration routes and pain models. Borneol can be administered through various routes, including topical application
(with concentrations of 1.5%, 2%, 4.5%, and 15%, and dosages of 25 mg/kg and 40 mg/kg), oral administration (at dosages of 125 mg/kg, 250 mg/kg, and 500 mg/kg),
intraperitoneal injection (at dosages of 5 mg/kg, 25 mg/kg, and 50 mg/kg), and intrathecal injection (at dosages of |5 g, 30 ug, and 60 pg), among others. The figure illustrates the
application of borneol across different pain models, including acute pain induced by plantar injection of capsaicin, formalin, AITC, intraperitoneal injection of acetic acid, and the
hot-plate test, as well as chronic pain induced by CFA, Pseudomonas acnes infection, and spinal nerve ligation. The data indicate that borneol exhibits significant analgesic effects
in these pain models. Created in BioRender. Z, (Y) (2025) https://BioRender.com/m33hé44.

Abbreviations: TA, topical application; i.p., intraperitoneal injection; s.c., subcutaneous injection; ipl., intraplantar injection; i.t., intrathecal injection; P. acnes,
Propionibacterium acnes; SNL, spinal nerve ligation; p.o., oral administration.

including CFA-induced or acne pseudomonas infection-induced pain (Figure 1). These preclinical findings suggest that
borneol may act through multiple mechanisms, such as modulating pain receptors, reducing inflammation, and normal-

izing neuronal activity.

Receptors Related Analgesic Mechanism of Borneol

Borneol gives us a cooling sensation and makes us feel extremely happy when in pain. Preclinical test of borneol
analgesia indicates that borneol may directly or un-directly functioned on those pain related receptors. The Transient
Receptor Potential (TRP) family is the most concerned receptors for hot and cold stimuli. TRP family comprises non-
selective cation channels that are ubiquitously present in various biological cell membranes.?’ These channels serve as
sensors for a wide range of endogenous and exogenous stimuli. They are capable of initially detecting harmful signals
that induce pain and subsequently converting these signals into neural electrical activity by mediating intracellular and
extracellular ion transport. This neural activity is then transmitted to the cerebral cortex via the spinal cord, subthalamic
region, and brainstem, ultimately resulting in the sensation of pain. The TRP channels associated with pain perception
include several subfamilies, such as ankyrin (A), vanillin (V), melanostatin (M), and classical (C). Each subfamily’s ion
channels play distinct roles in nociceptive, inflammatory, or neuropathic pain.>® Currently, borneol is recognized for its
regulatory effects on TRPMS, TRPA1, and TRPV3 channels within the TRP family.
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Trpm8
TRPMS is a non-selective calcium channel expressed in a limited number of nociceptors located in the dorsal root
ganglion (DRG) and trigeminal ganglion (TG).>' These channels can be activated by low temperatures (8-28°C),*
menthol, icilin,** and voltage changes,** which can not only provide benign thermal stimulation that initiates a cooling
sensation and exerts analgesic effects, but also to transmit nociceptive signals that can induce hyperalgesia.>> Research
indicates that (+)-borneol modulates analgesia through its interaction with the TRPMS8 channel. With a half-maximal
effective concentration (EC50) of 65 uM, borneol activates human TRPM8 (hTRPMS) in HEK293 cells expressing
TRPMS, as demonstrated by patch-clamp recordings.'* By activating TRPMS8 and increasing the opening frequency of
TRPMBS channels, (+)-borneol facilitates the influx of calcium ions into primary sensory neurons, thereby promoting the
propagation of action potentials.*® Furthermore, studies have confirmed that the analgesic effects of (+)-borneol are
evident at both behavioral and cytological levels. At the cytological level, it has been shown that 100 uM borneol
enhances Ca®" influx in HEK293 cells expressing TRPMS and in the DRG of wild-type mice. However, no calcium
influx was observed in HEK293 cells lacking TRPMS expression or in the DRG of TRPMS-deficient mice.'*
Additionally, the calcium influx induced by (+)-borneol can be inhibited by the specific TRPMS inhibitor AMTB
(N-(4-tert-butylphenyl)-4-(3-chloropyridin-2-yl)piperazine-1-carboxamide) and the less selective TRPMS inhibitor
BCTC (N-(4-butylphenyl)-4-(3-chloropyridin-2-yl)piperazine- 1 -carboxamide).'**¢

From a behavioral perspective, in the capsaicin, formalin, and CFA models, the analgesic effect of local (+)-borneol
application was almost negligible in TRPMS-deficient mice compared to wild-type (WT) mice.'* Furthermore, the
analgesic effect induced by (+)-borneol was significantly counteracted by administering AMTB into the plantar region

prior to the local application of (+)-borneol or ethanol.'*

Borneol modulates analgesia by activating TRPMS channels in
sensory neurons, with its effects confirmed cytologically and behaviorally in TRPMS8-expressing systems and inhibited
by TRPMS8 antagonists.

The analgesic efficacy of topically applied (+)-borneol was notably diminished following intrathecal injection of
LY341495, a selective antagonist of group II metabotropic glutamate receptors (mGluRs).'* This observation suggests
that borneol may share similarities with other TRPMS agonist analgesic pathways, such as icillin, by competitively
inhibiting postsynaptic membrane glutamate receptor activation-mediated pain transmission. This inhibition occurs
through the reduction of glutamate levels in the synaptic cleft, achieved by upregulating the expression of metabolic
glutamate receptors in the presynaptic spinal cord group II/IIL>"

Overall, borneol’s analgesic action is mediated by TRPMS activation and subsequent calcium influx, with additional

involvement of glutamate receptor modulation.

Trpal
TRPAL is a non-selective cation channel belonging to the TRP family. Unlike TRPMS, which is crucial for both external
and endogenous functions, TRPA1 is exclusively expressed in the nociceptive neurons of DRG and TG.*® Bradykinin

and other inflammatory mediators,3 o formalin, cinnamon aldehyde,“o’41

and other irritating substances can all activate it,
which in turn causes pain. Consequently, TRPA1 inhibitors might be a viable analgesic target. Borneol has been shown to
inhibit TRPA1, mediating its analgesic effects. This inhibitory action on TRPA1 is potentially attributable to interactions
between the hydroxyl group on the six-membered ring of borneol and the S873, T874, and Y812 residues of human
TRPAI (hTRPA1).*? In patch-clamp recordings, borneol demonstrated a dose-dependent inhibition of AITC (20 uM)-
induced hTRPA1 currents, with an IC50 of 0.20 + 0.06 mM.*? Behavioral studies have corroborated these findings, in hot
plate assays, intrathecal administration of (+)-borneol increased the pain threshold in mice with oxaliplatin-induced
hyperalgesia in a dose-dependent manner. Furthermore, (+)-borneol was able to counteract the effects of the TRPA1
agonist cinnamaldehyde in mechanical and cold plate tests without impairing motor function in mice.** However, some
studies have indicated that the analgesic effect of locally applied (+)-borneol is similar in TRPA1-deficient and wild-type
mice in capsaicin and formalin models, suggesting that while borneol may interact with TRPA1, it may not significantly
contribute to the analgesic effects of local application.'* This suggests that borneol may act on TRPAI but contributes
less to the analgesic effect of local borneol. Borneol’s analgesic effects are likely mediated through multiple pathways,
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including its well-documented activation of TRPMS8 and glutamate signaling. While TRPA1 inhibition contributes to
borneol’s analgesic properties in specific conditions, its role may be secondary to other mechanisms, such as TRPM8
activation, in mediating the compound’s overall analgesic efficacy. Further research is needed to fully elucidate the
relative contributions of TRPA1 and other pathways to borneol’s multifaceted analgesic effects.

Trpv3

The thermosensitive ion channel TRPV3 is predominantly expressed in the brain, spinal cord, DRG, and
keratinocytes.***> TRPV3 is activated not only by monoterpene compounds such as camphor, carvacrol, and thymol
but also at temperatures ranging from approximately 34 to 38 °C.*® Although the precise physiological role of TRPV3
remains unclear, research has demonstrated that its activation can lead to discomfort. In murine models with keratino-
cytes overexpressing TRPV3, there is an increased production of prostaglandin E2 (PGE2), resulting in sensations of
heat-induced damage and hyperalgesia.*’” The administration of TRPV3-specific inhibitors, including resolvin D1 (RvD1)
and isopentenyl pyrophosphate, has been shown to induce peripheral antinociception.*®*? Patch clamp studies indicate
that TRPV3 can be activated by 2 mM (+)-borneol during 2-APB sensitization, with an EC50 of 3.45 + 0.13 mM.>°
However, it remains unclear whether borneol’s activation of TRPV3 contributes to its analgesic effects or whether it
might indirectly modulate pain pathways by influencing other channels, such as TRPV1 and TRPA1. Overall, borneol
activation with TRPV3 represents a complex and underexplored component of pain signaling, with potential implications
for understanding and treating pain through modulation of thermosensitive ion channels.

Gaba,

In the central nervous system, gamma-aminobutyric acid (GABA) serves as a prevalent inhibitory neurotransmitter.
Approximately 40% of neurons in the mammalian central nervous system contain this neurotransmitter.’' Its receptors
are classified into three subtypes: GABAA, GABAB, and GABAC. Among these, GABAA is the most prevalent and is
primarily located on the postsynaptic membrane within the central nervous system. Upon activation, this ligand-gated ion
channel facilitates the influx of extracellular chloride ions, resulting in membrane hyperpolarization and subsequent
neuronal inhibition. This process plays a crucial role in sensory and motor conduction pathways.>* The administration of
GABA receptor antagonists via intrathecal injection, which inhibits GABAergic neurotransmission in the spinal cord, can
lead to allergic reactions to otherwise harmless stimuli.’>>* It has been proposed that drugs activating the GABAA
receptor (GABAAR), such as benzodiazepines or GABAAR agonists, serve as effective analgesics in various models of
inflammatory and neuropathic pain.>*>>

Research has demonstrated that (+)-borneol functions as a full agonist of GABAA receptors. Patch-clamp experi-
ments have shown its dose-dependent enhancement of chloride currents in human recombinant GABAA receptors
expressed in Xenopus laevis oocytes, with effects observed at low (EC5-14), moderate (EC15-24), and saturating
(EC100) concentrations of GABA.®' Furthermore, (+)-borneol has been found to increase the expression of brain-
derived neurotrophic factor (BDNF) by upregulating GABAA expression. In excitatory synapses activated by NMDARs,
BDNF can facilitate the binding of PSD-95 to TrkB, potentially alleviating neuropathic pain associated with the binding
of PSD95 to nNOS in the presence of ZL006.>® Additionally, studies have shown a progressive increase in brain GABA
levels in mice, ranging from 0.167 to 5 hours post-oral administration of (+)-borneol, indicating that borneol may exert
analgesic effects through the modulation of brain GABA levels.”’

Although studies have indicated that the application of strychnine (a glycine antagonist) and picrotoxin (a GABAA
antagonist) in the substantia gelatinosa (SG) neurons of the caudal trigeminal subnucleus (Vc¢) in mice nearly abolished
the inward current induced by ~(-)borneol,>® it is essential to consider the differential distribution of TRPMS8 and
GABAA receptors. This raises questions regarding whether GABAA is the primary target of borneol. The evidence
predominantly suggests this at the advanced central level, as TRPMS is infrequently present there. It is plausible that
GABAA is indeed the principal target of borneol.

At the behavioral level, research has demonstrated that in the SNL and CFA models, the analgesic effect of orally
administered borneol can be almost entirely negated by the intrathecal injection of bicuculline (a selective GABAA
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antagonist, 0.1 pg) 30 minutes following oral administration of (+)-borneol.>* Conversely, intrathecal administration of
bicuculline had minimal effect on the analgesic efficacy of locally administered (+)-borneol in the capsaicin model."*
Overall, borneol may act on GABAA receptors, showing dose- and stereo-selectivity, and affects pain models with

mixed evidence on its main target.

5-Ht

Serotonin (5-HT), a monoamine extensively distributed within the nervous system, is located in 5-hydroxytryptaminergic
neurons in the brain and spinal cord, where it acts as a neurotransmitter to regulate mood, sleep, and pain. Upon
inflammation or tissue damage, 5-HT is released from mast cells and platelets in the surrounding system, potentially
alleviating or exacerbating pain.”® The role of 5-HT in influencing the pain process has been recognized for
a considerable time.®*°' Research conducted in both fundamental and clinical contexts has established the critical role
of serotonin in pain modulation. For the management of various pain syndromes, a range of 5-HT receptor subtype
agonists, antagonists, and 5-HT reuptake inhibitors have been utilized.®'-**

High-performance liquid chromatography-electrochemical detection (HPLC-ECD) has demonstrated a significant
increase in 5-HT levels in the hypothalamus of rats 45 minutes following the administration of high-dose oral borneol
(P < 0.05).°° Nevertheless, it remains unclear whether borneol facilitates the action of 5-HT on receptors such as 5-HT1B
and 5-HT1D in spinal dorsal horn neurons, thereby inhibiting pain signal transmission to produce analgesic effects.

Acetylcholine Receptors
Nicotinic acetylcholine receptors (nAChRs), members of the cysteine-loop ligand-gated ion channel superfamily, respond
to endogenous acetylcholine (ACh) and other cholinergic ligands. These receptors are extensively expressed in both the
central nervous system (CNS) and peripheral nervous system (PNS), where they are located at presynaptic and
postsynaptic sites and participate in various functions, including learning and memory, arousal, reward, motor control,
and analgesia.®* For instance, a7 nicotinic acetylcholine receptors (nAChRs) have increasingly been recognized as
promising targets for the development of anti-inflammatory and analgesic agents.®>°® Borneol has been identified as
a specific noncompetitive inhibitor of nAChR-mediated effects, which may underlie its analgesic properties. According
to calcium imaging studies conducted by the Tae-Ju Park team,®” borneol exhibited a half-maximal inhibitory concen-
tration (IC50) of 56+9 pM, effectively preventing the calcium influx induced by the nAChR agonist 1,1-dimethyl-
4-phenylpiperazinium iodide (DMPP). Borneol is a specific noncompetitive inhibitor of nAChR-mediated effects,
possibly related to its analgesic properties and blocked calcium influx induced by the nAChR agonist DMPP.

Consequently, borneol may exert analgesic effects by inhibiting peripheral receptors and modulating central excita-
tory neural transmission. In the peripheral nervous system, borneol inhibits pain signal transduction by activating
TRPMBS, up-regulating type II/III glutamate receptor expression, and reducing synaptic glutamate levels. Additionally,
it diminishes pain sensitivity by down-regulating TRPA1 expression. In the central nervous system, borneol acts as
a partial or complete agonist of GABA receptors (GABAAR), can encourage the inflow of Cl ions, enhancing GABA
expression and increasing GABA concentrations in the brain. By elevating the levels of 5-HT in the brain, there is an
induction of potassium ion efflux, leading to membrane hyperpolarization. This process can also inhibit the influx of
sodium, potassium, and other cations by preventing the activation of acetylcholine receptors, collectively impeding the
conduction of action potentials responsible for pain sensation. This mechanism provides a theoretical foundation for its
analgesic effects observed in animal models of acute pain and chronic hyperalgesia (Figure 2).

The analgesic efficacy of borneol is attributed to the synergistic action of receptor and immune mechanisms, rather
than isolated effects. Subsequently, the immune-related analgesic mechanisms of borneol are examined.

Immune-Related Analgesic Mechanism of Borneol

Pain is a primary characteristic of inflammation. From an immunological perspective, borneol can mitigate the onset and
progression of inflammation by inhibiting the production of inflammatory mediators, reducing nitric oxide synthesis,
curtailing oxidative stress, limiting the migration and infiltration of inflammatory cells, and promoting the resolution of
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nervous system. Created in BioRender. Z, (Y) (2025) https://BioRender.com/rj3jbp9.

inflammation (Figure 3). Consequently, borneol exerts an analgesic effect, which has been substantiated in various rodent
models.

Inhibition of the Production of Inflammatory Factors

In an infectious inflammatory environment, pathogen-associated molecular patterns (PAMPs) of bacteria, along with
damage-associated molecular patterns (DAMPs) in a sterile context are recognized by the TLR4 receptor of innate immune
cells.®® The recognition events trigger the release of the adaptor protein MyD88, activation of IRAK 1 and IRAK4 kinases,
auto-ubiquitination of TRAF6, activation of TAK1, and phosphorylation of IKKP.® The phosphorylated IKK complex
further phosphorylates IxBa, leading to its ubiquitination and subsequent degradation by the proteasome. This process
facilitates the release and nuclear translocation of NF-kB’® which in turn promotes the transcription and expression of genes
associated with inflammatory factors, such as IL-1B, TNF-a, NGF, and bradykinin.”"~7* Inflammatory pain arises from the
direct stimulation of nociceptors in the primary afferent nerve fibers of peripheral tissues, mediated by the local release of
inflammatory mediators. These nociceptors include the G protein-coupled receptor (GPCR), transient receptor potential
channel (TRP), and acid-sensitive ion channel (ASIC).”>’® Borneol is capable of directly inhibiting the synthesis of IL-1,
IL-6, TNF-a, and other inflammatory factors induced by bacterial or aseptic inflammation.”” Additionally, Borneol can
indirectly inhibit the production of inflammatory factors by suppressing the activation of the NF-kB pathway. By inhibiting
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Figure 3 Immune-related analgesic mechanism of borneol. Borneol can effectively reduce the transcription and expression of genes related to inflammatory factors such as
bradykinin, IL - I3, TNF - 0, and NGF by down - regulating the expression of NF - kB - related proteins such as IKKa/B and lkBa. It inhibits the activation of PLC - PKC and
MARK signaling pathways mediated by TrkA, TNFR, and IL - IR, and then suppresses the phosphorylation of TRPVI, as well as the activation of GPCR and ASIC, thus
exerting an analgesic effect. Borneol can inhibit the production of NO by suppressing the activity of nitric oxide synthase, and then inhibit the phosphorylation of TRPVI by
suppressing the phosphorylation of PKG. Borneol can also inhibit the production of inflammasomes and the inflammatory mediators such as IL - I and IL - |8 mediated by
them by inhibiting the synthesis of ROS. Created in BioRender. Z, (Y) (2025) https://BioRender.com/muzx5cx.

the expression of NFkB-related proteins such as IKKo/f and [kBa, borneol effectively attenuates the upregulation of IL-1,
IL-6, TNF-0, and IL-8 mRNA and protein levels induced by Pseudomonas acnes infection in a rat acne model.”®
Borneol demonstrates a dose-dependent capacity to mitigate the increase in TNF-o and ICAM-1 in neurons subjected
to oxygen-glucose deprivation and reperfusion (OGD/R) and prevents the nuclear translocation of NF-kB and the
degradation of IkB in a mouse model of hypoxia-glucose deprivation and reperfusion ischemia.'*> In an endotoxin
model, borneol reduces the elevation of NO, TNF-q, and IL-6 inflammatory factor levels induced by lipopolysaccharide
(LPS) in RAW264.7 cells.”’ Furthermore, in a mouse ischemia-reperfusion model, borneol inhibits the levels of IL-1p
and IL-6 in the cerebral cortex following ischemic events.*® These findings highlight borneol’s potential as a therapeutic
agent for mitigating inflammation and inflammatory pain by targeting both the production of inflammatory mediators and

the NF-kB signaling pathway.

Inhibition of the Production of NO
Although inducible nitric oxide synthase (iNOS) is not expressed under basal conditions, it can be activated by infection,
injury, ischemia, ultraviolet light, cytokines (including TNF), bacteria, viruses, and other stimuli, leading to substantial

iNOS production in vivo via the NF-kB pathway.®'-*?

iNOS catalyzes the conversion of L-arginine to nitric oxide (NO).
Nitric oxide (NO) facilitates the synthesis of cyclic guanosine monophosphate (cGMP) by binding to and activating
soluble guanylate cyclase through free diffusion to adjacent neurons. Subsequently, cGMP can phosphorylate and

activate protein kinase G (PKG) by interacting with its two regulatory domains.®® Activated PKG can phosphorylate
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two serine residues of the transient receptor potential vanilloid 1 (TRPV1) channel, activating TRPV1 and inducing
inflammatory pain.®*

Borneol has been shown to inhibit inducible nitric oxide synthase (iNOS) activity, thereby preventing NO synthesis.'?
In the permanent middle cerebral artery occlusion (pMCAO) model, (+)-borneol significantly decreased the levels of
tumor necrosis factor-alpha (TNF-a)) and iNOS proteins in the ischemic region.®> Furthermore, in the endotoxin model,
(+)-borneol markedly and dose-dependently reduced the production of TNF-a and iNOS proteins in lipopolysaccharide
(LPS)-stimulated BV-2 microglia.®

In short, borneol effectively inhibits iNOS activity, reducing NO synthesis and its downstream inflammatory and
pain-promoting effects which has been demonstrated in various models. Those findings suggest that borneol’s inhibition
of INOS and NO production contributes to its anti-inflammatory and analgesic properties, making it a potential
therapeutic candidate for conditions involving excessive NO-mediated inflammation and pain.

Inhibition of Oxidative Damage

Reactive oxygen species (ROS) are intricately linked to the inflammatory response. During this response, increased NF-
kB activity can enhance the expression of NLRP3.*® Concurrently, ROS facilitate the dissociation of the TXINP-Trx
complex, enabling TXINP to bind to NLRP3, which subsequently recruits Asc and Procaspase-1/12 to form active
inflammasomes. This process induces the production and release of IL-1p and IL-18.*”*" Intracellular ROS primarily
originate from three sources. Inflammatory mediators can stimulate NADPH oxidase to generate ROS by promoting the
phosphorylation of p67phox (also known as neutrophil cytosolic factor 2, NCF2).*> Additionally, during mitochondrial
electron transport, approximately 1-2% of electrons may leak and react with oxygen, forming superoxide anions;”
Moreover, the uncoupling of endothelial nitric oxide synthase (eNOS) can lead to electron transfer to molecular oxygen,
generating ROS.”" Borneol has been shown to mitigate inflammation by inhibiting ROS production through various
mechanisms.”® In a dose-dependent manner, borneol significantly reduced intracellular ROS generation induced by
oxygen-glucose deprivation/reperfusion (OGD/R) exposure in an animal model of hypoxia-glucose deprivation-
reperfusion ischemia.'® Through the activation of protein kinase C (PKC) and NADPH oxidase, (+)-borneol effectively
inhibited the production of reactive oxygen species (ROS) by neutrophils in response to phorbol-12-myristate-13-acetate
(PMA).”> Additionally, borneol significantly reduced ROS production induced by amyloid-beta (AP) in human neuro-
blastoma (SH-SY5Y) tumor cells by promoting the nuclear translocation of nuclear factor erythroid 2-related factor 2
(Nrf2) and enhancing the expression of heme oxygenase-1 (HO-1).”* Furthermore, borneol mitigated oxidative stress-
induced damage to nerve cells by increasing the levels of superoxide dismutase (SOD) and glutathione peroxidase (GSH-
Px) in the cortical region, thereby reducing malondialdehyde (MDA) levels.*® Borneol mitigates inflammation by
inhibiting ROS production through various means such as reducing OGD/R-induced intracellular ROS, inhibiting
neutrophil ROS production, reducing AB-induced ROS in SH - SY5Y cells, and alleviating oxidative stress damage to
nerve cells.

Others

Borneol also demonstrated the ability to inhibit the migration and infiltration of inflammatory cells, facilitate the
resolution of inflammation, and exert neuroprotective effects. In a rat model of acne, topical application of borneol on
the ear significantly suppressed the local infiltration of Thl and Th17 cells, reduced the expression of matrix metallo-
proteinase 2 (MMP2) via the p38-COX-2-PGE2 signaling pathway, increased extracellular matrix collagen production,
and subsequently promoted the healing of inflammation.”® In the inflammatory response model induced by intraper-
itoneal injection of carrageenan, borneol administered intraperitoneally at doses of 5, 25, or 50 mg/kg effectively
inhibited the carrageenan-induced recruitment of leukocytes to the peritoneal cavity.”> Furthermore, in a mouse model
of hypoxia-glucose deprivation-reperfusion ischemia, borneol was shown to attenuate the elevation of caspase-3 and
caspase-9 activity in neurons caused by oxygen-glucose deprivation (OGD), which inhibiting neuronal apoptosis and
exerting neuroprotective effects.'® Thus, we know that borneol has multiple beneficial effects including inhibiting the
migration and infiltration of inflammatory cells, promoting inflammation resolution, and showing neuroprotective effects.
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Functional Characteristics of (-)-Borneol and Its s From (+)-Borneol
L-borneol (levo-borneol) is an enantiomer of D-borneol (dextro-borneol) and is predominantly derived from the herb
Blumea balsamifera, commonly referred to as balsamiferous blumea or ai na xiang in Chinese.”> Pharmacological
research indicates that L-borneol exhibits distinct advantages in facilitating penetration, providing neuroprotection,
offering cardiovascular protection, and ensuring safety, whereas D-borneol demonstrates superior anti-tumor properties
(Figure 4).

Studies have revealed that L-borneol is more effective than D-borneol in enhancing the penetration of hydrophilic
drugs, primarily by modulating P-glycoprotein (P-gp) activity.”*?” Moreover, L-borneol exhibits a stronger binding
affinity for the CYP2C9 target, which may be associated with its anti-myocardial ischemia effects through the regulation
of arachidonic acid metabolism.’”-**

Preclinical investigations have shown that oral administration of L-borneol significantly improves the bioavailability
of osthole in rats, thereby demonstrating superior drug delivery enhancement compared to D-borneol.”” Experimental
findings from the permanent middle cerebral artery occlusion (pMCAO) rat model further corroborate the superior
neuroprotective efficacy of L-borneol relative to its D-borneol counterpart.'® In rat models of acute myocardial
infarction (AMI), the oral administration of L-borneol has demonstrated significantly superior cardioprotective effects
compared to D-borneol. This is evidenced by more pronounced improvements in cardiac electrophysiological
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Figure 4 The difference of (-)-borneol and (+) - borneol in function. The figure summarizes the pharmacological properties of (-)-borneol (L-borneol), highlighting its key biological
activities, including drug penetration enhancement, neuroprotection, cardioprotection, antibacterial adhesion, acute toxicity modulation, and tumor sensitivity regulation.Notably,
(-)-borneol exhibits superior permeation-enhancing, neuroprotective, and cardioprotective effects compared to (+)-borneol (D-borneol), as demonstrated in preclinical studies.
However, its analgesic potential remains unverified in behavioral tests (eg, hot plate, cold plate, von Frey assays), despite in vitro evidence suggesting modulation of TRPAI, GABA
receptors, oxidative stress (ROS), and inflammatory pathways (IL-1p, IL-6, NO). Created in BioRender. Z, (Y) (2025) https://BioRender.com/ype0fk4.

Abbreviations: TRPAI, Transient Receptor Potential Ankyrin I; GABA, Gamma-aminobutyric acid; ROS, Reactive oxygen species; Nrf2, Nuclear factor erythroid 2-related
factor 2; HO-I, Heme oxygenase-I; IL, Interleukin; NO, Nitric oxide; 5-HT, Serotonin; nAChRs, Nicotinic acetylcholine receptors.
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abnormalities, greater suppression of pro-inflammatory cytokines (IL-1B and IL-6), and enhanced upregulation of the
HIF-1a/VEGF signaling pathway, collectively indicating its optimal comprehensive myocardial protection.”®
Furthermore, studies have shown that L-borneol is more effective in repairing pathological damage to the blood-brain
barrier (BBB).' It achieves a higher peak concentration in the brain over a longer period and is eliminated more slowly
than D-borneol.”” The special stereoconfiguration of L-borneol’s C2 chiral center allows it to more effectively interfere
with bacterial adhesion.”” Additionally, D-borneol exhibits higher toxicity in acute toxicity experiments, potentially
causing neurological abnormalities and even death, especially at high doses, whereas L-borneol demonstrates a higher
safety profile.””'°" D-borneol exhibits enhanced antitumor efficacy when used in conjunction with chemotherapeutic
agents such as temozolomide, paclitaxel, and cisplatin, particularly at elevated concentrations. This increased effective-
ness is attributed to the inhibition of P-glycoprotein (P-gp) activity, which amplifies the antitumor effects.”’

In terms of analgesic properties, the pain-relieving effects of L-borneol have not yet been substantiated through
animal behavioral assays. Nonetheless, in vitro studies indicate that L-borneol exerts similar modulatory influences on
TRPAT1 channels, GABAA receptors, and cellular reactive oxygen species (ROS) generation as D-borneol. Experimental
findings have shown that a mixture of L-borneol and D-borneol effectively inhibits calcium influx induced by flufenamic
acid (FAA) and allyl isothiocyanate (AITC) in hTRPAI-transfected HEK293T cells.'”> Patch-clamp recordings have
further revealed that, unlike D-borneol, L-borneol may act as a partial agonist at GABAA receptors. Specifically, (-)-
Borneol demonstrates positive modulation at low GABA concentrations (eg, EC1-4, EC5-14, EC15-24), while exhibiting
negative modulation at high GABA concentrations.”’ From an immunological standpoint, (-)-borneol has the capacity to
inhibit the generation of reactive oxygen species (ROS) by facilitating the nuclear translocation of the transcription factor
Nrf2 and enhancing the expression of the antioxidant enzyme HO-1.'"> Consequently, we hypothesize that L-borneol
exhibits considerable analgesic potential, although additional experimental validation is required.

The Similarities and Differences of Menthol and Borneol in Mechanism
Although both borneol and menthol are terpenoids with similar molecular weights (154 vs 156),'%*'% they are
recognized for their analgesic properties primarily through their action on TRPMS channels; however, their mechanisms
of function differ significantly (Figure 5).

Trpm8

From a potency perspective, patch clamp studies have demonstrated that the EC50 of menthol is 13 uM, whereas that of
borneol is 65 pM.'" Calcium imaging data further indicate that menthol is more effective than borneol in activating
TRPMS channels within the concentration range of 10 pM to 2 mM."

From the standpoint of TRPMS specificity, the calcium imaging results demonstrated that the calcium influx caused
by 100 uM (+)-borneol and 100 uM menthol was not discernible in the control HEK293 cells without TRPMS8 expression
and under the influence of the TRPM8 channel blocker AMTB.*® However, the behavioral results demonstrated that there
was no discernible difference in the analgesic effect caused by 15% menthol between WT and TRPMS8-mice in the CFA
model, but the analgesic effect caused by 15% (+)-borneol nearly vanished in TRPM8-mice in the CFA model.'* This
suggests that borneol’s analgesic action is more dependent on TRPMS8 activation compared to menthol.

Regarding cell viability, WST-1 assays on TRPM8-expressing HEK293 cells showed that (+)-borneol concentrations
ranging from 0.1 to 1000 uM did not affect cell viability. In contrast, menthol at 100 uM and 1000 uM significantly
reduced cell viability, suggesting that at equivalent concentrations, menthol may lead to intracellular Ca** overload due
to excessive TRPMS channel activation, thereby increasing the likelihood of cell death.*®

From the perspective of tolerable activation temperature, it has been observed that 100 uM concentrations of (+)-
borneol and menthol at 25 °C can enhance tear secretion. However, at 35 °C, the tear secretion induced by (+)-borneol is
significantly diminished, whereas menthol continues to elicit a certain level of tear secretion.*® The research indicates the
differences in thermal sensitivity of borneol and menthol. Regarding downstream activation pathways, the opioid
pathway appears to be specific to menthol, while both borneol and menthol share the activation of type II/III
metabotropic glutamate receptors, which are involved in TRPMS8-mediated analgesia. Behavioral tests have shown that
the analgesic effect of a topical application of 15% (+)-borneol in capsaicin model mice is effectively inhibited by the
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the local analgesia of borneol. For the TRPAI channel, menthol has a biphasic effect on mTRPAI, while borneol shows a monophasic inhibitory effect. Regarding the TRPV3
channel, both can activate this channel. Menthol can activate TRPV3 and inhibit the activation of TRPAI and TRPVI to exert an analgesic effect. In addition, menthol has
a bidirectional effect on the TRPVI receptor. Low concentration (3 mM) activates it, while high concentration (10 mM) blocks it, and high concentrations may lead to rapid
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nAChRs. Menthol can also block 5 - HT3 and the sodium influx mediated by it. However, the effect of borneol on 5 - HT receptors is still unknown, but it can reduce the
central 5 - HT level. Created in BioRender. Z, (Y) (2025) https://BioRender.com/ex7hdbf.

intrathecal administration of the selective group II metabotropic glutamate receptor (mGluR) antagonist LY341495.'* In
mice with chronic spinal cord ligation, intrathecal injections of LY341459 and UBP 1112 (a group III mGluR antagonist)
significantly counteracted the analgesic effects of intrathecal menthol administration.>” Both the opioid non-selective
antagonist naloxone and the selective kappa antagonist norNOB were able to significantly block the analgesic effects

induced by menthol,'*®'7

whereas intrathecal injection of naloxone did not significantly affect the analgesic action of
borneol.'* The tests confirm that borneol’s analgesic effects are blocked by mGluR antagonists, whereas menthol’s
effects are also influenced by opioid receptor antagonists.

Furthermore, menthol exhibits a bimodal concentration-dependent effect: low to medium concentrations activate
TRPMS, inducing cooling and analgesia, while high concentrations can cause hyperalgesia. In contrast, borneol does not
show this bimodal behavior, though further studies with higher concentrations are needed to confirm this. Low to
medium concentrations-such as topical applications of 40% or less, plantar injections of 1 mM or 40% or less, and
intraperitoneal injections of 100 mg/kg or less generally activate TRPMS8 receptors, eliciting sensations of cold (a
physiological response) and analgesia (a pathological response).'®®!%1% In contrast, higher concentrations such as

topical applications exceeding 640 mM in healthy mice and more than 30% in healthy volunteers are associated with
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hyperalgesia.''®!'"" The current borneol tests do not demonstrate a bimodal phenomenon, however, this cannot be
conclusively ruled out due to the absence of studies employing high concentrations of borneol.

These findings underscore the potential of borneol as a safer and more specific TRPM8-targeting analgesic compared
to menthol, particularly in conditions where opioid pathways are undesirable.

Trpal

Menthol exhibits a biphasic effect on murine TRPA1 (mTRPA1) and a monophasic activating effect on human TRPA1
(hTRPA1). Patch-clamp experiments have demonstrated that low concentrations of menthol (1-30 pM) can activate the
channel in CHO cells expressing mTRPA1, whereas higher concentrations (I mM) result in reversible channel
blockage.''? Conversely, menthol is capable of activating hTRPA1 in HEK293T cells expressing this receptor mediated
calcium influx.*

The observed discrepancy may be attributed to the formation of hydrogen bonds between menthol and S877
(threonine 877) in mTRPA1,"? while the corresponding residues S873 and S877 in hTRPA1 exhibit slight variations.
Borneol demonstrated a monophasic inhibitory effect on hTRPA1. In HEK293T cells expressing hTRPA1, 1 mM borneol
completely inhibited calcium influx mediated by menthol (1 mM), FAA (100 uM), and AITC (20 uM), as evidenced by
calcium imaging results. The half-maximal inhibitory concentration (IC50) was determined to be 0.2 + 0.06 mM,** and
patch-clamp studies confirmed that borneol inhibited AITC-induced hTRPA1 currents in a dose-dependent manner.
Conversely, the inhibitory effect on mTRPA1 appears to be relatively mild. Patch-clamp results indicate that borneol
exerts a more pronounced inhibitory effect on wild-type h\TRPA1 compared to hTRPA1-S873V/T874L.** Behavioral data
suggest that in capsaicin and formalin models, the analgesic effect of local (+)-borneol administration is comparable in
TRPAI-deficient and wild-type mice.*® In short, menthol has species-specific effects on TRPA1 while borneol acts as
a potent inhibitor of hTRPA1 but has minimal effects on mTRPA1, highlighting species-specific differences in TRPA1
modulation.

Trpv3

Both TRPA1 and TRPV3 can be activated, although borneol exhibits a stronger activation effect on TRPV3. According
to patch-clamp analysis, 2 mM (+)-borneol was capable of activating TRPV3 under the sensitization of 2-APB, with an
EC50 of 3.45 + 0.13mM. The EC50 value may activate TRPV3 by over 150%, compared to 100% activation with
camphor, and is significantly lower than that observed in the control group. Although 2 mM menthol is capable of
activating TRPV3 under sensitization conditions, its activation reaches only 65% of that achieved by camphor.®
Furthermore, studies have shown that menthol inhibits TRPV1 and TRPAl-mediated pain sensitivity by activating
TRPV3."'* The stronger activation of TRPV3 by borneol highlights its potential significance in mediating analgesic
effects, particularly through TRPV3-dependent pathways. Consequently, the role of TRPV3 in the analgesic effects of
borneol holds substantial significance.

Gaba,

Both borneol and menthol act as agonists of the GABAA receptor. Patch clamp studies indicate that 100 pM concentra-
tions of (+)-borneol and menthol can enhance the EC20 response of the GABAA receptor in human GABAA
recombinant Xenopus oocytes.”' However, menthol exhibits stereoselectivity for GABA, with (+)-menthol being more
effective than (-)-menthol,'’>'!” and increases the response intensity of GABAA to GABA (EC50 = 23 puM).
Additionally, menthol can enhance the EC20 response of the glycine receptor without demonstrating stereoselectivity.
In contrast, (+)-borneol does not affect glycine receptor currents, whereas both (+) and (-) menthol can increase the
glycine EC20 current by approximately 150-200% at 100 pM.*® The observed differences may be attributed to the
distinct hydroxyl group positions in the two compounds. In borneol, the isopropyl methyl group is anchored within
a rigid bicyclic structure, positioned at a considerable distance from the hydroxyl group. Conversely, in menthol, the
isopropyl group is capable of free rotation, allowing the isopropyl methyl group to approach the hydroxyl group in
certain conformations.''> Overall, borneol and menthol enhance GABAA receptor responses, but menthol also affects
glycine receptors. Structural flexibility in menthol, unlike rigid borneol, explains their differing pharmacological effects.

4098 e Journal of Pain Research 2025:18



Zhou et al

nAChRs and 5-HT

Both compounds exhibit analgesic properties through the inhibition of nicotinic acetylcholine receptors (nAchRs),
however, they may differentially affect serotonin (5-HT) receptors. Menthol has been demonstrated to inhibit 5-HT3
receptors and the sodium influx mechanism mediated by 5-HT3 activation.''®'?° In contrast, borneol has been shown to
elevate 5-HT levels in the brain.®® This suggests that if 5-HT receptors contribute to borneol’s analgesic effects, borneol
may enhance analgesia in combination with fluoxetine and sumatriptan by modulating potassium ion efflux and
activating 5-HTID receptors.'"'?* Both borneol and menthol inhibit nAchRs for analgesia, but menthol blocks
5-HT3 receptors, while borneol increases brain 5-HT levels, potentially enhancing analgesia via 5-HT1D receptor
activation and potassium efflux modulation.

Other Receptors

Furthermore, menthol interacts with the TRPV 1 receptor in a concentration-dependent manner: low concentrations (3 mM)
activate TRPV 1, whereas high concentrations (10 mM) inhibit it.'>*'?* In other words, a high concentration of menthol
may act on TRPV1 similarly to other compounds, such as RhTx2, resulting in rapid desensitization following initial
activation.'?>"'?® However, borneol’s interaction with TRPV1 has not been reported.

Conclusion

Borneol, a traditional Chinese herbal medicine, has emerged as a promising candidate for pain management through
a multitude of pre-clinical studies. In pre-clinical models, it has demonstrated remarkable efficacy in alleviating both
acute and chronic pain. The analgesic effects of borneol are mediated through a complex network of receptor-related and
immune-related mechanisms.

Receptor-related mechanisms involve interactions with multiple key receptors. Borneol can activate TRPMS, leading
to increased calcium ion influx and pain signal inhibition in the peripheral nervous system. It also inhibits TRPA1, which
reduces the activation of nociceptive neurons in response to harmful stimuli. Additionally, borneol shows activity as
a full or partial agonist of GABAA receptors, promoting chloride ion influx and neuronal hyperpolarization in the central
nervous system. It increases 5-HT levels in the brain, potentially modulating pain transmission, and non-competitively
inhibits nicotinic acetylcholine receptors, further contributing to its analgesic effect.

Immune-related mechanisms play a crucial role as well. Borneol effectively inhibits the production of inflammatory
factors such as IL - 1B, TNF - a, and IL - 6 by blocking the NF - kB pathway. It also suppresses the production of NO by
inhibiting iNOS activity, reducing oxidative damage by blocking ROS generation, and inhibits the migration and
infiltration of inflammatory cells. These immune-modulating effects ultimately lead to a reduction in inflammation-
associated pain.

When compared to menthol, another terpenoid with analgesic properties, borneol exhibits distinct differences in
receptor - binding potency, specificity, and downstream activation pathways.

In conclusion, borneol represents a promising natural compound for pain management, with a unique mechanism of
action that distinguishes it from menthol and other conventional analgesics. Its potential for clinical application,
combined with its favorable safety profile, warrants further investigation and development as a modern therapeutic
agent for pain relief.

Future Perspectives

Despite the significant progress in understanding borneol’s analgesic properties, several areas require further exploration.
First, the long - term safety and toxicity of borneol in humans remain to be fully established. Although it has been
approved by the FDA as a condiment and excipient for food and toiletries, its safety profile in the context of chronic pain
treatment needs to be investigated through well - designed clinical trials. Second, given the complex nature of pain and
the multiple pathways involved in borneol’s analgesic action, combination therapies with other analgesics or drugs that
target different pain mechanisms could be explored. This could potentially enhance the analgesic effect and reduce the
dosage-related side effects of individual drugs. Finally, more research is required to explore the potential of borneol in
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treating specific pain conditions, such as cancer pain and fibromyalgia, which are often challenging to manage with
current therapies.
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adenine dinucleotide phosphate; nAChRs, Nicotinic acetylcholine receptors; NF-kB, Nuclear factor kappa-light-chain-
enhancer of activated B cells; NLRP3, NLR family pyrin domain containing 3; NO, Nitric oxide; NSAIDs, Non-steroidal
anti-inflammatory drugs; OGD/R, Oxygen-glucose deprivation and reperfusion; PAMPs, Pathogen-associated molecular
patterns; PDT, Photodynamic therapy; PKG, Protein kinase G; PMA, Phorbol-12-myristate-13-acetate; PGE2,
Prostaglandin E2; RvD1, Resolvin D1; ROS, Reactive oxygen species.
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