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Abstract. Tumor necrosis factor-α (TNF-α) is an established 
pain modulator in the peripheral nervous system. Elevated 
levels of TNF-α in dorsal root ganglion (DRG) neurons 
reportedly is critical for neuropathic pain processing. It has 
been shown that the production of nitric oxide, a key player 
in the development and maintenance of nociception, depends 
on the expression of nitric oxide synthases (NOSs) and their 
activities. Accumulating evidence also supports an important 
role of cannabinoids in modulating neuropathic pain. In this 
study, we explored the effects and the underlying mecha-
nisms of crosstalk between TNF-α and cannabinoid on the 
expression/activity of NOS in DRG neurons. With or without 
knockdown of p38 mitogen-activated protein kinase (MAPK), 
DRG neurons were treated with TNF-α in the presence or 
absence of synthetic cannabinoid WIN-55,212-2 mesylate 
(WIN-55) and selective cannabinoid receptor (CB) antagonists. 
TNF-α significantly increased the NOS activity as well as the 
mRNA stability and expression of neuronal NOS (nNOS) in 
DRG neurons; this was abolished by inhibiting p38 MAPK 
signaling. WIN-55 inhibited TNF-α-induced p38  MAPK 
activity as well as TNF-α-induced increase of mRNA stability 
and expression/activity of nNOS; the inhibitory effect of 
WIN-55 was blocked by a selective CB2 antagonist. Our 
findings suggest that TNF-α induces the expression/activity 
of nNOS in DRG neurons by increasing its mRNA stability 
by a p38  MAPK-dependent mechanism; WIN-55 inhibits 
this effect of TNF-α by inhibiting p38 MAPK via CB2. By 
linking the functions of TNF-α, NOS and cannabinoid in 
DRG neurons, this study adds new insights into the molecular 

mechanisms underlying the pharmacologic effects of cannabi-
noids on neuropathic pain as well as into the pathophysiology 
of neuropathic pain.

Introduction

Affecting ~12-13% of the general population, neuropathic pain 
due to disease or lesions affecting the somatosensory nervous 
system is a prevalent condition, for which currently there is no 
effective treatment (1,2). It is a condition that is often refractory 
to opioids or requires larger doses that possess unacceptable 
side effects (3). Therefore, it is important to understand the 
pathophysiology of neuropathic pain and the underlying 
molecular mechanisms, which will facilitate development of 
novel therapies.

Neuropathic pain is closely associated with hyperrespon-
siveness of sensory neurons in the dorsal root ganglion (DRG) 
and the spinal cord dorsal horn  (4). Previous studies have 
shown that elevated levels of proinflammatory cytokine tumor 
necrosis factor-α (TNF-α) in DRG neurons is critical for 
neuropathic pain processing (5). TNF-α antibodies have been 
shown to reduce pain-associated behaviors in animal models 
of neuropathic pain (5), suggesting a key role of TNF-α in 
neuropathic pain and nociception. TNF-α receptor TNFR1 
reportedly is expressed on most cells as a major mediator of 
the cytotoxicity of TNF-α (6).

Nitric oxide (NO) is involved in sensitization of sensory 
neurons after noxious stimuli and is linked with the 
development and maintenance of nociception  (7,8). The 
production of NO mainly depends on the expression of nitric 
oxide synthases  (NOSs) and their activities  (7). Neuronal 
NOS  (nNOS) is localized in neurons and is dynamically 
regulated after peripheral inflammation, while inducible 
NOS (iNOS) and endothelial NOS (eNOS) is normally absent 
in neural tissues under normal conditions  (7,8). Previous 
studies have shown beneficial effects of selective blockers for 
NOS in reducing neuropathic pain (7,8).

Accumulating evidence supports a role of cannabinoids in 
modulating neuropathic pain (9,10). Endogenous cannabinoids 
and their receptors have been found to be expressed in key 
areas associated with pain processing and markedly increase 
in these areas in models of chronic pain (11-15). Cannabinoids 
mainly function through cannabinoid receptor type 1 (CB1) 
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and CB2 (16). The CB1 receptor is expressed primarily in the 
nervous system, whereas the CB2 receptor is mainly expressed 
in immune cells and is also detectable in brainstem neurons 
and spinal cord (17). Recent report has shown that both CB1 
and CB2 are expressed in DRG neurons (18). Previous studies 
have shown significant antinociceptive effects of cannabinoid 
receptor agonists in animal models of spontaneous, inflamma-
tory and neuropathic pain (19).

In the present study, we explored the effects and the 
underlying mechanisms of crosstalk between TNF-α and 
cannabinoid on the expression/activity of NOS in DRG 
neurons.

Materials and methods

Cell culture and treatment. Rat DRG neurons (cat. 
no.  R-DRG‑505) and primary neuron medium (cat. 
no. CC-3256) were purchased from Lonza Inc. (Houston, TX, 
USA). The cells were suspensions of high quality sensory 
neurons prepared by standardized methods and were ready for 
immediate culture. The cells were treated with recombinant 
human TNF-α (cat. no. T6674; Sigma-Aldrich, Beijing, China) 
in different concentrations (5, 10, 20, 30 and 40 ng/ml) for 1, 
5, 10, 15, 20 and 25 h. For kinase inhibitor or TNFR1 inhibitor 
SPD304 (cat. no.  S1697; Sigma-Aldrich) treatment, DRG 
neurons were pretreated with a kinase inhibitor or SPD304 for 
30 min, and then incubated with TNF-α (40 ng/ml) and the 
kinase inhibitor or SPD304 for 25 h. For the synthetic canna-
binoid WIN-55,212-2 mesylate (WIN-55) (cat. no. 1038; Tocris 
Bioscience, Bristol, UK) treatment, DRG neurons were treated 
with WIN-55 (100, 200, 300 and 400 ng/ml) in the presence of 
TNF-α (40 ng/ml) for 1, 5, 10, 15, 20 and 25 h with or without 
selective CB1 antagonist MJ15 (cat. no. 4063) or selective CB2 
antagonist JTE907 (cat. no. 2479) (both from Tocris Bioscience). 
For p38 mitogen-activated protein kinase (MAPK) knock-
down, p38 MAPK siRNA (cat. no.  sc-156091; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) was transfected into 
DRG neurons using Lipofectamine 3000 transfection reagent 
(cat. no. L3000008; Thermo Fisher Scientific, Beijing, China) 
by the manufacturer's protocol; the cells were subjected to 
subsequent experiments 24 h after the transfection.

NOS activity assay. The NOS activity was measured with 
a NOS activity assay kit (cat. no. KA1345; Abnova, Taipei, 
Taiwan) according to the manufacturer's protocol. This assay 
is based on the conversion of [14C]-L-arginine to [14C]-L-
citrulline by NOS. NOS activity was calculated as follows: 
NOS activity (pmol/µg/min)  =  [14C]-radioactivity in the 
flow‑through (CPM)/total protein amount (µg)/specific radio-
activity of [14C]-L-arginine (Bq/pmol). Each experiment was 
repeated for three independent times in duplicates.

Real-time quantitative RT-PCR and measurement of nNOS 
mRNA stability. RNA was prepared from cells using TRIzol 
reagent (Thermo Fisher Scientific) followed by purification with 
TURBO DNA-free system (Ambion, Austin, TX, USA). cDNA 
was synthesized using SuperScript II reverse transcriptase and 
random hexamer primers (both from Thermo Fisher Scientific). 
RT‑qPCR was performed using an ABI‑PRISM 7700 Sequence 
detection system (Applied Biosystems; Thermo Fisher Scientific) 

and the fluorescent dye SYBR-Green Master Mix (Thermo 
Fisher Scientific) as described by the manufacturer. The primers 
used were as follows: forward, 5'‑CACGTGGTCCTCATTC 
TGAG‑3' and reverse, 5'‑CAGATCGACGGCTTTGGT‑3' for 
nNOS; forward, 5'‑TCGTACTTGGGATGCTCCATGG‑3' and 
reverse, 5'‑TCCTGCAGGCTCACGGTCAA‑3' for iNOS; 
forward, 5'‑CCCTGTAATTGGAATGAGTCCAC‑3' and 
reverse, 5'‑GCTGGAATTACCGCGGCT‑3' for 18S rRNA. The 
PCR amplification condition was: 20 sec at 95˚C followed by 
40 cycles of 3 sec at 95˚C and 30 sec at 60˚C. Relative quantifi-
cation of the nNOS or iNOS level was determined using the 
2-ΔΔCt method (20) and normalized against that of 18S rRNA in 
the same sample. Each experiment was repeated for three inde-
pendent times in duplicates. For measurement of the nNOS 
mRNA stability, DRG neurons were treated with or without 
TNF-α in the presence or absence of WIN-55, p38 MAPK-
siRNA or scramble control siRNA (Scr) for 25 h. Then the cells 
were cultured in media containing transcription inhibitor acti-
nomycin D (1 mg/ml) for 1, 2 and 4 h. The mRNA levels of 
nNOS were determined with real-time quantitative RT-PCR at 
1, 2 and 4 h of actinomycin D treatment.

Western blot analysis. Whole cell lysates were extracted by 
incubating the DRG neurons with lysis buffer (50 mM Tris/HCl 
pH 7.2, 150 mM NaCl, l% (v/v) Triton X-100, 1 mM sodium 
orthovanadate, 50  mM sodium pyrophosphate, 100  mM 
sodium fluoride, 0.01% (v/v) aprotinin, 4 µg/ml pepstatin A, 
10 µg/ml leupeptin and 1 mM phenylmethanesulfonyl fluoride; 
all purchased from Sigma-Aldrich) on ice for 30 min and 
removing cell debris by centrifugation at 2,000 x g for 15 min 
at 4˚C. Equal amount of proteins for each sample were sepa-
rated by 10% sodium dodecyl sulfate (SDS)‑polyacrylamide 
gel and blotted onto a polyvinylidene difluoride microporous 
membrane (Millipore, Billerica, MA, USA). The membranes 
were blocked with 5% skim milk powder in TBS-T for 2 h 
and incubated for 1 h with a 1:1,000 dilution of rabbit anti-
rat nNOS (NOS1) polyclonal antibody (cat. no.  sc-648) or 
mouse anti-rabbit glyceraldehyde 3-phosphate dehydroge-
nase  (GAPDH) monoclonal antibody (cat. no.  sc-32233), 
and then washed and revealed using bovine anti-rabbit (cat. 
no. sc-2370) or bovine anti-mouse (cat. no. sc-2371) (all from 
Santa Cruz Biotechnology, Inc.) secondary antibody (1:5,000, 
1 h). Peroxidase was revealed with an ECL kit purchased from 
GE Healthcare (Shanghai, China). Three independent experi-
ments were performed.

p38 MAPK activity assay. p38 MAPK activity was measured 
with a p38 MAPK assay kit (cat. no. 9820; Cell Signaling 
Technology, Beverly, MA, USA) according to the manufac-
turer's protocol (21). Briefly, cell lysates were sonicated and 
centrifuged at 15,000 rpm for 10 min at 4˚C. The superna-
tant containing equivalent amounts of protein (200  µg) 
was incubated by gentle rocking with 20 µl of immobilized 
phospho-p38-MAPK monoclonal antibody for 16 h at 4˚C. The 
immunoprecipitates were washed twice with the lysing buffer 
and pelleted by centrifugation. The p38 MAPK assay was 
carried out using ATF2 fusion protein (2 µg) as a substrate in 
the presence of 200 µM ATP and 1X kinase buffer following 
the manufacturer's recommendations. Samples were resolved 
on a 12% SDS-PAGE gel and visualized by autoradiography.
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Statistical analysis. Statistical analyses were performed with 
SPSS for Windows 10.0 (SPSS, Inc., Chicago, IL, USA). All 
values were expressed as mean ± SD. Comparisons of means 
among multiple groups were performed with one-way ANOVA 
followed by post hoc pairwise comparisons using Tukey's tests. 
p<0.05 was considered statistically significant in this study.

Results

TNF-α-induced expression of nNOS in DRG neurons by a 
p38 MAPK-dependent mechanism. To examine the effect 

of TNF-α on the expression and activity of NOS in DRG 
neurons, we treated DRG neurons with TNF-α (5, 10, 20, 30 
and 40 ng/ml) for 1, 5, 10, 15, 20 and 25 h. As show in Fig. 1, 
TNF-α concentration- and time-dependently increased the 
NOS activity in DRG neurons. At TNF-α concentrations 
≥20 ng/ml, the inducing effect of TNF-α on the NOS activity 
reached a plateau after 15 h of treatment. As shown in Fig. 2, 
TNF-α (40 ng/ml) time-dependently increased the mRNA 
levels of nNOS but not iNOS or eNOS (barely detectable; 
data not shown) in DRG neurons, with the nNOS mRNA level 
showing similar data trend as the NOS activity in Fig. 1.

In DRG neurons treated with TNF-α (40 ng/ml for 25 h), 
inhibiting TNFR1 by SPD304 or inhibiting p38 MAPK by 
PD169316 completely abolished TNF-α-induced expression 
of nNOS, while inhibition of phosphatidylinositol-3 kinase, 
protein kinase  C, and mitogen-activated protein kinase 
showed no significant effect (Fig. 3). The results suggested 
that TNF-α induced the expression/activity of nNOS in DRG 
neurons via TNFR1 by a p38 MAPK-dependent mechanism. 
We next knocked down p38  MAPK in DRG neurons. As 
shown in Fig. 4A, the constitutive expression of p38 MAPK 
was knocked down by specific siRNA by ~75% compared 
with the controls. Western blot analyses confirmed that TNF-α 
(40 ng/ml) time-dependently increased the protein levels of 
nNOS in DRG neurons; this effect was largely abolished by 
p38 MAPK-siRNA (Fig. 4B).

WIN-55 inhibits TNF-α-induced expression of nNOS via CB2 
in DRG neurons. As shown in Fig. 5, in DRG neurons treated 
with TNF-α (40 ng/ml), synthetic cannabinoid WIN-55 (100, 
200, 300 and 400 ng/ml) concentration- and time‑dependently 
abolished TNF-α-induced expression of nNOS, with WIN-55 

Figure 1. Νitric oxide synthases (NOS) activity in dorsal root ganglion 
(DRG) neurons under tumor necrosis factor-α (TNF-α) treatment. DRG 
neurons were treated with TNF-α (5, 10, 20, 30 and 40 ng/ml) for 1, 5, 10, 15, 
20 and 25 h. The NOS activity was measured and expressed as fold-changes 
to that of untreated cells (designated as 1). *p<0.05 vs. immediate lower con-
centration; #p<0.05 vs. immediate previous time-point.

Figure 2. Νitric oxide synthases (NOS) mRNA levels in dorsal root gan-
glion (DRG) neurons under tumor necrosis factor-α (TNF-α) treatment. DRG 
neurons were treated with TNF-α (40 ng/ml) for 1, 5, 10, 15, 20 and 25 h. 
The neuronal NOS (nNOS) and inducible NOS (iNOS) mRNA levels were 
measured and expressed as fold-changes to that of untreated cells (designated 
as 1). *p<0.05 vs. iNOS; #p<0.05 vs. immediate previous time-point.

Figure 3. Neuronal nitric oxide synthase (nNOS) mRNA levels in dorsal root 
ganglion (DRG) neurons under tumor necrosis factor-α (TNF-α) treatment 
with or without kinase inhibitors. DRG neurons were respectively pretreated 
with selective inhibitor for phosphatidylinositol-3 kinase (LY294002; 
50 µM), protein kinase C (Go6983; 250 nM), MAPK (PD098059; 25 µM) 
and p38 MAPK (PD169316; 25 µM), or selective TNF-α receptor 1 inhibitor 
SPD304 (50 µM) for 30 min, and then incubated with TNF-α (40 ng/ml) and 
the kinase inhibitor or SPD304 for 25 h. DRG neurons treated with TNF-α 
only were used as a control. The mRNA levels of nNOS were measured 
and expressed as fold-changes to those of untreated cells (designated as 1). 
*p<0.05 vs. control.
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at 400 ng/ml completely abolishing the effect of TNF-α. In 
DRG neurons treated with TNF-α (40 ng/ml) in the presence 
of WIN-55 (400 ng/ml), selective CB2 antagonist JTE907 
but not selective CB1 antagonist MJ15 largely blocked the 
inhibitory effect of WIN-55 on TNF-α-induced expression of 
nNOS (Fig. 6A) and NOS activity (Fig. 6B).

WIN-55 inhibits TNF-α-induced increase of nNOS mRNA 
stability in DRG neurons. The above findings suggested that 
TNF-α induced the expression of nNOS in DRG neurons by a 
p38 MAPK-dependent mechanism; WIN-55 effectively inhib-
ited this effect mainly via CB2. Since TNF-α and WIN-55 
showed no significant effect on the nNOS gene promoter (data 
not shown), we next examined the effect of TNF-α and WIN-55 
on the stability of nNOS mRNA. DRG neurons were treated 
with TNF-α (5, 20 and 40 ng/ml) for 25 h in the presence of 
WIN-55 (100 or 400 nM). Then the cells were cultured in media 
containing transcription inhibitor actinomycin D for 1, 2 and 4 h. 
The mRNA levels of nNOS were determined at 1, 2 and 4 h of 
actinomycin D treatment and expressed as percentages of that 
immediately before actinomycin D treatment in each experi-
mental group. As shown in Fig. 7, the relative nNOS mRNA levels 
in the control cells at 1, 2 and 4 h of actinomycin D treatment were 

71, 32 and 9%, respectively. TNF-α concentration-dependently 
elevated the relative nNOS mRNA levels, up to 99, 81 and 46% 
by 40 ng/ml of TNF-α at 1, 2 and 4 h of actinomycin D treatment, 
respectively (Fig. 7). On the other hand, WIN-55 concentration-
dependently inhibited the effect of TNF-α. Particularly, in the 
presence of 40 ng/ml of TNF-α, WIN-55 at 400 nM decreased 
the relative nNOS mRNA levels to 78, 38 and 11% at 1, 2 and 
4 h of actinomycin D treatment, respectively, nearly down to the 
control level (Fig. 7). In addition, in the presence of 40 ng/ml of 
TNF-α, siRNA-mediated knockdown of p38 MAPK decreased 
the relative nNOS mRNA levels down to 81, 41 and 12% at 1, 2 
and 4 h of actinomycin D treatment, respectively (Fig. 7). The 
findings suggested that TNF-α increased the mRNA stability of 
nNOS in DRG neurons by a p38 MAPK-dependent mechanism; 
WIN-55 inhibited this effect.

WIN-55 inhibits TNF-α-induced p38  MAPK activity in 
DRG neurons. To explore potential functional interaction of 
TNF-α with WIN-55 on p38 MAPK signaling, we measured 
p38 MAPK activities in DRG neurons treated with TNF-α 
(5, 20 and 40  ng/ml) in the presence of WIN-55 (100 or 
400 ng/ml) for 25 h with or without MJ15 or JTE907 (Fig. 8). 
As evidenced by increased levels of phosphorylated ATF2, 

Figure 4. Neuronal nitric oxide synthase (nNOS) protein levels in dorsal root ganglion (DRG) neurons under tumor necrosis factor-α (TNF-α) treatment with or 
without p38 MAPK knockdown. (A) DRG neurons were transfected with p38 MAPK (p38)-siRNA (lane 3), using untreated cells (NC; lane 1) and cells trans-
fected with scramble control siRNA (Scr; lane 2) as controls. The protein levels of p38 MAPK were determined with western blot analyses. Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was used as a loading control. Density of the p38 MAPK blot was normalized against that of the GAPDH blot to obtain a 
relative blot density, which was expressed as fold changes to that of NC (designated as 1). *p<0.05 vs. NC. (B) DRG neurons were treated with TNF-α (40 ng/ml) 
for 1 (lane 2), 5 (lane 3), 10 (lane 4), 15 (lane 5), 20 (lane 6) and 25 (lane 7) hours with or without transfection of scramble control siRNA (Scr; lane 8) or 
p38 MAPK (p38)-siRNA (lane 9). Untreated cells (NC; lane 1) were used as a control. The protein levels of nNOS were determined with western blot analyses. 
GAPDH was used as a loading control. Density of the nNOS blot was normalized against that of the GAPDH blot to obtain a relative blot density, which was 
expressed as fold changes to that of NC (designated as 1). *p<0.05 vs. NC; #p<0.05 vs. immediate previous experimental group.
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TNF-α concentration-dependently induced the p38 MAPK 
activity, which was concentration-dependently decreased by 
WIN-55; the inhibitory effect of WIN-55 was largely blocked 
by JTE907 but not MJ15 (Fig. 8). The findings suggested that 
WIN-55 inhibited TNF-α-induced p38  MAPK activity in 
DRG neurons mainly via CB2.

Discussion

TNF-α is an established pain modulator in the peripheral 
nervous system following peripheral nerve injury (5). Elevated 
levels of TNF-α in DRG neurons reportedly is critical for neuro-
pathic pain processing (5). NO plays an important role in the 
development and maintenance of nociception (7). It has been 
shown that the regulation of NO production mainly depends on 
the expression of NOSs and their activities (7). Previous studies 
have shown beneficial effects of selective blockers for NOS in 
reducing neuropathic pain (7,8). Accumulating evidence also 
support an important role of cannabinoids in the modulation of 
neuropathic pain (9,10). Significant antinociceptive effects of 
cannabinoid receptor agonists have been demonstrated in animal 
models of neuropathic pain (19). In the present study, we provide 
the first evidence that cannabinoids inhibits TNF-α‑induced 
expression/activity of NOS in DRG neurons, thereby linking the 
functions of TNF-α, NOS and cannabinoid in DRG neurons.

We found that TNF-α significantly increased the expression 
of nNOS but not iNOS and eNOS in DRG neurons via TNFR1. 
This is in agreement with previous studies showing that only 
nNOS is increased in mouse spinal cord after inflammation 
induction (7) and that TNFR1 is expressed on most cells as 
a major mediator of the cytotoxicity of TNF-α (6). TNF-α in 
the concentration range of 5-40 ng/ml increasingly elevated 

the NOS activity in DRG neurons, until reaching a plateau at 
30-40 ng/ml. In addition, at TNF-α concentrations ≥20 ng/ml, 
the inducing effect of TNF-α on the NOS activity reached a 
plateau after 15 h of treatment. The findings suggest that TNF-α 
is an effective fast inducer of the NOS activity, which is in line 
with its strong and fast induction of nNOS in DRG neurons.

Jia et al showed that TNF-α could phosphorylate and acti-
vate p38 MAPK (22). Wang et al showed that a specific TNF-α 
inhibitor significantly reduced phosphorylated p38 MAPK 
levels induced by chronic constriction injury in DRG 
neurons (23). Xu et al suggested that p38 MAPK activation in 
DRG neurons is necessary for the initiation and maintenance 
of neuropathic pain (24). These previous findings suggest that 

Figure 5. Neuronal nitric oxide synthase (nNOS) mRNA levels in dorsal root 
ganglion (DRG) neurons under tumor necrosis factor-α (TNF-α) treatment 
in the presence of synthetic cannabinoid WIN-55,212-2 mesylate (WIN‑55). 
DRG neurons were treated with TNF-α (40 ng/ml) in the presence of WIN-55 
(100, 200, 300 and 400 ng/ml) for 1, 5, 10, 15, 20 and 25 h. Cells treated 
with TNF-α only were used as a control. The nNOS mRNA levels was 
measured and expressed as fold-changes to that of untreated cells (desig-
nated as 1). *p<0.05 vs. control; ^p<0.05 vs. immediate lower concentration; 
#p<0.05 vs. immediate previous time-point.

Figure 6. Neuronal nitric oxide synthase (nNOS) mRNA and NOS activity 
levels in dorsal root ganglion (DRG) neurons under tumor necrosis 
factor-α (TNF-α) treatment in the presence of synthetic cannabinoid WIN-
55,212-2 mesylate (WIN-55) and cannabinoid receptor antagonists. DRG 
neurons were treated with TNF-α (40 ng/ml) in the presence of WIN-55 
(400 ng/ml) for 1, 5, 10, 15, 20 and 25 h with or without selective cannabinoid 
receptor type 1 (CB1) antagonist MJ15 (50 µM) or selective CB2 antagonist 
JTE907 (5 µM). Cells treated with TNF-α only were used as a control. 
(A) The nNOS mRNA and (B) the NOS activity levels were measured and 
expressed as fold-changes to that of untreated cells (designated as 1), respec-
tively. *p<0.05 vs. control and 400 nM WIN-55+JTE907; ^p<0.05 vs. 400 nM 
WIN‑55+MJ15; #p<0.05 vs. immediate previous time-point.



TAN  and  CAO:  Cannabinoid inhibits TNF-α-induced expression of NOS in DRG neurons924

TNF-α/p38 MAPK signaling is an important pathway for 
neuropathic pain. This is in agreement with our findings that 
TNF-α-induced p38 MAPK activity is required for TNF-α-
induced mRNA stability/expression/activity of nNOS, another 
key player in neuropathic pain. How TNF-α-induced activation 
of p38 MAPK leads to increased mRNA stability of nNOS in 
DRG neurons will be explored in our future studies.

We found that synthetic cannabinoid WIN-55 potently 
inhibited TNF-α-induced activation of p38 MAPK largely 
via CB2, which explains for why WIN-55 inhibited 
TNF-α‑p38 MAPK signaling-induced expression of nNOS 
via CB2 in DRG neurons. This is in agreement with previous 
studies showing that CB2 agonists markedly inhibited the 
activation of p38 MAPK in DRG and effectively controlled 
neuropathic pain in animal models (19,25,26). Taken together, 
our findings suggest that cannabinoids are potent inhibitors of 
the TNF-α/p38 MAPK/NOS signaling axis in DRG neurons; 
the effect is mainly mediated via CB2. This adds new insights 
into the molecular mechanisms underlying the pharmacologic 
effects of cannabinoids on neuropathic pain.

Endogenous cannabinoids and their receptors have been 
found to be expressed in key areas associated with pain processing 
and markedly increase in these areas in models of chronic 
pain (11-15), suggesting that endogenous cannabinoids are natural 
modulators of chronic pain. As endogenous cannabinoids may 
well participate in regulating TNF-α/p38 MAPK/NOS signaling 
during the development of neuropathic pain, our findings also 

adds new insights into the pathophysiology of neuropathic 
pain and other chronic pains, e.g. inflammatory pain, in which 
TNF-α/p38 MAPK/NOS signaling is very likely involved.

In conclusion, our findings suggest that TNF-α induces 
expression/activity of nNOS in DRG neurons by increasing 
its mRNA stability by a p38 MAPK-dependent mechanism; 
synthetic cannabinoid WIN-55 inhibits this effect of TNF-α 
by inhibiting p38 MAPK via CB2.
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Figure 8. p38 MAPK activities in dorsal root ganglion (DRG) neurons under 
tumor necrosis factor-α (TNF-α) treatment in the presence of synthetic 
cannabinoid WIN-55,212-2 mesylate (WIN-55) and cannabinoid receptor 
antagonists. DRG neurons were treated with TNF-α (5, 20 and 40 ng/ml) in 
the presence of WIN-55 (100 or 400 ng/ml) for 25 h with or without selec-
tive cannabinoid receptor type 1 (CB1) antagonist MJ15 (50 µM) or selective 
CB2 antagonist JTE907 (5 µM). Untreated cells (NC) were used as a control. 
The p38 MAPK activity was determined by measuring phosphorylation of 
ATF2, a substrate of activated p38 MAPK. The levels of phosphorylated 
ATF2 (p-ATF2) and total ATF2 (loaded equally at 2 µg as a substrate in 
each sample) were determined with western blot analyses. The p-ATF2 
level was normalized against that of total ATF2 to represent the p38 MAPK 
activity, which was shown as fold changes to that of NC (designated as 1). 
*p<0.05 vs. control; #p<0.05 vs. immediate previous experimental group.

Figure 7. Neuronal nitric oxide synthase (nNOS) mRNA stability in dorsal root 
ganglion (DRG) neurons under tumor necrosis factor-α (TNF-α) treatment in 
the presence of synthetic cannabinoid WIN-55,212-2 mesylate (WIN‑55) or 
p38 MAPK knockdown. DRG neurons with or without transfection of p38 MAPK 
(p38)-siRNA or scramble control siRNA (Scr) were treated with TNF-α (5, 20 
and 40 ng/ml) for 25 h in the presence of WIN-55 (100 or 400 nM). Then the cells 
were cultured in media containing transcription inhibitor actinomycin D (1 mg/
ml) for 1, 2 and 4 h. The nNOS mRNA levels were determined at 1, 2 and 4 h 
of actinomycin D treatment and expressed as percentages of that immediately 
before actinomycin D treatment in each experimental group. Cells treated with 
actinomycin D only were used as a control (NC). *p<0.05 vs. control.
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