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Abstract

Bingpian is a time-honored herb in traditional Chinese medicine
(TCM). It is an almost pure chemical with a chemical composition
of (+)-borneol and has been historically used as a topical analgesic
for millennia. However, the clinical efficacy of topical borneol lacks
stringent evidence-based clinical studies and verifiable scientific
mechanism. We examined the analgesic efficacy of topical borneol
in a randomized, double-blind, placebo-controlled clinical study
involving 122 patients with postoperative pain. Topical application
of borneol led to significantly greater pain relief than placebo did.
Using mouse models of pain, we identified the TRPM8 channel as a
molecular target of borneol and showed that topical borneol-
induced analgesia was almost exclusively mediated by TRPM8, and
involved a downstream glutamatergic mechanism in the spinal
cord. Investigation of the actions of topical borneol and menthol
revealed mechanistic differences between borneol- and menthol-
induced analgesia and indicated that borneol exhibits advantages
over menthol as a topical analgesic. Our work demonstrates that
borneol, which is currently approved by the US FDA to be used only
as a flavoring substance or adjuvant in food, is an effective topical
pain reliever in humans and reveals a key part of the molecular
mechanism underlying its analgesic effect.
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Introduction

For treatment of acute and chronic pain, analgesics, such as non-

steroidal anti-inflammatory drugs (NSAIDs) and opioids, are typi-

cally administered systemically (Sawynok, 2003; Argoff, 2013).

However, systemic analgesics frequently cause adverse reactions,

which limits their usefulness (Sawynok, 2003; Argoff, 2013). For

example, systemic NSAIDs carry common risks for the development

of significant adverse effects on the gastrointestinal tract and

hepatic, renal, and central nervous systems (Clive & Stoff, 1984;

Roth, 1988; Hoppmann et al, 1991; Murray & Brater, 1993; Garcia

Rodriguez & Jick, 1994; Boelsterli, 2002; Laporte et al, 2004; Rostom

et al, 2005), and systemic opioid analgesics can result in potentially

fatal respiratory depression, addiction, nausea, pruritus, and consti-

pation (Friedman & Dello Buono, 2001; Compton & Volkow, 2006;

Paulozzi et al, 2006; Porreca & Ossipov, 2009; Dahan et al, 2010).

These adverse effects have stimulated interests in localized, non-

systemic approaches to manage pain. Topical analgesics are pain

relievers in externally applied formulations, such as sprays, creams,

gels, plasters, or patches, and are applied locally to the skin of the

pain area. Topical treatments offer the advantage of local, enhanced

analgesic delivery to affected tissues with lower incidences of

systemic adverse effects due to reduced plasma concentrations

(Sawynok, 2003; Argoff, 2004, 2013; de Leon-Casasola, 2007;

McCleane, 2007). In addition, the use of topical analgesics also has

a low risk for drug–drug interactions, which is especially important

in the elderly and in those who are on multiple medications (Cava-

lieri, 2002; Sawynok, 2003; Argoff, 2004; de Leon-Casasola, 2007).

Other advantages of topical analgesics include the lack of need to

titrate doses based on tolerability and, importantly, their ease of use

(Sawynok, 2003; Argoff, 2004). Currently, numerous clinical trials

of topical analgesics are ongoing. However, only a limited number

of active agents are available as topical analgesics on the market,
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mainly including NSAIDs, capsaicin, local anesthetics, and menthol

(Sawynok, 2003; de Leon-Casasola, 2007; McCleane, 2007; Argoff,

2013). Due to the diversity of the mechanisms involved in pain

signaling, individual topical analgesic agents that target one particu-

lar mediator may only work for certain pain conditions or relieve

pain partially (Sawynok, 2003). Thus, there is great interest in iden-

tifying new topical analgesics targeting new pathways that may

serve as an alternative or supplement to systemic analgesic

therapies.

Traditional Chinese medicine has been widely used in East Asia

for thousands of years to provide treatments and cures for diseases,

including pathological pain. However, traditional herbal remedies

have encountered substantial skepticism from Western medical

professionals and scientists because “the claims made for them rest

largely on anecdotes and clinical observations instead of random-

ized, double-blind, placebo-controlled trials” and the lack of verifi-

able scientific basis (Yuan & Lin, 2000; Normile, 2003; Chan, 2014;

Leshner, 2014). This is also the case with bingpian. Bingpian, also

known as longnao in Chinese, is a time-honored herb in TCM and

has been used for more than 2,000 years in clinical applications.

Natural bingpian is the resin obtained from Cinnamomum tree and

is almost a pure chemical (purity > 96%; Chinese Pharmacopoeia

Commission, 2015). Its chemical composition has been identified as

(+)-borneol, which is a bicyclic monoterpene (Chinese Pharma-

copoeia Commission, 2015). Because borneol can be chemically

synthesized from turpentine oil or camphor, synthetic bingpian is

also commonly used in China (Chinese Pharmacopoeia Commis-

sion, 2015). Thus, “borneol” is now synonymous with “bingpian”.

According to ancient medical literature and the Chinese Pharma-

copoeia, borneol can reduce pain and swelling (Li, 1578; Wang,

1758; Luo, 1789; Chinese Pharmacopoeia Commission, 2015),and it

is used in greater frequency for topical application in the treatment

of injuries, burns, sprains, muscle pain, hemorrhoids, carbuncles,

joint pain, sore gums, and ulcerations. In addition, borneol may

facilitate the delivery of other effective components and enhance

their effects in combinatorial herbal formulas (Kou, 1116; Li, 1578).

Thus, borneol is also orally administered as an adjuvant component

for the treatment of a variety of diseases, and the recommended oral

dosing of natural borneol is 0.3–0.9 g/day for adults (Chinese Phar-

macopoeia Commission, 2015). Although borneol has been used

successfully for millennia, few clinical studies that meet interna-

tional quality standards (randomized double-blind and placebo-

controlled) have been performed to demonstrate its clinical efficacy.

To our knowledge, no completed or ongoing high-quality clinical

studies were designed to examine the analgesic effect of topical

borneol. Borneol is currently approved by the US FDA to be used

only as a flavoring substance or adjuvant in food (21 CFR 172.515).

Thus, the analgesic effect of topical borneol remains to be estab-

lished through rigorous clinical studies.

Another difficult issue in TCM-based drug development involves

deciphering the scientific mechanisms responsible for the clinical

effects. At the onset of our study, three molecular targets of borneol

had been identified in mammals, the GABAA receptor and TRPA1

and TRPV3 channels. Borneol can potentiate (EC50 = 248 lM) or

directly activate (> 1.5 mM) the GABAA receptor (Granger et al,

2005), activate the TRPV3 channel (EC50 = 3.45 � 0.13 mM;

Vogt-Eisele et al, 2007), and inhibit the TRPA1 channel

(IC50 = 0.5 � 0.3 or 0.20 � 0.06 mM; Takaishi et al, 2014;

Sherkheli et al, 2015). Whether these targets contribute to the anal-

gesic effect of topical borneol has not been determined. In the past

decades, the analgesic effects of borneol have been experimentally

verified in various animal models (Hou et al, 1995; Sun et al, 2007;

Zhao et al, 2010; Almeida et al, 2013; Jiang et al, 2015; Zhou et al,

2016), but the mechanism of action has rarely been studied and

remains controversial. Moreover, in some animal studies, borneol

was administered systemically or intrathecally (Jiang et al, 2015;

Zhou et al, 2016); thus, these studies do not provide pertinent

information to the analgesic effect of topical borneol.

In this study, we first demonstrated the clinical analgesic efficacy

of topical borneol in a randomized, double-blind, placebo-controlled

study involving 122 patients. We then clarified the underlying

mechanism in mouse models. We found that the TRPM8 channel

was activated by borneol (EC50 = 65 lM) and this activation was

responsible for most of the topical borneol-induced analgesia in

mice. TRPM8 is a non-selective, Ca2+-permeable cation channel

belonging to the transient receptor potential (TRP) ion channel

superfamily and is mainly expressed in peripheral sensory neurons.

TRPM8 is activated by cold temperature, menthol, and icillin

(Julius, 2013), and its activation can elicit analgesia (Proudfoot

et al, 2006; Dhaka et al, 2007; Liu et al, 2013). By comparing the

actions of topical borneol and menthol, we show the mechanistic

differences between borneol- and menthol-induced analgesia, and

demonstrate that borneol exhibits advantages over menthol as a

topical analgesic.

Results

A randomized, double-blind, placebo-controlled clinical study of
topical borneol for the treatment of postoperative pain

To verify the analgesic effect of topical borneol in humans, we

conducted a randomized, double-blind, placebo-controlled clinical

study. Figure 1 outlines the flow of patients through this study. In

total, 126 patients with postoperative pain were enrolled and

randomized into the placebo control group and the borneol group.

Two patients were excluded due to wound infection and a lack of

clear consciousness, respectively. Another two patients quit the

study without providing a reason. The remaining 60 patients in the

Figure 1. Patient flow through the clinical study.
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placebo group and 62 patients in the borneol group completed the

assessment and were included in the analysis. The demographic

information of the participants is presented in Table 1. Predictably,

the pain intensity in the borneol group was similar to that in the

placebo group before treatment. The averaged pain score in the

visual analog scale (VAS) was 62.8 mm for the borneol group and

62.3 mm for the placebo group (P = 0.8167; Table 1). However,

after a single treatment for 30–60 min, there was a significant dif-

ference in the pain score between the borneol and placebo groups

(P = 0.0004; Table 1), and the patients in the borneol group showed

significantly greater pain relief compared to the placebo group. The

mean reduction in the VAS score was 32.0 in the borneol group and

19.6 in the placebo group (P = 0.0001; Table 1). Furthermore, 66%

of patients in the borneol group experienced a ≥ 50% reduction in

pain intensity compared with 35% of patients in the placebo group

(P = 0.0006; Table 1). The relative benefit value of topical borneol

was calculated to be 1.89 (95% CI 1.28–2.79) compared with

placebo for the ≥ 50% reduction in pain. No adverse effects were

reported by patients or observed by medical staff in this study. This

clinical study indicates that topical borneol provides a significant

analgesic effect in patients with postoperative pain, confirming its

action as a topical analgesic in TCM.

Topical borneol causes analgesia in mice

To elucidate the mechanisms underlying topical borneol-induced

analgesia, our study moved from bedside to bench. We first exam-

ined whether topical borneol could cause analgesia in mice as it

does in humans. Intraplantar injection of capsaicin in mice

produced substantial nociceptive behavior within 5 min after the

injection, including lifting and licking of the injected hindpaw.

Twenty-five percent medical borneol topically applied to the hind-

paw prior to capsaicin injection substantially suppressed capsaicin-

induced pain (Fig 2A). Topical application of 25% chemical

borneol, which was obtained from Sigma-Aldrich Co., showed

similar analgesic effects in the capsaicin model (Fig 2B). We also

tested the effect of topical borneol on the formalin model, which is

another popular animal model of acute pain. Intraplantar injection

of 1.5% formalin into a mouse hindpaw produced a biphasic pain

response over a test period of 60 min characterized by lifting and

licking of the injected paw (Fig 2C). The pain response in the first

phase occurred typically within 5 min following formalin injection,

and after a quiescent period, the second phase of the pain response

started and lasted for approximately 20–40 min. Topical applica-

tion of borneol to the hindpaw prior to formalin injection caused

dose-dependent analgesia in both phases of the formalin-induced

pain responses (Fig 2C). Furthermore, we examined the effect of

topical borneol on complete Freund’s adjuvant (CFA)-induced

hyperalgesia. Intraplantar injection of CFA emulsion into mouse

hindpaw produced inflammation, which lasted for approximately

1–2 weeks and was associated with mechanical and thermal hyper-

algesia, mimicking more persistent pain and hyperalgesia in

patients. Topical application of 15% borneol onto the CFA-injected

hindpaw prior to pain measurement substantially attenuated

mechanical and thermal hyperalgesia in mice (Fig 2D and E). Thus,

topical borneol provides analgesic effects in three different mouse

models of pain.

Topical borneol-induced analgesia is largely independent of
TRPA1 and GABAA

We next investigated the molecular mechanisms that underlie the

analgesic effect of topical borneol in mice. We first revisited the

most likely targets, TRPA1 and GABAA. Inhibition of peripheral

TRPA1 channel or potentiation of the spinal GABAA receptor can

cause analgesia (Munro et al, 2009; Julius, 2013), and both TRPA1

and GABAA have been reported to be the molecular targets of

borneol (Granger et al, 2005; Takaishi et al, 2014; Sherkheli et al,

2015) and are thought to mediate the analgesic effect of systemically

or intrathecally administered borneol (Jiang et al, 2015; Zhou et al,

2016). In the capsaicin model, topical application of 15% borneol

decreased the pain responses by 62% in TRPA1�/� mice (Fig 3A)

and 85% in wild-type (WT) mice (Fig 3B). In the CFA model, topi-

cal borneol caused similar analgesia in TRPA1�/� mice compared

with WT mice in the hot plate test (compare Figs 3C and 2E). These

results suggest that TRPA1 only minimally contributes to the anal-

gesic effect of topical borneol in mice. Intrathecal injection of the

GABAA antagonist bicuculline did not show any effects on topical

borneol-induced analgesia in the capsaicin model (Fig 3D and E).

However, in a parallel positive control experiment, bicuculline effec-

tively attenuated GABAA agonist muscimol-induced analgesia

(Fig 3F). These results indicate that a major portion of topical

borneol-induced analgesia does not function through TRPA1- or

GABAA-mediated mechanisms.

TRPM8 is a molecular target of borneol

We further examined whether borneol affects other known periph-

eral molecular targets in pain signaling pathways. We tested the

effects of borneol on whole-cell currents of recombinant TRPV1,

Table 1. Patient demographic and clinical characteristics.

Placebo (n = 60) Borneol (n = 62) P

Age 54.73 (16.00, 50.60–58.87) 53.34 (14.05, 49.77–56.91) 0.4138

Gender (Female/Male) 27/33 25/37 0.6015

VAS score (Before treatment) 62.33 (15.66, 58.29–66.38) 62.82 (15.11, 58.98–66.66) 0.8167

VAS score (After treatment) 42.75 (19.21, 37.79–47.71) 30.81 (13.46, 27.39–34.23) 0.0004

Absolute change in VAS score 19.58 (17.33, 15.11–24.06) 32.02 (14.97, 28.21–35.82) 0.0001

% change in VAS score 30.81 (29.07, 23.30–38.32) 50.05 (21.02, 44.71–55.38) 0.0001

% patients with a ≥ 50% pain relief 35.00 66.13 0.0006

Data are expressed as mean (SD, 95% CI) unless specified.

EMBO Molecular Medicine Vol 9 | No 6 | 2017 ª 2017 The Authors

EMBO Molecular Medicine Borneol causes analgesia through TRPM8 Shu Wang et al

804



ASIC3, P2X2, and P2X4 expressed in HEK 293 cells (Fig 4A–D) and

the enzymatic activity of cyclooxygenase-2 (COX-2; Fig 4E; Seibert

et al, 1994; Deval et al, 2008; Gum et al, 2012; Julius, 2013).

Borneol showed no significant effect on these targets. We also tested

borneol effects on peripheral sensory neurons and examined

whether borneol could affect high-potassium-induced excitation of

dorsal root ganglion (DRG) neurons. Surprisingly, 200 lM
(~0.003%) borneol did not reduce high-potassium-induced intracel-

lular Ca2+ increase; instead, it actually increased the Ca2+ signal in

a subset of DRG neurons, most of which (71%) also responded to

menthol (Fig 4F). Menthol is well known for its ability to activate

TRPM8 receptor in sensory neurons, which is a non-selective, Ca2+-

permeable cation channel (McKemy et al, 2002; Peier et al, 2002).

This result suggests that TRPM8 mediates the borneol-induced

intracellular Ca2+ increase in DRG neurons. To test this hypothesis,

we examined the effect of borneol on DRG neurons from TRPM8�/�

mice. Indeed, none of the neurons responded to borneol (Fig EV1),

confirming that TRPM8 was the mediator. However, it was reported

that borneol had no significant effects on TRPM8 (Vogt-Eisele et al,

2007). To clarify these contradicting findings, we directly tested the

effect of borneol on human TRPM8 (hTRPM8) expressed in HEK

293 cells. Borneol induced an intracellular Ca2+ increase in

hTRPM8-expressing cells in a concentration-dependent manner

(Fig 4G) but not in mock-transfected cells (Fig EV2A). Compared to

menthol (EC50 = 13 lM) (Figs EV2B and 4H), borneol exhibited a

reduced potency (EC50 = 65 lM) but similar efficacy in activating

TRPM8 (Fig 4H). In addition, both menthol and borneol elicited

whole-cell currents in HEK 293 cells expressing hTRPM8 (Figs 4I

A

D E

B C

Figure 2. The effect of topical borneol on mouse models of pain.

A, B Quantification of the borneol effect on capsaicin (Cap)-induced nociceptive responses in mice. 25% of either medical borneol (A) or chemical borneol (B) was
applied to a hindpaw for a total of three times at 10-min intervals, and 100 lM Cap was injected into the paw after 10 min. Paw licking and lifting time was
measured within 5 min after Cap injection. Saline was used as a control to Cap, and ethanol was used as a control to borneol.

C Quantification of the borneol effect on formalin-induced biphasic pain responses in mice. 0–15% borneol was applied to a hindpaw for a total of three times at
10-min intervals, and 1.5% formalin was injected into the paw after 10 min. Paw licking and lifting time was measured within the first 5 min (Phase 1) and within
15–60 min (Phase 2).

D Quantification of the borneol effect on CFA-induced mechanical hyperalgesia in mice. CFA was injected into a hindpaw, and saline was injected into another
hindpaw at day 0. At each experimental day, ethanol (black) or 15% borneol (red) was topically applied to both hindpaws for a total of three times at 10-min
intervals. After 10 min, 50% paw withdrawal thresholds were measured with von Frey filaments in both the ipsilateral (CFA-injected) and contralateral hindpaws.
Ethanol was used as a control to borneol. The statistical analysis was performed between the groups of Ethanol (Ipsilateral) and Ethanol (Contralateral) with the
statistical significance indicated by asterisks, or of Borneol (Ipsilateral) and Ethanol (Ipsilateral) with the statistical significance indicated by pound signs. n = 8
mice for each group.

E Quantification of the borneol effect on CFA-induced thermal hyperalgesia in mice. Either saline or CFA was injected into both hindpaws at day 0. At each
experimental day, ethanol or 15% borneol was applied to both hindpaws for a total of three times at 10-min intervals. After 10 min, the nociceptive response
latencies of mice were measured in a hot plate test (52°C). Saline was used as a control to CFA, and ethanol was used as a control to borneol. The statistical
analysis was performed between the groups of Ethanol + CFA (n = 9) and Ethanol + Saline (n = 10) with the statistical significance indicated by asterisks, or of
Borneol + CFA (n = 10) and Ethanol + CFA (n = 9) with the statistical significance indicated by pound signs.

Data information: In (A–C), the number of mice is indicated on top of each bar. Statistical significance was evaluated using two-tailed t-test (for two-group comparisons)
or one-way analysis of variance (ANOVA) followed by Tukey’s test (for multi-group comparisons). *P < 0.05; **P < 0.01; ***P < 0.001; #P < 0.05; ##P < 0.01;
###P < 0.001; the exact P-values are indicated in Appendix Table S1. All the data are presented as the mean � standard error of the mean (SEM).
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and EV3A). AMTB, a TRPM8-selective antagonist, completely inhib-

ited borneol-induced currents (Fig 4I). Similarly, borneol also

elicited intracellular Ca2+ increases (Fig EV3B and C) and AMTB-

sensitive currents (Fig EV3D) in HEK 293 cells expressing mouse

TRPM8. These results together indicate that TRPM8 is a molecular

target of borneol and that it is more sensitive to borneol than other

already known targets, including TRPA1, GABAA, and TRPV3.

TRPM8 is the major mediator of topical borneol-induced
analgesia in mice

We next investigated the role of TRPM8 in topical borneol-induced

analgesia. Genetic ablation of TRPM8 substantially diminished the

analgesic effect of topical borneol. In the capsaicin model, borneol

suppressed the pain behavior by only 22% in TRPM8�/� mice

compared with 85% in WT mice (compare Figs 5A and 3B).

Borneol-induced analgesia was also substantially attenuated in both

phases of the formalin-induced pain responses in TRPM8�/� mice

(Fig 5B). Topical borneol decreased the pain behavior by only 29%

in the first phase and 4% in the second phase in TRPM8�/� mice

compared with 53 and 91%, respectively, in WT mice (Fig 5B). In

the CFA model, the analgesic effect of topical borneol was virtually

absent in TRPM8�/� mice (Fig 5C and D). In agreement with the

TRPM8 knockout experiments, pharmacological inhibition of TRPM8

also greatly reduced the analgesic effect of topical borneol. Intraplan-

tar injection of AMTB (0.1 lg/ll) 15 min before topical application

of borneol or ethanol did not affect capsaicin- or formalin-induced

pain responses in mice but significantly reversed borneol-induced

analgesia (Fig 5E and F). These results indicate that TRPM8 is a

major mediator of topical borneol-induced analgesia in mice, and

also show that borneol has no effect on the ability of mice to respond

to painful stimuli, suggesting a specific analgesic effect.

A B C

D E F

Figure 3. The analgesic effect of topical borneol in TRPA1�/� mice and wild-type (WT) mice with pharmacologically inhibited GABAA.

A, B Quantification of the borneol effect on capsaicin (Cap)-induced nociceptive responses in TRPA1�/� mice (A) and WT mice (B). The experimental procedure was the
same as that in Fig 2A.

C Quantification of the borneol effect on CFA-induced thermal hyperalgesia in TRPA1�/� mice. The experimental procedure and statistical analysis were the same as
that in Fig 2E. n = 8 mice for each group.

D, E Quantification of the effect of intrathecal injection of GABAA antagonist bicuculline on borneol-induced analgesia in the capsaicin model. After intrathecal injection
of control saline or bicuculline in WT mice, ethanol (D) or 15% borneol (E) was applied to a hindpaw for a total of three times. After 10 min, 100 lM Cap was
injected into the paw, and paw licking and lifting time was measured. Saline was used as a control to bicuculline, and ethanol was used as a control to borneol.

F A positive control experiment of the intrathecal injection of bicuculline in WT mice. After intrathecal injection of control saline or of the GABAA agonist muscimol
with or without bicuculline, 100 lM Cap was injected into the paw. Paw licking and lifting time was measured within 5 min. Saline was used as a control to
muscimol and bicuculline.

Data information: In (A, B, D–F), the number of mice is indicated on top of each bar. Statistical significance was evaluated using two-tailed t-test. *P < 0.05; ***P < 0.001;
#P < 0.05; ns indicates P > 0.05; the exact P-values are indicated in Appendix Table S1. All the data are presented as the mean � standard error of the mean (SEM).
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Comparison of topical borneol and menthol in pain treatment

Menthol is a potent TRPM8 agonist and is well known for its analgesic

effect, and a recent study showed that menthol-induced analgesia

mainly occurred through TRPM8 (Liu et al, 2013). Thus, we compared

the pharmacological effects of topical borneol and menthol in mice.

Because borneol and menthol have very similar molecular weights

(154 vs. 156), the concentration of 15% was used for both agents in

topical application. Borneol and menthol exhibited very similar anal-

gesic effects on capsaicin- or formalin-induced pain behavior in mice

(Fig 6A and B). However, genetic ablation of TRPM8 did not dampen

the analgesic effect of topical menthol as effectively as that of borneol.

In the capsaicin model, 15%menthol still caused 48% reduction in the

pain behavior in TRPM8�/� mice, but 15% borneol caused only 22%

A

D

G H I

E F

B C

Figure 4. The effects of borneol on common peripheral molecular targets in pain sensation.

A–D Representative whole-cell currents in HEK 293 cells expressing TRPV1 (A), ASIC3 (B), P2X2 (C), or P2X4 (D) in response to capsaicin (A), acidic pH (B), or ATP (C, D) in
the absence of presence of borneol (n = 5 for each channel).

E The effect of different concentrations of borneol on the enzymatic activity of human COX-2. The number of independent measurements is marked on top of each bar.
F Averaged intracellular Ca2+ increases in cultured mouse DRG neurons in response to consecutive applications of 200 lM borneol, 200 lM menthol, and 67 mM

KCl. A total of 81 in 1,689 neurons from four mice were found to be borneol-sensitive and were included in the analysis.
G Representative intracellular Ca2+ signals in HEK 293 cells expressing human TRPM8 (hTRPM8) in response to different concentrations of borneol. After each

application of borneol, Ca2+ ionophore ionomycin was applied to calibrate Ca2+ response. RFU: relative fluorescence unit.
H Dose–response curves of the borneol- or menthol-induced increase in intracellular Ca2+ in hTRPM8-expressing HEK 293 cells. Smooth curves are fit to the Hill

equation with an EC50 of 65 lM and a Hill coefficient of 2.0 for borneol (n = 15) and an EC50 of 13 lM and a Hill coefficient of 2.0 for menthol (n = 6 at
concentrations of 0.1, 0.3, and 1 lM; n = 9 at concentration of 3 lM; n = 13 at concentrations of 10, 30, 100, and 300 lM). The data were normalized to
ionomycin-induced intracellular Ca2+ increases.

I Time course of menthol- and subsequently applied borneol-induced whole-cell currents in hTRPM8-expressing HEK 293 cells (n = 6).

Data information: All the data are presented as the mean � standard error of the mean (SEM).
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reduction in pain (Fig 6C). In the CFA model, 15% menthol-induced

analgesia in TRPM8�/� mice was very similar to that in WT mice

(compare Figs 6D with 2E), but 15% borneol-induced analgesia was

virtually absent in TRPM8�/� mice (Fig 5D). These results suggest that

borneol-induced analgesia mainly involves TRPM8, whereas menthol-

induced analgesia involves not only TRPM8 but also other mecha-

nisms. Previous studies reported that the opioid antagonist naloxone

significantly blocked menthol- and menthol derivative-induced analge-

sia (Taniguchi et al, 1994; Galeotti et al, 2002; Liu et al, 2013),

suggesting a downstream opioid mechanism. Indeed, in our study,

intrathecal injection of naloxone significantly reversed topical

menthol-induced analgesia in both WT and TRPM8�/� mice (Figs 6E

and F, and EV4A). In contrast, intrathecal naloxone did not significantly

affect topical borneol-induced analgesia (Fig 6G and H). In a parallel

positive control experiment, naloxone effectively attenuated intrathecal

morphine-induced analgesia in the capsaicin model (Fig EV4B). Inter-

estingly, intrathecal injection of a selective group II metabotropic

glutamate receptors (mGluRs) antagonist, LY341495, significantly

diminished the analgesic effect of topical borneol (Fig 6I and J).

This finding is consistent with a previous study showing that the

analgesic effect of TRPM8 activation is mediated by group II/III mGluRs

but not opioid receptors in the spinal cord (Proudfoot et al, 2006).

Numerous studies have reported that topical menthol causes cold

allodynia and hyperalgesia in animals and humans (Hatem et al,

A B C

D E F

Figure 5. The effect of topical borneol in TRPM8�/� mice and WT mice with pharmacologically inhibited TRPM8.

A Quantification of the borneol effect on capsaicin (Cap)-induced nociceptive responses in TRPM8�/� mice. The experimental procedure was the same as that in Fig 2A.
B Quantification of the borneol effect on formalin-induced biphasic pain responses in TRPM8�/� mice. The experimental procedure was the same as that in Fig 2C.
C Quantification of the borneol effect on CFA-induced mechanical hyperalgesia in TRPM8�/� mice. The experimental procedure was the same as that in Fig 2D. The

statistical analysis was performed between the groups of Borneol (Ipsilateral) and Ethanol (Ipsilateral). n = 8 mice for each group.
D Quantification of the borneol effect on CFA-induced thermal hyperalgesia in TRPM8�/� mice. The experimental procedure was the same as that in Fig 2E. The

statistical analysis was performed between the groups of Borneol + CFA (n = 12) and Ethanol + CFA (n = 10). n = 8 for the group of Ethanol + Saline.
E Quantification of the borneol effect on Cap-induced nociceptive responses in WT mice with TRPM8 being inhibited pharmacologically. TRPM8 antagonist AMTB was

injected into a hindpaw 15 min before borneol application. Subsequent experimental procedure was the same as that in Fig 2A.
F Quantification of the borneol effect on formalin-induced biphasic pain responses in WT mice with or without TRPM8 being inhibited pharmacologically. Saline or AMTB

was injected into a hindpaw 15 min before borneol application. 15% borneol was applied to the paw for a total of three times, and 1.5% formalin was injected into the
paw after 10 min. Paw licking and lifting time in both phases was measured. Saline was used as a control to AMTB and ethanol was used as a control to borneol.

Data information: In (A, B, E, F), the number of mice is indicated on top of each bar. Statistical significance was evaluated using two-tailed t-test. *P < 0.05;
**P < 0.01; ***P < 0.001; ns indicates P > 0.05; the exact P-values are indicated in Appendix Table S1. All the data are presented as the mean � standard error of
the mean (SEM).
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2006; Green & Schoen, 2007; Altis et al, 2009; Klein et al, 2010).

Thus, we examined whether borneol caused cold hypersensitivity in

mice. The latency of the nociceptive response of mice was measured

on a 0°C cold plate. Topical application of 15% menthol on hindpaw

significantly decreased the latency of the nociceptive response to

0°C cold compared with ethanol treatment in naive mice (Fig 6K).

TRPM8�/� mice showed attenuated nociception to 0°C cold (com-

pare Fig EV5 and 6K), but 15% menthol still produced significant

cold hypersensitivity in TRPM8�/� mice compared to ethanol

(Fig EV5), suggesting that menthol-induced cold hypersensitivity

has a TRPM8-independent mechanism. However, topical borneol

did not significantly change the tolerance of mice to 0°C cold

(Fig 6K). Similarly, in the CFA model, topical application of borneol

on the mouse hindpaw did not generate significant nociceptive

responses on a 10°C cold plate within a 200-s cutoff time (Fig 6L).

In contrast, topical menthol-induced substantial nociceptive

responses to 10°C cold in mice with a short latency (Fig 6L). These

results indicate that topical borneol has a similar analgesic efficacy

as menthol does but has a more restrictive effect and a safer profile.

Discussion

Our randomized, double-blind, placebo-controlled clinical study

demonstrated that a single application of 25% borneol for approxi-

mately 30–60 min produced a substantial reduction in postopera-

tive pain in patients, validating the basis for the historical use of

borneol as a topical analgesic in TCM. Topical borneol is signifi-

cantly more effective than placebo and exhibits a clinical efficacy

comparable to NSAID-containing topical analgesics. NSAIDs are

the most studied topical analgesics and have a relative benefit of

approximately 1.6–2.0 (Moore et al, 1998; Mason et al, 2004b,c);

the relative benefit of borneol in our study was 1.89. The analgesic

efficacy of borneol is also comparable or better than capsaicin-

containing (relative benefit of approximately 1.4 or 1.5; Mason

et al, 2004a) or menthol-containing topical analgesics (Higashi

et al, 2010; Sundstrup et al, 2014). Notably, borneol was only

applied for a short time in our study, although most topical anal-

gesics are applied several times per day for several days to several

weeks. It should be pointed out that our clinical study was a

preliminary one and was limited to only a single dose and a partic-

ular pain condition. Future studies need to test different dosage

forms, treatment protocols, and different pain conditions. It may

also be advantageous to combine borneol with other agents target-

ing different mechanisms to achieve more complete analgesia.

The molecular and cellular mechanisms underlying borneol-

induced analgesia have long stymied pharmacologists in TCM. In

the past decade, GABAA, TRPV3, and TRPA1 have been identified

as the molecular targets of borneol (Granger et al, 2005; Vogt-

Eisele et al, 2007; Takaishi et al, 2014; Sherkheli et al, 2015).

However, TRPV3 activation contributes to pain hypersensitivity,

and its antagonists have entered into clinical trials as analgesic

agents (Nilius et al, 2014). Thus, it is unlikely that borneol-

induced TRPV3 activation produces analgesia. One study reported

that the GABAA receptor antagonist bicuculline abolished borneol-

induced analgesia (Jiang et al, 2015), and another study hypothe-

sized that TRPA1 channels accounted for borneol analgesia (Zhou

et al, 2016). However, in both studies, borneol was intrathecally

administered at high concentrations. Therefore, whether those

results explain the analgesic effect of topical borneol is question-

able. Indeed, in our study, intrathecal bicuculline had no effect on

topical borneol-induced analgesia, and genetic ablation of TRPA1

also showed that TRPA1 might only minimally contribute to the

analgesic effect of topical borneol. We identified TRPM8 as the

most sensitive molecular target of borneol discovered in mammals

to date, with the EC50 of 65 lM and a similar efficacy as menthol.

Contradictorily, Vogt-Eisele et al (2007) showed that, even at

2 mM, borneol-induced response in TRPM8-expressing cells is

< 10% of that induced by menthol, indicating that borneol has no

significant effect on TRPM8. On the other hand, a recent paper

also showed that borneol activated TRPM8 (Chen et al, 2016).

However, the potency/efficacy of borneol activation of TRPM8

inferred from this study is significantly lower than that in our

study. The reasons underlying the discord between these studies

are unclear at present.

Genetic ablation or pharmacological inhibition of TRPM8

substantially diminished topical borneol-induced analgesia in mice,

indicating that TRPM8 is the major mediator of borneol’s analgesic

effect. TRPM8 is a cold-activated channel and is extensively

expressed by a subset of peripheral sensory neurons that diffusely

innervate the skin, tongue, colon, and cornea (Dhaka et al, 2008;

Parra et al, 2010; Harrington et al, 2011; Julius, 2013). A substan-

tial fraction of these TRPM8-positive neurons do not express noci-

ceptive markers, making them an anatomically and functionally

unique subpopulation of primary afferent neurons (Dhaka et al,

2008; Julius, 2013). If excitation of peripheral nerve fibers causes

analgesia, one possible explanation is that central mechanisms are

involved. Glutamate is the main excitatory neurotransmitter in the

synaptic transmission from primary afferents to spinal dorsal horn

neurons. Its actions occur through ionotropic glutamate receptors

and metabotropic glutamate receptors (mGluRs). The group II and

III mGluRs are primarily localized on presynaptic terminals, and

activation of these two mGluRs inhibits synaptic transmission and

antagonizes pain (Gerber et al, 2000; Chiechio & Nicoletti, 2012).

Our result that the group II mGluR antagonist LY341495 substan-

tially reversed the analgesic effect of borneol suggests a central

mechanism involving the mGluRs, which is consistent with the

Proudfoot et al (2006) study that proposed a mode of TRPM8-

mediated analgesia “in which Group II/III mGluRs would respond

to glutamate released from TRPM8-containing afferents to exert an

inhibitory gate control over nociceptive inputs”.

It is worth noting that central opioid pathway did not contri-

bute to TRPM8-mediated analgesia in both our and Proudfoot

et al’s (2006) study, but our and previous studies showed that

menthol- and a menthol derivative-induced analgesia is dependent

on downstream opioid analgesic pathway (Taniguchi et al, 1994;

Galeotti et al, 2002; Liu et al, 2013). These results suggest that at

least a portion of the mechanisms underlying menthol-induced

analgesia are TRPM8 independent. Menthol acts on many molecu-

lar targets (Swandulla et al, 1987; Haeseler et al, 2002; Karashima

et al, 2007; Vogt-Eisele et al, 2007; Watt et al, 2008; Xiao et al,

2008; Zhang et al, 2008; Gaudioso et al, 2012; Hans et al, 2012;

Pan et al, 2012; Ashoor et al, 2013), and some of these targets

have been proposed as mediators of menthol-induced analgesia.

Indeed, our results demonstrated that menthol still caused signifi-

cant analgesia in TRPM8�/� mice and the opioid pathway was
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Figure 6. Comparison of the effects of topical menthol and borneol in mice.

A Quantification of the effect of 15% borneol or 15% menthol on capsaicin-induced nociceptive responses in WT mice.
B Quantification of the effect of 15% borneol or 15% menthol on formalin-induced biphasic pain responses in WT mice.
C Quantification of the effect of 15% borneol or 15% menthol on capsaicin-induced nociceptive responses in TRPM8�/� mice.
D Quantification of the menthol effect on CFA-induced thermal hyperalgesia in TRPM8�/� mice. The experimental procedure was the same as that in Fig 2E. The

statistical analysis was performed between the groups of Ethanol + CFA (n = 7) and Ethanol + Saline (n = 5) with the statistical significance indicated by asterisks,
or of Menthol + CFA (n = 7) and Ethanol + CFA (n = 7) with the statistical significance indicated by pound signs.

E–H Quantification of the effect of intrathecal injection of opioid antagonist naloxone on borneol- or menthol-induced analgesia in the capsaicin model. After control
saline or naloxone was intrathecally injected in WT mice, 15% menthol (F) or 15% borneol (H) was applied to a hindpaw for a total of three times. After 10 min,
100 lM Cap was injected into the paw, and paw licking and lifting time was measured within 5 min. Saline was used as a control to naloxone, and ethanol was
used as a control to menthol (E) or borneol (G).

I, J Quantification of the effect of intrathecal injection of group II mGluR antagonist LY341495 on borneol-induced analgesia in the capsaicin model. The experimental
procedure was similar to that in naloxone experiments in (G and H).

K Ethanol, borneol, or menthol was applied to both hindpaws of WT mice, and the nociceptive response latencies were measured in a cold plate test (0°C).
L At 24 h after CFA injection, ethanol, borneol, or menthol was applied to the hindpaws, and the nociceptive response latencies were measured in a cold plate test

(10°C).

Data information: In (A–C, E–L), the number of mice is indicated on top of each bar. Statistical significance was evaluated using two-tailed t-test (for two-group
comparisons) or one-way analysis of variance (ANOVA) followed by Tukey’s test (for multi-group comparisons). *P < 0.05; **P < 0.01; ***P < 0.001; #P < 0.05; ns
indicates P > 0.05; the exact P-values are indicated in Appendix Table S1. All the data are presented as the mean � standard error of the mean (SEM).
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involved. However, in the Liu et al (2013) paper, menthol-induced

analgesia was completely abolished in TRPM8�/� mice. This

discord may be due to the differences in using menthol stereoiso-

mers or the differences in administration routes of menthol or

borneol between our and the Liu et al study. Our study also

showed that although borneol and menthol exhibited very similar

analgesic effects in mice, borneol had a more restrictive effect and

a safer profile. Topical borneol did not cause significant noxious

effects in both humans and mice in our study. In contrast, topical

menthol applied to mouse hindpaw significantly promoted cold

nociception, which is consistent with previous clinical studies in

humans (Hatem et al, 2006; Green & Schoen, 2007; Altis et al,

2009). Moreover, our study showed that menthol can elicit cold

hypersensitivity in a TRPM8-independent manner. The adverse

effect of menthol may come from its multi-target effects, such as

the activation of irritant channel TRPA1 (EC50 = 28.4 � 3.6 lM;

Kwan et al, 2006; Xiao et al, 2008).

In summary, we provide evidence for the analgesic efficacy of

topical borneol in humans through a rigorous clinical study and

identify TRPM8 as the main molecular target mediating topical

borneol-induced analgesia in mice. Our work suggests that borneol,

alone or as an ingredient in combinatorial formulas, holds promise

for future development of new topical analgesics.

Materials and Methods

Chemicals

Medical borneol was obtained from Shanghai Hongqiao Traditional

Chinese Medicine Co., Ltd. (+)-Borneol (simply called borneol in

this study), (�)-menthol (simply called menthol in this study),

complete Freund’s adjuvant, and capsaicin were purchased from

Sigma-Aldrich. Formalin was purchased from Xilong Chemical Co.

AMTB, naloxone, and LY341495 were obtained from TOCRIS. Bicu-

culline was obtained from Tokyo Chemical Industry. Muscimol was

obtained from Enzo Life Sciences. ATP disodium salt was obtained

from Sangon Biotech. Ionomycin was purchased from Cayman

Chemical. Morphine hydrochloride was obtained from Northeast

Pharm.

Clinical study

This clinical study was performed as a randomized, double-blind,

placebo-controlled study in adult female and male patients at the

Shanghai Changzheng Hospital, which is affiliated with the Second

Military Medical University in Shanghai, China. The study was

approved by the Research Ethics Committee of the Shanghai

Changzheng Hospital and conducted in accordance with the ethical

principles of the Declaration of Helsinki. This study was registered

in Chinese Clinical Trial Registry (ChiCTR) with registration number

of ChiCTR-IOR-16009714. The patients provided written informed

consent after verbal and written explanation of the study protocol.

In total, 126 patients, aged 18–85 years, were enrolled and allo-

cated either to the control group or borneol group by computerized

randomization. All of these patients were at the 2nd or 3rd day after

spinal surgery and had a postoperative pain with a score of at least

30 mm on a 100-mm visual analog scale (VAS). Two patients were

excluded due to wound infection and a lack of clear consciousness,

respectively. Two patients quit the study without providing a

reason. In total, 122 patients completed the study and were included

in the analysis. A hospital staff member prepared the 25% borneol

solution and the placebo solution (ethanol), and labeled the solu-

tions in advance. Hospital staff members who had no information

regarding the clinical study and the solutions performed the treat-

ment and recorded the pain scores in patients. Borneol solution or

placebo was locally applied once to the skin around the sutured

wound for approximately 30–60 min. The pain intensity was

assessed by asking the patients to indicate the intensity of their

current pain on a 100-mm VAS between 0 (no pain) and 100 (worst

possible pain) before and after the treatment. An independent

analyst analyzed the data.

Animal experiments

Mice used for this study were maintained in the animal services

facility of Kunming Institute of Zoology. All animal experiments

were approved by the Animal Care and Use Committee at Kunming

Institute of Zoology of Chinese Academy of Sciences, and the princi-

ples of laboratory animal care (NIH publication No. 86-23, revised

1985) were followed.

TRPA1+/� and TRPM8+/� mice were originally obtained from

David Julius’ lab and the Jackson Laboratory, respectively.

TRPA1�/� and TRPM8�/� and littermate WT mice were generated

from TRPA1+/� or TRPM8+/� mice, and were identified by geno-

typing PCR. 7- to 9-week-old mice were used (half male and half

female). Animals were randomly selected and allocated to experi-

mental groups, but no blinding was done. All experiments were

performed at room temperature (approximately 23°C).

Before the measurement of capsaicin- or formalin-induced pain,

mice were acclimated to a Plexiglas chamber for at least 30 min.

Borneol, menthol, or ethanol was topically applied to mouse hind-

paws by immersion of the paw in the solution for 1–2 s with a 10-

min interval for a total of three times. At 10 min after the third

application, freshly prepared 100 lM capsaicin solution (20-ll
volume), 1.5% formalin solution (15-ll volume), or control saline

was injected into plantar surface of the hindpaws to induce pain

behavior, and the mice were immediately returned to the Plexiglas

chamber and recorded using a digital video camera. The time mice

spent licking or lifting the injected paw was counted within 5 min

after capsaicin injection or within 5 min and 15–60 min after forma-

lin injection. In the CFA model, 20 ll of CFA (1:1 emulsion of

saline) was injected into mouse plantar surface to induce chronic

inflammation in a single or both hindpaws. The mechanical and

thermal hyperalgesia were studied within 2 weeks after the CFA

injection. For measurement of the mechanical hyperalgesia, the

mice were placed in a plastic cage with a wire mesh bottom and

were allowed to acclimate until cage exploration and major groom-

ing activities ceased. 10 min after application of borneol or ethanol,

50% paw withdrawal thresholds were assessed with von Frey fila-

ments (North Coast Medical Inc.) using the up-down method

(Chaplan et al, 1994). Thermal hyperalgesia in mice was evaluated

using a hot/cold plate (Bioseb, Cold Hot Plate). After application of

borneol, menthol, or ethanol to mouse hindpaws, mice were placed

on a stainless steel plate with the setting temperatures of 52°C (30-s

cutoff time), 0°C (90-s cutoff time), or 10°C (200-s cutoff time), and
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the latency time for mice to exhibit nociceptive responses (licking

hindpaw or jumping from the plate) was recorded.

Intrathecal injections were made at the L5–L6 intervertebral

space in unanaesthetized mice with a Hamilton syringe. The proper

insertion of the needle was verified by a quick flicking of the

mouse’s tail on entry of the needle. Bicuculline (15 ng), naloxone

(30 ng), LY341495 (10 nM), or the respective control vehicle was

intrathecally injected in a 5-ll volume immediately before topical

application of borneol, menthol, or ethanol. Morphine (0.5 lg) with

or without naloxone (30 ng) was intrathecally injected (5-ll
volume) in the capsaicin model. Bicuculline (15 ng) was intrathe-

cally injected (5-ll volume) 5 min before the intrathecal injection of

muscimol (3 ng) in the capsaicin model.

Primary DRG neuronal culture

Newborn WT or TRPM8�/� mice were euthanized following the

guidelines of the Animal Care and Use Committee of Kunming Insti-

tute of Zoology, Chinese Academy of Sciences. Dorsal root ganglia

were dissected, rinsed with Hank’s buffer (Gibco), and digested in

the same solution containing 1 mg/ml collagenase P (Roche Diag-

nostics) for 15–30 min at 37°C. Partially digested tissues were

centrifuged at 200 × g for 3 min, and the pellets were resuspended

in 0.25% trypsin-EDTA (Gibco) and digested for an additional

5 min at 37°C. The digested ganglia were spun down, resuspended,

and triturated with plastic pipette tips to release the neurons. The

cells were filtered through a 70-lm cell strainer (Biologix), plated

into 96-well plates, and cultured in DMEM/F-12 supplemented with

GlutaMAX (Gibco), 10% serum (Gibco), and penicillin (100 U/ml)/

streptomycin (0.1 mg/ml; Biological Industries). The calcium imag-

ing experiment was performed after 48 h.

HEK 293 cell culture and transfection

HEK 293 cells (American Type Culture Collection (ATCC), not tested

for mycoplasma) or HEK 293 cells stably expressing TRPM8 chan-

nels were grown in DMEM (HyClone) plus 10% fetal bovine serum

(Gibco) and penicillin (100 U/ml)/streptomycin (0.1 mg/ml; Biolog-

ical Industries) with or without G418 sulfate (0.2 mg/ml, Gibco).

HEK 293 cells were transiently transfected with plasmids using

LipoD293 In Vitro DNA Transfection Reagent (SignaGen Laborato-

ries) and used within 48 h.

Intracellular Ca2+ imaging

Intracellular calcium imaging of HEK 293 cells was performed using

the FlexStation 3 microplate reader (Molecular Devices). Cells were

plated in 96-well plates and loaded with the calcium-sensitive fluo-

rescent dye Fluo-4 AM (10 lM) and the surfactant polyol Pluronic

F-127 (0.02%; Molecular Probes) at 37°C for 1 h in a Ca2+-free

imaging solution. Subsequently, real-time fluorescence changes in

cells upon the addition of a test compound were measured.

For intracellular calcium imaging of DRG neurons, the neurons

were loaded with the fluorescent ion indicator Fura-2 AM (10 lM)

and Pluronic F-127 (0.02%; Molecular Probes) at 37°C for 1 h in a

Ca2+-free imaging solution. The fluorescence ratios of F340/F380

were measured using a fluorescence microscopic system (Olympus

Corporation, Sutter Instrument and Molecular Devices). The

standard imaging solution contained (in mM) 145 NaCl, 5 KCl,

1 MgCl2, 2 CaCl2, and 10 HEPES, pH 7.4.

Electrophysiology

All experiments were performed at room temperature (approxi-

mately 23°C). For patch-clamp recordings, pipettes were fabricated

and fire-polished to resistances of 2~3 MΩ for whole-cell recording.

The whole-cell currents of TRPM8 or TRPV1 were elicited in HEK

293 cells by 500-ms voltage ramps from �100 to +100 mV at a

frequency of 0.5 Hz with a holding potential of 0 mV. The whole-

cell currents of ASIC3, P2X2, and P2X4 were recorded in gap-free

mode with the holding potential of �60 mV. Currents were ampli-

fied using an Axopatch 200B patch-clamp amplifier and digitized

with Digidata 1440A (Molecular Devices). Currents were low-pass

filtered at 2 kHz and sampled at 10 kHz. pCLAMP software (Molec-

ular Devices) was used for data acquisition and analysis. The extra-

cellular solution contained (in mM) 150 NaCl, 1 MgCl2, and 10

HEPES (pH 7.4). For TRP channel recording, the standard intracellu-

lar solution contained (in mM) 150 NaCl, 1 MgCl2, 1 EGTA, and 10

HEPES (pH 7.4). For recording ASIC3, P2X2, and P2X4, the intracel-

lular solution contained (in mM) 140 KCl, 5 EGTA, and 10 HEPES

(pH 7.4). Extracellular solutions containing borneol, menthol, capsaicin,

or ATP were prepared immediately before the experiments.

Cyclooxygenase-2 functional assay

The effect of borneol on the activity of human COX-2 was

determined using the COX-2 (human) Inhibitor Screening Assay Kit

(Cayman Chemical) according to the manufacturer’s instructions.

Statistics

For the clinical study, pre-study calculations suggested that 49

patients per group were required to detect a 10-mm difference in the

average VAS change between the borneol group and placebo group

with an SD of 15 at the 0.05 significant level and 90% power

(GPower, Universität Düsseldorf, Germany). In fact, 62 patients in

the borneol group and 60 patients in the placebo group finished the

assessment and were included in the statistical analysis in this

study, and the observed SD was 15 and 17 in the two groups,

respectively, with a 97% power to detect the difference in the aver-

age VAS change between the borneol and placebo groups. Data

normality was assessed with the Shapiro–Wilk test, and the equality

of variances for the two data groups was determined with the

Levene’s test. The chi-square test was used to compare the gender

or the percentage of patients with a ≥ 50% reduction in pain score

in the borneol and placebo groups. The Mann–Whitney U-test was

conducted to determine significant differences between groups in

age, VAS scores before treatment, VAS scores after treatment, the

absolute change in VAS scores, and the percentage change in VAS

scores. Relative benefit with 95% CI was calculated using the fixed-

effects model (Morris & Gardner, 1988). The data are expressed as

the mean (SD, 95% CI) unless otherwise specified. P < 0.05 was

considered significant.

For the animal study, we used sample/animal sizes that were

deemed suitable for statistics and were similar to other studies in

the field. Statistical significance was evaluated using two-tailed t-test
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(for all two-group comparisons) or one-way analysis of variance

(ANOVA) followed by Tukey’s test (for multi-group comparisons).

The data are presented as the mean � standard error of the mean

(SEM), and P < 0.05 was considered statistically significant.

Expanded View for this article is available online.

Acknowledgements
We thank David Julius of the University of California San Francisco for provid-

ing the TRPA1+/� mice and Zhuan Zhou of Peking University for shipping the

TRPA1+/� mice to us. We also thank members of the Ion Channel Research and

Drug Development Center at Kunming Institute of Zoology for discussions. This

work was supported by grants from the National Natural Science Foundation

of China (81302865), Yunnan Applied Basic Research Projects (2013FB074),

Youth Innovation Promotion Association of the Chinese Academy of Sciences,

West Light Foundation of the Chinese Academy of Sciences, and Key Research

Program of the Chinese Academy of Sciences (KJZD-EW-L03) to Shu Wang;

grants from the Top Talents Program of Yunnan Province (2011HA012),

National Basic Research Program of China (2014CB910301), High-level Over-

seas Talents of Yunnan Province, Yunnan Major Science and Technology

Project (2015ZJ002), and the National Natural Science Foundation of China

(NSFC) (31370821) to Jian Yang; grants from the High-level Overseas Talents of

Yunnan Province and the National Basic Research Program of China

(2014CB910301) to Ming Zhou; and a grant from the High-level Overseas

Talents of Yunnan Province to Jianmin Cui.

Author contributions
SW and JY conceived the study and designed all of the biological experiments,

with inputs and discussion from MZ and JC, DZ and JH performed the animal

experiments with assistance from DS and ZX, DZ, QJ, and DS performed the

electrophysiology and Ca2+ imaging experiments in HKE 293 cells. DZ and JH

performed cell culture and Ca2+ imaging of DRG neurons. JH performed the

functional assay of COX-2. DZ, QJ, JH, DS, and SW analyzed the data from

biological experiments. JX, DZ, and WX designed and supervised the clinical

study, with inputs and discussion from SW and JY, HS analyzed the clinical

data. SW, JY, and MZ wrote the manuscript, with inputs from all authors.

Conflict of interest
The authors declare that they have no conflict of interest.

References

Almeida JR, Souza GR, Silva JC, Saraiva SR, Junior RG, Quintans Jde S, Barreto

Rde S, Bonjardim LR, Cavalcanti SC, Quintans LJ Jr (2013) Borneol, a

bicyclic monoterpene alcohol, reduces nociceptive behavior and

inflammatory response in mice. ScientificWorldJournal 2013: 808460

Altis K, Schmidtko A, Angioni C, Kuczka K, Schmidt H, Geisslinger G, Lotsch J,

Tegeder I (2009) Analgesic efficacy of tramadol, pregabalin and ibuprofen

in menthol-evoked cold hyperalgesia. Pain 147: 116 – 121

Argoff CE (2004) Topical treatments for pain. Curr Pain Headache Rep 8:

261 – 267

Argoff CE (2013) Topical analgesics in the management of acute and chronic

pain. Mayo Clin Proc 88: 195 – 205

Ashoor A, Nordman JC, Veltri D, Yang KH, Shuba Y, Al Kury L, Sadek B,

Howarth FC, Shehu A, Kabbani N et al (2013) Menthol inhibits 5-HT3

receptor-mediated currents. J Pharmacol Exp Ther 347: 398 – 409

Boelsterli UA (2002) Mechanisms of NSAID-induced hepatotoxicity: focus on

nimesulide. Drug Saf 25: 633 – 648

Cavalieri TA (2002) Pain management in the elderly. J Am Osteopath Assoc

102: 481 – 485

Chan M (2014) Supporting the integration and modernization of traditional

medicine. Science 346(6216 Suppl): S2

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative

assessment of tactile allodynia in the rat paw. J Neurosci Methods 53:

55 – 63

Chen GL, Lei M, Zhou LP, Zeng B, Zou F (2016) Borneol is a TRPM8 agonist

that increases ocular surface wetness. PLoS One 11: e0158868

Chiechio S, Nicoletti F (2012) Metabotropic glutamate receptors and the

control of chronic pain. Curr Opin Pharmacol 12: 28 – 34

Chinese Pharmacopoeia Commission (2015) Chinese pharmacopoeia. Beijing:

China Medical Science Press

Clive DM, Stoff JS (1984) Renal syndromes associated with nonsteroidal

antiinflammatory drugs. N Engl J Med 310: 563 – 572

Compton WM, Volkow ND (2006) Major increases in opioid analgesic abuse

in the United States: concerns and strategies. Drug Alcohol Depend 81:

103 – 107

Dahan A, Aarts L, Smith TW (2010) Incidence, reversal, and prevention of

opioid-induced respiratory depression. Anesthesiology 112: 226 – 238

Deval E, Noel J, Lay N, Alloui A, Diochot S, Friend V, Jodar M, Lazdunski M,

Lingueglia E (2008) ASIC3, a sensor of acidic and primary inflammatory

pain. EMBO J 27: 3047 – 3055

Dhaka A, Murray AN, Mathur J, Earley TJ, Petrus MJ, Patapoutian A (2007)

TRPM8 is required for cold sensation in mice. Neuron 54: 371 – 378

Dhaka A, Earley TJ, Watson J, Patapoutian A (2008) Visualizing cold spots:

TRPM8-expressing sensory neurons and their projections. J Neurosci 28:

566 – 575

Friedman JD, Dello Buono FA (2001) Opioid antagonists in the treatment

of opioid-induced constipation and pruritus. Ann Pharmacother 35:

85 – 91

Galeotti N, Di Cesare Mannelli L, Mazzanti G, Bartolini A, Ghelardini C (2002)

Menthol: a natural analgesic compound. Neurosci Lett 322: 145 – 148

Garcia Rodriguez LA, Jick H (1994) Risk of upper gastrointestinal bleeding and

perforation associated with individual non-steroidal anti-inflammatory

drugs. Lancet 343: 769 – 772

The paper explained

Problem
(+)-Borneol has been used as a topical analgesic for millennia in tradi-
tional Chinese medicine, but its clinical efficacy lacks stringent
evidence-based clinical studies and verifiable scientific mechanism.

Results
We demonstrate in a human clinical study that topical application of
borneol significantly relieves pain. Using mouse models of pain, we
identify the TRPM8 channel as a molecular target of borneol. Topical
borneol-induced analgesia is nearly exclusively mediated by TRPM8
and involves a downstream glutamatergic mechanism in the spinal
cord. We further show mechanistic differences between borneol- and
menthol-induced analgesia and demonstrate that borneol exhibits
advantages over menthol as a topical analgesic.

Impact
Our work provides rigorous clinical evidence for the analgesic efficacy
of topical borneol in humans and elucidates its underlying mecha-
nism in mouse models. This study may pave the way for future devel-
opment of new borneol-based topical analgesics.

ª 2017 The Authors EMBO Molecular Medicine Vol 9 | No 6 | 2017

Shu Wang et al Borneol causes analgesia through TRPM8 EMBO Molecular Medicine

813

https://doi.org/10.15252/emmm.201607300


Gaudioso C, Hao J, Martin-Eauclaire MF, Gabriac M, Delmas P (2012) Menthol

pain relief through cumulative inactivation of voltage-gated sodium

channels. Pain 153: 473 – 484

Gerber G, Zhong J, Youn D, Randic M (2000) Group II and group III

metabotropic glutamate receptor agonists depress synaptic transmission

in the rat spinal cord dorsal horn. Neuroscience 100: 393 – 406

Granger RE, Campbell EL, Johnston GA (2005) (+)- And (�)-borneol: efficacious

positive modulators of GABA action at human recombinant

alpha1beta2gamma2L GABA(A) receptors. Biochem Pharmacol 69:

1101 – 1111

Green BG, Schoen KL (2007) Thermal and nociceptive sensations from menthol

and their suppression by dynamic contact. Behav Brain Res 176: 284 – 291

Gum RJ, Wakefield B, Jarvis MF (2012) P2X receptor antagonists for pain

management: examination of binding and physicochemical properties.

Purinergic Signalling 8: 41 – 56

Haeseler G, Maue D, Grosskreutz J, Bufler J, Nentwig B, Piepenbrock S,

Dengler R, Leuwer M (2002) Voltage-dependent block of neuronal and

skeletal muscle sodium channels by thymol and menthol. Eur J

Anaesthesiol 19: 571 – 579

Hans M, Wilhelm M, Swandulla D (2012) Menthol suppresses nicotinic

acetylcholine receptor functioning in sensory neurons via allosteric

modulation. Chem Senses 37: 463 – 469

Harrington AM, Hughes PA, Martin CM, Yang J, Castro J, Isaacs NJ, Blackshaw

LA, Brierley SM (2011) A novel role for TRPM8 in visceral afferent function.

Pain 152: 1459 – 1468

Hatem S, Attal N, Willer JC, Bouhassira D (2006) Psychophysical study of the

effects of topical application of menthol in healthy volunteers. Pain 122:

190 – 196

Higashi Y, Kiuchi T, Furuta K (2010) Efficacy and safety profile of

a topical methyl salicylate and menthol patch in adult patients with mild

to moderate muscle strain: a randomized, double-blind, parallel-group,

placebo-controlled, multicenter study. Clin Ther 32: 34 – 43

Hoppmann RA, Peden JG, Ober SK (1991) Central nervous system side

effects of nonsteroidal anti-inflammatory drugs. Aseptic meningitis,

psychosis, and cognitive dysfunction. Arch Intern Med 151:

1309 – 1313

Hou G, Liao R, Meng R (1995) The analgesic and anti-inflammatory effects of

borneolum on laser burns. Chin Pharm J 30: 532 – 534

Jiang J, Shen YY, Li J, Lin YH, Luo CX, Zhu DY (2015) (+)-Borneol alleviates

mechanical hyperalgesia in models of chronic inflammatory and

neuropathic pain in mice. Eur J Pharmacol 757: 53 – 58

Julius D (2013) TRP channels and pain. Annu Rev Cell Dev Biol 29: 355 – 384

Karashima Y, Damann N, Prenen J, Talavera K, Segal A, Voets T, Nilius B

(2007) Bimodal action of menthol on the transient receptor potential

channel TRPA1. J Neurosci 27: 9874 – 9884

Klein AH, Sawyer CM, Carstens MI, Tsagareli MG, Tsiklauri N, Carstens E

(2010) Topical application of L-menthol induces heat analgesia,

mechanical allodynia, and a biphasic effect on cold sensitivity in rats.

Behav Brain Res 212: 179 – 186

Kou Z (1116) Ben Cao Yan Yi. Beijing: China Medical Science Press. Printed in

2012

Kwan KY, Allchorne AJ, Vollrath MA, Christensen AP, Zhang DS, Woolf CJ,

Corey DP (2006) TRPA1 contributes to cold, mechanical, and chemical

nociception but is not essential for hair-cell transduction. Neuron 50:

277 – 289

Laporte JR, Ibanez L, Vidal X, Vendrell L, Leone R (2004) Upper

gastrointestinal bleeding associated with the use of NSAIDs: newer versus

older agents. Drug Saf 27: 411 – 420

de Leon-Casasola OA (2007) Multimodal approaches to the management of

neuropathic pain: the role of topical analgesia. J Pain Symptom Manage

33: 356 – 364

Leshner A (2014) A middle way for traditional medicine. Science 346(6216

Suppl): S3

Li S (1578) Ben Cao Gang Mu. Beijing: People’s Medical Publishing House.

Printed in 2004

Liu B, Fan L, Balakrishna S, Sui A, Morris JB, Jordt SE (2013) TRPM8 is the

principal mediator of menthol-induced analgesia of acute and

inflammatory pain. Pain 154: 2169 – 2177

Luo G (1789) Luo Shi Hui Yue Yi Jing. Beijing: China Press of Traditional

Chinese Medicine. Printed in 2015

Mason L, Moore RA, Derry S, Edwards JE, McQuay HJ (2004a) Systematic review

of topical capsaicin for the treatment of chronic pain. BMJ 328: 991

Mason L, Moore RA, Edwards JE, Derry S, McQuay HJ (2004b) Topical NSAIDs

for acute pain: a meta-analysis. BMC Fam Pract 5: 10

Mason L, Moore RA, Edwards JE, Derry S, McQuay HJ (2004c) Topical NSAIDs

for chronic musculoskeletal pain: systematic review and meta-analysis.

BMC Musculoskelet Disord 5: 28

McCleane G (2007) Topical analgesics. Med Clin North Am 91: 125

McKemy DD, Neuhausser WM, Julius D (2002) Identification of a cold

receptor reveals a general role for TRP channels in thermosensation.

Nature 416: 52 – 58

Moore RA, Tramer MR, Carroll D, Wiffen PJ, McQuay HJ (1998) Quantitative

systematic review of topically applied non-steroidal anti-inflammatory

drugs. BMJ 316: 333 – 338

Morris JA, Gardner MJ (1988) Calculating confidence intervals for relative risks

(odds ratios) and standardised ratios and rates. Br Med J (Clin Res Ed) 296:

1313 – 1316

Munro G, Ahring PK, Mirza NR (2009) Developing analgesics by enhancing

spinal inhibition after injury: GABAA receptor subtypes as novel targets.

Trends Pharmacol Sci 30: 453 – 459

Murray MD, Brater DC (1993) Renal toxicity of the nonsteroidal anti-

inflammatory drugs. Annu Rev Pharmacol Toxicol 33: 435 – 465

Nilius B, Biro T, Owsianik G (2014) TRPV3: time to decipher a poorly

understood family member! J Physiol 592: 295 – 304

Normile D (2003) Asian medicine. The new face of traditional Chinese

medicine. Science 299: 188 – 190

Pan R, Tian Y, Gao R, Li H, Zhao X, Barrett JE, Hu H (2012) Central mechanisms

of menthol-induced analgesia. J Pharmacol Exp Ther 343: 661 – 672

Parra A, Madrid R, Echevarria D, del Olmo S, Morenilla-Palao C, Acosta MC,

Gallar J, Dhaka A, Viana F, Belmonte C (2010) Ocular surface wetness is

regulated by TRPM8-dependent cold thermoreceptors of the cornea. Nat

Med 16: 1396 – 1399

Paulozzi LJ, Budnitz DS, Xi Y (2006) Increasing deaths from opioid analgesics

in the United States. Pharmacoepidemiol Drug Saf 15: 618 – 627

Peier AM, Moqrich A, Hergarden AC, Reeve AJ, Andersson DA, Story GM, Earley

TJ, Dragoni I, McIntyre P, Bevan S et al (2002) A TRP channel that senses

cold stimuli and menthol. Cell 108: 705 – 715

Porreca F, Ossipov MH (2009) Nausea and vomiting side effects with opioid

analgesics during treatment of chronic pain: mechanisms, implications,

and management options. Pain Med 10: 654 – 662

Proudfoot CJ, Garry EM, Cottrell DF, Rosie R, Anderson H, Robertson DC,

Fleetwood-Walker SM, Mitchell R (2006) Analgesia mediated by the

TRPM8 cold receptor in chronic neuropathic pain. Curr Biol 16: 1591 – 1605

Rostom A, Goldkind L, Laine L (2005) Nonsteroidal anti-inflammatory drugs

and hepatic toxicity: a systematic review of randomized controlled trials

in arthritis patients. Clin Gastroenterol Hepatol 3: 489 – 498

EMBO Molecular Medicine Vol 9 | No 6 | 2017 ª 2017 The Authors

EMBO Molecular Medicine Borneol causes analgesia through TRPM8 Shu Wang et al

814



Roth SH (1988) Nonsteroidal anti-inflammatory drugs: gastropathy, deaths,

and medical practice. Ann Intern Med 109: 353 – 354

Sawynok J (2003) Topical and peripherally acting analgesics. Pharmacol Rev

55: 1 – 20

Seibert K, Zhang Y, Leahy K, Hauser S, Masferrer J, Perkins W, Lee L, Isakson P

(1994) Pharmacological and biochemical demonstration of the role of

cyclooxygenase 2 in inflammation and pain. Proc Natl Acad Sci USA 91:

12013 – 12017

Sherkheli MA, Schreiner B, Haq R, Werner M, Hatt H (2015) Borneol inhibits

TRPA1, a proinflammatory and noxious pain-sensing cation channel. Pak J

Pharm Sci 28: 1357 – 1363

Sun X, Ou L, Mi S, Wang N (2007) Analgesic and anti-inflammation effect of

borneol. Tradit Chin Drug Res Clin Pharmacol 18: 353 – 355

Sundstrup E, Jakobsen MD, Brandt M, Jay K, Colado JC, Wang Y, Andersen LL

(2014) Acute effect of topical menthol on chronic pain in slaughterhouse

workers with carpal tunnel syndrome: triple-blind, randomized placebo-

controlled trial. Rehabil Res Pract 2014: 310913

Swandulla D, Carbone E, Schafer K, Lux HD (1987) Effect of menthol on two

types of Ca2+ currents in cultured sensory neurons of vertebrates. Pflugers

Arch 409: 52 – 59

Takaishi M, Uchida K, Fujita F, Tominaga M (2014) Inhibitory effects of

monoterpenes on human TRPA1 and the structural basis of their activity. J

Physiol Sci 64: 47 – 57

Taniguchi Y, Deguchi Y, Saita M, Noda K (1994) Antinociceptive effects of

counterirritants. Nihon Yakurigaku Zasshi 104: 433 –446

Vogt-Eisele AK, Weber K, Sherkheli MA, Vielhaber G, Panten J, Gisselmann G, Hatt

H (2007) Monoterpenoid agonists of TRPV3. Br J Pharmacol 151: 530 – 540

Wang F (1758) Yi Lin Zuan Yao Tan Yuan. Hefei: Anhui Science and

Technology Publishing House. Printed in 1993

Watt EE, Betts BA, Kotey FO, Humbert DJ, Griffith TN, Kelly EW, Veneskey KC,

Gill N, Rowan KC, Jenkins A et al (2008) Menthol shares general anesthetic

activity and sites of action on the GABA(A) receptor with the intravenous

agent, propofol. Eur J Pharmacol 590: 120 – 126

Xiao B, Dubin AE, Bursulaya B, Viswanath V, Jegla TJ, Patapoutian A (2008)

Identification of transmembrane domain 5 as a critical molecular

determinant of menthol sensitivity in mammalian TRPA1 channels. J

Neurosci 28: 9640 – 9651

Yuan R, Lin Y (2000) Traditional Chinese medicine: an approach to scientific

proof and clinical validation. Pharmacol Ther 86: 191 – 198

Zhang XB, Jiang P, Gong N, Hu XL, Fei D, Xiong ZQ, Xu L, Xu TL (2008) A-type

GABA receptor as a central target of TRPM8 agonist menthol. PLoS One 3:

e3386

Zhao Y, Lv X, Zhao C, Lei Z, Cai L, Cui L, Chen S (2010) External application of

borneol to inhibit acute pain after injury in rats. Med J Natl Defend Forces

North China 22: 509 – 511

Zhou HH, Zhang L, Zhou QG, Fang Y, Ge WH (2016) (+)-Borneol attenuates

oxaliplatin-induced neuropathic hyperalgesia in mice. NeuroReport 27:

160 – 165

License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

ª 2017 The Authors EMBO Molecular Medicine Vol 9 | No 6 | 2017

Shu Wang et al Borneol causes analgesia through TRPM8 EMBO Molecular Medicine

815


