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Suppression of peripheral NGF attenuates
neuropathic pain induced by chronic
constriction injury through the TAK1-MAPK/
NF-kB signaling pathways

Wen-Ling Dai'", Bing Yan'", Yi-Ni Bao', Ji-Fa Fan' and Ji-Hua Liu'*

Abstract

Background: Anti-nerve growth factor (NGF) monoclonal antibodies (anti-NGF mAbs) have been reported to
significantly attenuate pain, but the mechanism involved has not been fully elucidated, and the serious adverse
events associated with mAbs seriously limit their clinical use. This study further investigated the mechanism by
which peripheral NGF is involved in neuropathic pain and found safe, natural compounds that target NGF to
attenuate neuropathic pain.

Methods: Nociception was assessed by the Von Frey hair and Hargreaves’ methods. Western-blotting, gPCR and
immunofluorescence were used to detect the cell signaling pathway. RAW264.7 macrophages and RSC96 Schwann
cells were cultured for in vitro evaluation.

Results: Intraplantar administration of anti-NGF mAbs suppressed the expression of phosphorylated transforming
growth factor-B-activated kinase 1 (TAK1) in the dorsal root ganglion (DRG) and sciatic nerve. Intraplantar
administration of a TAK1 inhibitor attenuated CCl-induced neuropathic pain and suppressed the expression of
phosphorylated mitogen-activated protein kinases (MAPKs) in the DRG and sciatic nerve. Perisciatic nerve
administration of levo-corydalmine (/-CDL) on the operated side obviously attenuated CCl-induced neuropathic pain
and suppressed the expression of mMNGF and proNGF. In addition, -CDL-induced antinociception was reversed by
intraplantar administration of NGF. Further results indicated that /-CDL-induced suppression of phosphorylated
TAK1, MAPKs, and p65 and expression of the proinflammatory cytokines TNF-a and IL-1(3 in the DRG and sciatic
nerve were all abolished by NGF. In addition, in vitro experiments indicated that /-CDL suppressed the secretion of
NGF and proNGF in RAW264.7 macrophages and RSC96 Schwann cells, which was abolished by AP-1 and CREB
agonists, respectively.
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periphery to attenuate CCl-induced neuropathic pain.

activated kinase 1 (TAKT1), periphery

Conclusions: This study showed NGF inhibition suppressed TAK1 in the periphery to attenuate CCl-induced
neuropathic pain through inhibition of downstream MAPK and p65 signaling. The natural compound /-CDL
inhibited NGF secretion by macrophages and Schwann cells and downstream TAK1-MAPK/NF-kB signaling in the

Keywords: levo-Corydalmine (/-CDL), Nerve growth factor (NGF), Neuropathic pain, Transforming growth factor-3-

Background

Approximately 6-8% of the population worldwide suf-
fers from refractory neuropathic pain due to inadequate
analgesia [1]. Opioids still dominate the clinical land-
scape despite their severe side effects. NGF and its inter-
action with its receptors have been well characterized as
important mediators of pain initiation and maintenance
in the periphery [2, 3]. Blocking NGF with mAbs or
preventing NGF binding with its receptors effectively at-
tenuates chronic pain, and anti-NGF mAbs such as tane-
zumab and fulranumab have been in clinical trials to
attenuate chronic pain. However, in 2010, anti-NGF
mAbs were placed on hold in all clinical trials by the
FDA because of rapid joint destruction [4]. Although the
FDA has since lifted this hold and a number of new tri-
als are under way, the longterm efficacy and safety pro-
file of anti-NGF antibodies have yet to be established.
Elucidating the mechanism by which NGF is involved in
neuropathic pain and finding safe drugs that target NGF
to significantly attenuate chronic pain are promising.

After nerve injury, peripheral neuroglial Schwann cells
and inflammatory cells such as macrophages are re-
cruited to the lesion site and promote the secretion of
NGEF [5, 6]. The binding of NGF to its receptors acti-
vates several downstream signaling pathways, including
MAPKs and nuclear factor-kappa B (NF-«B) signaling,
to increase and sensitize various neurotransmitters, re-
ceptors and ion channels, including substance P,
calcitonin gene-related peptide (CGRP), brain-derived
neurotrophic factor (BDNF), bradykinin receptors, tran-
sient receptor potential vanilloidl (TRPV1), and acid-
sensing ion channels 2 and 3 (ASIC2 and 3), which
contribute to neuropathic pain [2]. MAPKs, which in-
clude ERK1/2, JNK, p38, and NF-«B are crucial intracel-
lular signaling pathways in chronic pain that mediate the
transcription and synthesis of various inflammatory me-
diators and key transduction molecules including TNF-a
and IL-1f, subsequently contributing to neuroinflamma-
tion and hypersensitivity [7]. TAK1L, a member of the
MAPKKK family, regulates various MAPK pathways. In-
hibition of spinal TAK1 attenuates neuropathic pain [8],
but whether peripheral TAK1 is involved and peripheral
NGF-induced activation of MAPK was mediated by
TAKI1 have not yet been elucidated.

Our study hypothesized that NGF activates TAKI,
thereby upregulating phosphorylated MAPKSs to increase
the release of proinflammatory cytokines and promote
the development of CCI-induced neuropathic pain. In
addition, finding safe and effective compounds to inhibit
NGF and attenuate neuropathic pain would overcome
the side effects of monoclonal antibody drugs. /-CDL is a
trace alkaloid found in Corydalis yanhusuo W.T. Wang,
which was found to have favorable antinociceptive ef-
fects in acute and chronic pain in our previous work,
and the mechanism of /-CDL in the spinal cord has also
been clarified [9-11]. However, the underlying mechan-
ism of [-CDL in attenuating neuropathic pain in the per-
iphery has still not been fully elucidated. Our results
indicated that /[-CDL decreased the expression of NGF
mRNA and protein in the periphery to alleviate CCI-
induced neuropathic pain, and we further evaluated the
mechanism by which /[-CDL inhibited NGF to regulate
neuropathic pain suppression.

Methods

Ethics statement

All experimental protocols were approved by the Animal
Experimentation Ethics Committee of China Pharma-
ceutical University and adhered to the guidelines of the
International Association for the Study of Pain (IASP).
All experiments were conducted in a blinded manner.

Animals

Sprague-Dawley rats (180-220g) were obtained from
the Experimental Animal Center of Yangzhou University
(Jiangsu, China). All animals were group-housed, six per
cage, and acclimated to a temperature- and humidity-
controlled environment with a 12:12 h light-dark cycle.
Rodent chow and water were accessible ad libitum. Ani-
mals were randomly assigned to the following groups: 1)
control; 2) CCIL; 3) sham-operated; 4) CCI + Vehicle; 5)
CCI+!/-CDL (1.5, 3, and 6mg/kg); or 6) CCI+NGF
(0.1 ug/30 uL); 7) CCI+ NGF (0.1 ug/30 uL) + [-CDL (6
mg/kg); 8) CCI+ anti-NGF mAbs (6 ug/30 uL); or 9)
CCI + TAK1 inhibitor (10 pg/30 uL). Six animals were
assigned to each group for the behavior test, and four
animals were assigned to each group for molecular
testing.
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Chemicals and reagents

[-CDL (purity 299.0%, assessed by high performance liquid
chromatography (HPLC)) was obtained from China
Pharmaceutical University (Nanjing, China). Recombinant
B-NGF and IL-1p were obtained from R&D Systems (Min-
neapolis, MN). Anti-NeuN antibody was purchased from
Abcam (Cambridge, MA). Anti-NGF and anti-IL-1p anti-
bodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Other primary antibodies and secondary
antibodies for western blotting were obtained from Cell
Signaling Technology (Beverly, MA). Secondary antibodies
for immunofluorescence were obtained from Jackson
ImmunoResearch Laboratories (Beverly, MA). Dulbecco’s
modified Eagle’s medium (DMEM) was obtained from Bio-
logical Industries (Israel) and FBS was obtained from Gibco
(Inc., PA). All other reagents were purchased from Sigma-
Aldrich (St. Louis, MO). [-CDL was ground and dispersed
in corn oil for animal experiment.

Chronic constriction injury of the sciatic nerve

Chronic constriction injury of the sciatic nerve was con-
ducted as described by Bennett and Xie [12]. All surgical
instruments were disinfected in advance. The rats were
anesthetized with pentobarbital (50 mg/kg, i.p.), and the
left sciatic nerve was exposed. Four loose ligatures (4/0
catgut plain) were placed around the sciatic nerve at 1
mm intervals until a brief twitch in the hind paw was
observed. For each ligature, we grasped the two ends
close to the loop and tightened until the loop was just
barely snug and the ligature did not slide along the
nerve. We immediately stopped if a brief twitch was ob-
served, to prevent arresting of epineural blood flow. Fi-
nally, the incision was sutured in layers. Penicillin was
intramuscularly injected at a dose of 40,000 IU.

Behavioral tests for pain states

The mechanical withdrawal threshold (MWT) and thermal
withdrawal latency (TWL) were recorded for 2 days before
surgery (day — 2, — 1). Behavioral tests were performed at 0,
0.5, 2, 4, 8, and 24 h after drug delivery on postoperative
day 15. Each rat was tested three more times.

Mechanical allodynia

Von Frey hairs (Woodland Hills, Los Angeles) were used
as previously described [10]. A series of Von Frey hairs
with logarithmically incremental stiffness (1.4~ 15.0g)
were used to stimulate the hind paws of rats, and each hair
was held for approximately 6s. A positive response was
defined as quick withdrawal or licking of the hind paw
upon the stimulus. Whenever a positive response to a
stimulus occurred, the next lower Von Frey hair was ap-
plied, and whenever a negative response occurred, the
next higher hair was applied. Each rat was tested three
more times, and the applied force (g) was recorded. Then
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the average of the threshold was determined to be the
MWT.

Thermal hyperalgesia

Thermal hyperalgesia was determined by paw with-
drawal latencies to radiant heat (model 37,370; Ugo
Basile Biological Instruments). The radiant heat source
was positioned at a fixed distance below the glass plate,
and the left hind paw on the operated side was stimu-
lated. The intensity of the light source was adjusted to
produce withdrawal latencies of 10-13s in control ani-
mals, which was 45°C in our experiment, and the time
until the rats licked and/or raised their foot was re-
corded. TWL was defined as the elapsed time (in sec-
onds) between the delivery of the heat source and the
withdrawal of the paw. A cutoff time of 25s was set to
prevent tissue damage.

Cell culture

RSC96 and RAW?264.7 cells were purchased from CHI
Scientific, Inc. (Jiangyin, Jiangsu) and cultured in DMEM
containing 10% v/v fetal bovine serum (FBS) at 37°C in
a humidified atmosphere containing 5% CO,. Both cells
lines were plated in 6 well plates at 4 x 10° cells per well
and grown to approximately 80% confluence.

Analysis of mRNA levels by quantitative real-time PCR
(qPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen
Life Technologies, Carlsbad, CA, USA). RNA concentra-
tion was determined by a spectrophotometer at 260 nm
and 280 nm. Equal amounts of RNA (1 ug) was reverse
transcribed into cDNA, and the cDNAs were used as tem-
plates for PCR amplification. A QuantStudio 3 Real-Time
PCR System and fast gene-expression method were used
with the following cycling conditions: 95°C for 5 min,
followed by 45 cycles at 95°C for 10, 57 °C for 205, and
72 °C for 20s. Then, melt curve analysis was performed by
raising the temperature from 61°C to 95°C at a rate of
0.15°C/s. GAPDH was used as an internal control to
normalize the variability in expression levels. The 2744<T
(cycle threshold) method was used to calculate the results,
and mRNA expression levels are presented as fold-
induction relative to Ctrl cells, which were set as 1. The
specific primer sequences were as follows,

NGF Forward 5- CCAGTGAAATTAGGCTCCCTG —3'
Reverse 5~ CCTTGGCAAAACCTTTATTGGG -3'

GAPDH Forward 5 TGATGGGTGTGAACCACGAG — 3'
Reverse 5 GCCCTTCCACAATGCCAAAG —3'

Tissue collection and immunofluorescence
After 2h of drug administration, the rats were
anesthetized with pentobarbital (50 mg/kg, i.p.), and the
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ipsilateral L4-L6 DRGs and sciatic nerves were collected
after the rats were perfused with PBS, followed by 4%
paraformaldehyde. The tissues were postfixed with the
same 4% paraformaldehyde and then transferred to 30%
sucrose. Tissue sections were blocked with 10% normal
donkey serum containing 0.3% Triton-X-100. After incu-
bation, the tissue sections were observed under a laser-
scanning microscope (Carl Zeiss LSM700, Germany).
Eight images for each group were evaluated and photo-
graphed with the same exposure time to generate the
raw data. Fluorescence intensities were analyzed using
Image Pro Plus 6.0 (Media Cybernetics, Silver Spring,
MD, USA), with #n =4 in each group.

Western blotting

In brief, the rats were anesthetized with pentobarbital (50
mg/kg, ip.) 2h after drug administration, and the
ipsilateral L4-L6 DRGs, and sciatic nerves were collected
and extracted using RIPA buffer [10]. The proteins in the
cell culture supernatants were extracted by methanol-
chloroform precipitation [13]. The proteins were sepa-
rated on sodium dodecyl sulfate-polyacrylamide gels, and
transferred onto polyvinylidene difluoride membranes.
After incubation with antibodies, immunoreactivity was
detected using ECL reagents (PerkinElmer, Waltham,
MA). The data were analyzed with the associated Quantity
One-4.6.5 sofeware (Bio-Rad Laboratories), with # =4 in
each group.

Statistical analysis

Sample size estimation was determined by G*Power 3.1
[14] and the powers (1-p err prob) were greater than
0.9 which was sufficient to detect differences between
two different groups. All values are depicted as the
mean+SEM and the statistical analyses were
performed using SPSS Rel 15 (SPSS Inc., Chicago, IL,
USA). Data from western blotting, immunofluorescence
and behavioral tests were statistically analyzed by one-
way analysis of variance (ANOVA) and two-way
ANOVA, followed by Bonferroni’s post-hoc tests with
significance set at P < 0.05.

Results

Perisciatic nerve administration of /-CDL on the operated
side attenuated CCl-induced neuropathic pain

The MWT and TWL of the injured paws of CCI rats
were gradually reduced compared with those of the
control group, and maintained a lower level on day 14
after surgery with no obvious difference between the
control and Sham-operated groups (Fig. 1a, b). Periscia-
tic nerve administration of /-CDL (1.5, 3, and 6 mg/kg)
ameliorated CCl-induced mechanical allodynia and ther-
mal hyperalgesia in a dose- and time- dependent manner
(Fig. 1c, d). The MWT and TWL of the saline control
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group, corn oil vehicle group and CCI group showed no
obvious variation before or after administration. More-
over, consecutive injection of /-CDL (1.5, 3, and 6 mg/
kg) for 7 days also showed definitive analgesia without
tolerance or resistance (Fig. le, f).

Perisciatic nerve administration of /-CDL suppressed the
expression of NGF in the DRG and sciatic nerve of CCl

rats

NGF plays a vital role in neuropathic pain, and the high
level of NGF in the periphery accelerates the development
of peripheral sensitization and sympathetic budding [15].
The immunofluorescence results confirmed that NGF
expression was increased in the DRG (Fig. 2a, b) and
sciatic nerve (Fig. 2d, ) of CCI rats, and perisciatic nerve
administration of [-CDL (6 mg/kg) decreased the
upregulated expression of NGF in the DRG and sciatic
nerve. DRG primary afferent neurons can be broadly
classified as large (>800), medium (400-800) and small
(<400) according to the cross sectional area of the
neurons [16]. AS fibers have medium cell bodies and C
fibers have small cell bodies that are nociceptors [17].
NGF was expressed mainly in the large and medium size
neurons in normal rat DRGs. Our results indicated that in
CCI rats, the expression of NGF in small neurons was
notably increased. After [-CDL treatment, NGF was
expressed mainly in the large and medium size neurons
(Fig. 2a, c). Western blotting analysis also indicated that /-
CDL (1.5, 3, and 6mg/kg) inhibited the upregulated
expression of mNGF and proNGF in the DRG (Fig. 2f)
and sciatic nerve (Fig. 2g).

Both /-CDL and anti-NGF mAbs inhibit the expression of
p-TAK1 in the DRG and sciatic nerve, and /-CDL-induced
antinociception and inhibition of p-TAK1 were reversed
by intraplantar administration of NGF

Intraplantar administration of NGF (0.1 pg/30 uL) to the
injured hind paw 15min prior to /-CDL (6 mg/kg)
injection completely abolished /-CDL-induced attenuation
of mechanical (Fig. 3a) and thermal hyperalgesia (Fig. 3b),
indicating that /[-CDL induced antinociception was
mediated by NGF. Intraplantar injection of NGF (0.1 pg/
30 pL) alone in CCI rats had no significant difference
compared with that of the CCI group. In addition, our
results indicated that the expression of p-TAK1 was up-
regulated in both the DRG and sciatic nerve of CCI rats,
and perisciatic nerve administration of /-CDL (1.5, 3, and
6 mg/kg) (Fig. 3¢, f) and intraplantar administration of
anti-mAbs (6 pug/30 uL) (Fig. 3d, g) also inhibited the up-
regulation of p-TAK1. And /-CDL-induced inhibition of
p-TAK1 was also reversed by NGF (0.1 pg/30 pL) (Fig. 3e,
h), suggesting that /-CDL induced inhibition of p-TAK1
was mediated by NGF.
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Intraplantar administration of the TAK1 inhibitor 5Z-7-
oxozeaenol attenuated CCl-induced neuropathic pain and
inhibited the upregulation of p-ERK, p-JNK, and p-p38 in
the DRG and sciatic nerve

Inhibition of spinal TAK1 has been reported to
attenuate neuropathic pain, and we confirmed that
intraplantar administration of the TAK1 inhibitor 5Z-7-
oxozeaenol (OZ, 10ug/30uL) also attenuated CCI-
induced neuropathic pain (Fig. 4a, b). In addition,
intraplantar administration of the TAKI inhibitor OZ

inhibited the upregulation of p-ERK, p-JNK, and p-p38
in the DRG (Fig. 4c-e) and sciatic nerve (Fig. 4f-h) in
CClI-induced neuropathic pain rats.

I-CDL decreased the CCl-upregulated expression of p-ERK,
p-JNK, p-p38, p-p65, TNF-q, and IL-1B in the DRG and
sciatic nerve of CCl rats

Sciatic nerve ligation evoked the inflammation in
peripheral DRG and sciatic nerve in the ipsilateral of
injured hind paw of CCI rats with high expression of
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inflammatory cytokines (such as TNFa, IL-1p) and ac-
tivation of signaling molecules including JNK, ERK,
p38, p65 contributing to peripheral hypersensitivity
[18]. As depicted in Fig. 5, the expression of phos-
phorylated ERK, JNK, p38, and p65 and the inflam-
matory cytokines TNF-a and IL-1B were increased in
the DRG (Fig. 5a-c) and sciatic nerve (Fig. 5d-f) of
CCI rats. Perisciatic nerve administration of [-CDL
(1.5, 3, and 6 mg/kg) on the operated side of CCI rats
decreased the levels of TNF-a, and IL-1p and phos-
phorylated ERK, p38, JNK, and p65 both in the DRG
(Fig. 5a-c) and sciatic nerve (Fig. 5d-f).

Intraplantar administration of NGF reversed /-CDL-
induced downregulation of p-JNK, p-ERK, p-p38, p-p65,
TNF-a, and IL-1f in the DRG and sciatic nerve of CCl rats
The upregulated expression of NGF could increase the
expression of plenty of neurotransmitters and nociceptor-
specific ion channels through activating ERK, p38, and
JNK, NF-kB signaling [7, 15]. The results showed that /-
CDL decreased the expression of p-JNK, p-ERK, p-p38, p-
p65, TNF-a, and IL-1p in the DRG and sciatic nerve, and
administration of NGF (0.1 pug/30 L) completely abol-
ished /-CDL (6 mg/kg)-induced inhibition of the expres-
sion of p-ERK, p-p38, p-JNK, p-p65, TNF-q, and IL-1f in



Dai et al. Cell Communication and Signaling (2020) 18:66 Page 7 of 13

-O- Control

-8~ CClI + Vehicle

=& CCl + I-CDL 6 mg/kg

-4 CCI + NGF 0.1 pg/30 pL + /-CDL 6 mg/kg
D 45_ O CCI+ NGF 0.1 ug/30 uL

-O- Control

-8~ CClI + Vehicle

=& CCl + I-CDL 6 mglkg

-&- CCI + NGF 0.1 pg/30 pL+ I-CDL 6 mglkg
-O0- CCl + NGF 0.1 pg/30 pL

g)
> o

~
N

Thermal withdrawal
(Ipsilateral latency, s)

IS

04 A\
2 -1 0 052 4 8 24
Preoperative (day) Postoperative (day)

A\

Mechanical withdrawal
(Ipsilateral threshold

2 1 0 052 4 8 24
Preoperative (day) Postoperative (day)

Cc DRG D DRG E DRG
ccl -+ + +
CCl - + + + + ccl - + + -CDL - - 4+ + 6mgkg
I-<CDL - = 15 3 6mg/kg anti-NGF mAbs = - + 6 pg/30 uL NGF - - = 4+ 0.1pug/30 uL
p-TAKT [« |o7kpa  p-TAK1 [N 6702 p-TAK1 [S5 S S8 &8 67 kDa
T-TAK! [N 80 kDa  T-TAKA [ | 80 kDa ~ T-TAK1 [ s s s s | 50 kDa
GAPDH [JR MR B 37k02  GAPDH [Wi S| 37 0a  GAPDH [ WS S S| 37 kDa
i 3 25 = 20
3 200 ## 3 # 5 # .
£ 15 £ 20 £ 15
S 1.0 *%k Kk 8 1.5 8 1.0 :
. - .
s 5 10 ] s
5 05 < 5 05
S g - 4
L 0.0 L 0.0 L 0.0 L
cCl - + + + + TClI - + + I_gg:_ -+ : I
ICDL - - 15 3 6mgkg anti-NGF - - + NGF - - - +
F Sciatic nerve G Sciatic nerve H Sciatic nerve
ccl - + + + + cc - o+ 4 GOL - 5 T emake
I-CDL - = 15 3 6mglkg anti-NGF mAbs ® + 6ugi3opL NGF - - - + gqug3opuL
p-TAKT [H M0 B0 W S 67kDa  p-TAK1 [ W W] 67kDa . TAK1 [l W o W] 67 kDa
T-TAK1 m 80 kDa T-TAK1 [W e W | 50kDa  T-TAK1 | wee s w80 kDa
GAPDH |-“.—v 37 kDa GAPDH |- 37kDa GAPDH |# S S S| 37 kDa
— 20 # 5 25 ## 5 25
g ] £ 20 #it
£ 15 £ 2.0 5 $$
8 10 * W 3 15 ok 2 15 *%
‘s S 1.0 _g 1.0
z 05 2 05 5 05
w 0.0 % 00 0.0 J
cCl - + + + + ccl - + o+ P T
I-CDL - - 15 3 6mgkg anti-NGF mAbs = - + NGF -+

Fig. 3 Both /-CDL and anti-NGF mAbs inhibited the expression of p-TAK1 in the DRG and sciatic nerve, and /-CDL induced antinociception and
inhibition of p-TAK1 was reversed by intraplantar administration of NGF. a, b The mechanical and thermal thresholds of CCl rats after intraplantar
administration of NGF (0.1 ug/30 uL) and intramuscular injection of /-CDL (6 mg/kg) around the sciatic nerve on the operated side of CCl rats
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the DRG (Fig. 6a-c) and sciatic nerve (Fig. 6d-f). These
findings demonstrated the key role of p-ERK, p-p38, p-
JNK, p-p65 signaling in the NGF regulated analgesia effect
of [-CDL in the DRG and sciatic nerve.

I-CDL inhibited AP-1 in macrophages and CREB in
Schwann cells to decrease the transcription of NGF
Various reports indicate that NGF is prevailingly
produced and secreted in non-neuronal cells, such as

macrophages, schwann cells and fibroblast [6, 19-24].
The high level of IL-1B around the injury site strongly
increases NGF in schwann cells and LPS was reported
could promote NGF secretion in macrophage [25, 26].
Herein, LPS (10 pg/mL) and IL-1p (10 ng/mL) upregu-
lated the protein expression of mNGF and proNGF in
RAW264.7 macrophage and RSC96 Schwann cell super-
natants. /-CDL (10 uM) significantly decreased the ex-
pression of mNGF and proNGF in both RAW264.7
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macrophage (Fig. 7a) and RSC96 Schwann cell superna- inhibition of NGF mRNA expression in RAW264.7 cells

tants (Fig. 7b). LPS or IL-1f also upregulated the mRNA
levels of NGF in RAW264.7 macrophages and RSC96
Schwann cells, and /-CDL (10 uM) significantly inhibited
the upregulation of NGF mRNA in both RAW264.7 mac-
rophages and RSC96 Schwann cells (Fig. 7c, g). The NF-
kB inhibitor PDTC (25, 50, and 100 uM) and the CREB
inhibitor KG-501 (10, 25, and 50 uM) did not inhibit LPS
induced upregulation of NGF mRNA in RAW264.7 cells
(Fig. 7d, e), while the AP-1 inhibitor SR11302 (1, 10, and
50 uM) obviously decreased the upregulation of NGF
mRNA in RAW264.7 cells (Fig. 7f). The AP-1 activator
anisomycin (30 uM) abolished [-CDL (10 uM)-induced

(Fig. 7k). In RSC96 cells, the NF-kB inhibitor PDTC (25,
50, and 100 uM), CREB inhibitor KG-501 (10, 25, and
50 tM) and AP-1 inhibitor SR11302 (1, 10, and 50 uM) all
inhibited IL-1p-induced upregulation of NGF mRNA (Fig.
7h-j), while only the CREB agonist rolipram (20 uM) but
not the NF-«B agonist prostrain (5 pM) or AP-1 activator
anisomycin (30 uM) abolished the /-CDL (10 uM)-induced
decease in NGF mRNA (Fig. 71-n).

Discussion
In the present study, our results showed that inhibiting
peripheral NGF suppressed TAK1, thereby inhibiting
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p-p65 and TNF-q, IL-1B in the DRG and sciatic nerve of CCl rats. The
in the DRG and sciatic nerve in CCl rats after /-CDL (1.5, 3, 6 mg/kg)

downstream ERK, p38, JNK, p65, TNF-«, and IL-1f to
attenuate CCI-induced neuropathic pain. /-CDL also at-
tenuated CCI-induced neuropathic pain by decreasing
the expression of peripheral NGF and inhibiting the
downstream pathway. Further study indicated that I-
CDL decreased the transcription of NGF, thereby redu-
cing the expression of NGF by inhibiting AP-1 and
CREB in macrophages and Schwann cells, respectively,
to reduce the synthesis and secretion of NGF.

Elevated NGF expression is observed in injured
peripheral tissues, and inhibiting the expression of NGF
reduces hyperalgesia in animal models of neuropathic
pain and other pain states [2, 3]. Several approaches
including blockade of NGF with mAbs, prevention of
NGF binding to its receptors, and inhibition of TrkA
function, have been used to attenuate chronic pain;
among them, NGF mAbs have shown the greatest
promise in clinical trials [2]. This might be because
inhibitors blocking the binding of NGF to TrkA or
inhibitors of TrkA both lack specificity to TrkA, as the
TrkA family (TrkA, TrkB, and TrkC) has high homology

with each other [27]. Several humanized anti-NGF mAbs
have entered clinical trials, including tanezumab and ful-
ranumab, but have been putted on hold by the FDA due
to reports of destructive arthropathy [4]. Our research
aimed to explore the mechanism of NGF inhibition in-
duced antinociception and identify natural compounds
that target NGF to attenuate neuropathic pain.

Corydalis yanhusuo W.T. Wang, a traditional Chinese
medicine, has been widely used clinically as an analgesic
for hundreds of years. Several natural products from
Corydalis yanhusuo W.T. Wang have been demonstrated
to have extensive pharmacological activities [28, 29]. In
this report, our results indicated that perisciatic nerve
administration of /-CDL (1.5, 3, and 6 mg/kg) on the
operated side of CCI rats also attenuated CCI-induced
neuropathic pain in a dose-dependent manner and with-
out tolerance. Further results indicated that /-CDL de-
creased the upregulated expression of mNGF and
proNGF in the DRG and sciatic nerve of CCI rats and that
the antinociceptive effect of -CDL was reversed by intra-
plantar administration of NGF to the injured hind paw.
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Fig. 6 Intraplantar administration of NGF reversed /-CDL-induced downregulation of p-JNK, p-ERK, p-p38, p-p65, TNF-q, and IL-13 in the DRG and
sciatic nerve of CCl rats. The expression of p-ERK, p-p38 (a, d), p-JNK, p-p65 (b, ), TNF-q, and IL-1B (¢, f) in the DRG and sciatic nerve in CCl rats
after coadministration of NGF (0.1 ug/30 uL) and -CDL (6 mg/kg) (NGF was administered 15 min before /-CDL treatment). n =4 per group; ##P <
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Interesting, in the DRG, /-CDL decreased NGF in small
neurons and increased NGF in large and medium neu-
rons. Small and medium cell bodies are nociceptors that
transmit nociceptive stimuli, while medium and large cell
bodies are nonnociceptive neurons [30]. NGF increases in
small neurons, especially C fibers, with high TrkA inten-
sity may promote neuropathic pain [31] by releasing SP
and CGRP to promote central sensitization [32], indicat-
ing that /-CDL not only decreases the expression of NGF
to exert antinociception but also maintains the physical
function mediated by NGF in CCI rats. Our previous re-
search also found that /-CDL shows affinity to both dopa-
mine D1 receptors (D1DR) and dopamine D1 receptors
(D2DR) with IC50 of 0.20 uM and 0.86 uM. And we found
that /-CDL could antagonize spinal D1DR and D2DR to
attenuate chronic pain (the manuscript is being submit-
ted). In addition, /-CDL was also found in our previous
study to alleviate chronic pain through inhibiting spinal

N-Methyl-D-Aspartate (NMDA) and metabotropic glu-
tamatel/5 (mGlul/5) receptors [10]. But in the periphery,
[-CDL was found showed great potential to suppress
NGF, whether [-CDL induced inhibition of NGF was me-
diated by dopamine receptors or glutamate receptors will
need further exploration. And our future research will in-
vestigate the relationships of dopamine receptors, glutam-
ate receptors and NGF in the chronic pain. However, we
also could not disavow the synergistic effects of -CDL in
multi-target approach, which might largely explain the
strong observed effects in attenuating chronic pain.

NGF binding to its receptors was reported to activate
MAPK family [33]. The MAPK family has three
members, ERK, JNK, and p38, which promote the
release of proinflammatory cytokines and are associated
with chronic pain [34]. Activated MAPK contributes to
NF-xB p65 activation, which promotes the production of
proinflammatory cytokines such as TNF-a and IL-1p
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and leads to the development and maintenance of pain
[35]. Our results found that [-CDL obviously inhibited
the expression of p-ERK, p-p38, p-JNK, p-p65, TNF-q,
and IL-1P in the DRG and sciatic nerve, which was re-
versed by NGF, indicating that /-CDL suppressed NGF

to attenuate CCl-induced neuropathic pain though the
inhibition of downstream MAPKs and the proinflamma-
tory cytokines TNF-a and IL-1p. TAK1 is a member of
MAPKKK family and is upstream of MAPK [36]. Inhib-
ition of spinal TAK1 attenuates nerve injury-induced
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neuropathic pain [8]. While the expression of TAK1 in
the periphery has not been clarified in neuropathic pain,
we examined whether peripheral NGF-induced activa-
tion of MAPK was mediated by TAK1l. Our results
indicated that the expression of p-TAKI1 was also upreg-
ulated in the DRG and sciatic nerve, and intraplantar ad-
ministration of TAKI inhibitor significantly attenuated
CClI-induced neuropathic pain and inhibited the expres-
sion of MAPK in both the DRG and sciatic nerve. Both
[-CDL and anti-NGF mAbs suppressed the expression of
p-TAK1, and /-CDL-induced inhibition of p-TAK1 was
reversed by NGF. In our research, [-CDL was found
could attenuate CCl-induced neuropathic pain in the
operated sides but not in controls. Our results indicated
that /-CDL did not inhibit the expression of mNGF or
proNGF in the DRG and sciatic nerve in control rats
(data not shown) which might be different from the ef-
fect of NGF mAbs. And /-CDL induced inhibition of p-
TAK1, p-MAPK, NF-kB and proinflammatory cytokines
were all could be reversed by NGF, indicating that [-
CDL inhibited the upregulated NGF in CCI rats and
downstream TAK1-MAPK/NF-kB signaling to alleviate
CCl-induced neuropathic pain.

Our results indicated that [-CDL inhibited the
expression of both NGF and proNGF in the DRG and
sciatic nerve. NGF is generated from proNGF, and tissue
plasminogen activator is released by activated neurons
to convert plasminogen into the active protease plasmin
which ultimately cleaves proNGF to NGF [37]. NGF
plays a vital role in neuropathic pain and is mainly
synthesized and released by nonneuronal cells in the
periphery compared with those of the spinal cord after
damage to peripheral nerves.

Macrophages and Schwann cells are the main cells
that synthesize proNGF in the periphery of rats. In this
study, the results indicated that /[-CDL decreased the
mRNA levels of NGF, proNGF and NGF in RAW264.7
macrophages and RSC96 Schwann cells, indicating that
[-CDL decreases NGF transcription, thereby reducing
the expression of NGF to attenuate chronic pain.
Previous reports indicated that NGF expression is
mediated by heterodimeric AP-1 [38], NF-kB [39], and
CREB [40]. In this study, [-CDL decreased the expres-
sion of NGF mRNA through AP-1 and CREB in
RAW264.7 macrophages and RSC96 Schwann cells re-
spectively. This was probably because of the different
cell types. As mentioned above, in different cell types,
the transcription factors that mediate NGF synthesis
may be different.

Conclusions

We provided the first experimental evidence that
inhibiting peripheral NGF inhibits the TAK1-MAPK/
NE-kB pathway to attenuate CCI-induced neuropathic
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pain. Perisciatic nerve administration of /-CDL on the
operated side alleviated CCI-induced neuropathic pain
by suppressing NGF secretion by macrophages and
Schwann cells, thereby inhibiting TAK1 to inhibit down-
stream MAPK and NF-«B p65 signaling in the periphery.
These results further explored the mechanism of NGF in
neuropathic pain and confirmed that [-CDL is a poten-
tial therapeutic for pain management and offered
pharmacological guidance for clinical application.
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1186/512964-020-00556-3.
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Abbreviations

NGF: Nerve growth factor; proNGF: precursor NGF; -CDL: fevo-Corydalmine;
CCl: Chronic constriction injury; TAK1 transforming growth factor-B-activated
kinase 1; Trk: Tropomyosin receptor kinase; DRG: Dorsal root ganglion; NF-kB
p65: Nuclear factor light-chain-enhancer of activated B cells p65;
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MAPK: Mitogen-activated protein kinase; ERK: Extracellular signal regulated
kinase; JNK: c-Jun N-terminal kinase; CREB: CAMP response element binding
protein; AP-1: Activating protein 1; FDA: US Food and Drug Administration

Acknowledgements

We would like to thank Xiaonan Ma from the Cellular and Molecular Biology
Center of China Pharmaceutical University for providing technical assistance
of Carl Zeiss LSM700. We also thank Nature Research Editing Service (http://
bit.ly/NRES-LS) for English language editing.

Authors’ contributions

W-L D, BY, and J-H L co-designed the overall study, W-L D and B Y per-
formed the immunoassays and behavioral measures, B Y, Y-N B and J-F F car-
ried out the cell cultures and performed related assays. W-L D and B Y
analyzed the results and wrote this manuscript. J-H L revised the manuscript.
All authors read and approved the final manuscript.

Funding

This work was supported by the Chinese National Natural Science
Foundation Youth Fund project (Grant number, 81803752); “Double First-
Class” University project (Grant number, CPU2018GY32); China Postdoctoral
Science Foundation program (Grant number, 1600020009); China Postdoc-
toral Special Funding program (Grant number, 1601900013). The authors
have no conflict of interest to declare.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate

All procedures were strictly performed in accordance with the guidelines of
the International Association for the Study of Pain and the Guide for the
Care and Use of Laboratory Animals (The Ministry of Science and
Technology of China, 2006). All animal experiments were approved by the
Animal Experimentation Ethics Committee of China Pharmaceutical
University.

Consent for publication
Not applicable.


https://doi.org/10.1186/s12964-020-00556-3
https://doi.org/10.1186/s12964-020-00556-3
http://bit.ly/NRES-LS
http://bit.ly/NRES-LS

Dai et al. Cell Communication and Signaling

(2020) 18:66

Competing interests
The authors have no conflicts of interest to declare.

Received: 13 January 2020 Accepted: 17 March 2020
Published online: 20 April 2020

References

1.

20.

21.

Langley PC, Van Litsenburg C, Cappelleri JC, Carroll D. The burden
associated with neuropathic pain in Western Europe. J Med Econ. 2013;
16(1):85-95.

Chang DS, Hsu E, Hottinger DG, Cohen SP. Anti-nerve growth factor in pain
management: current evidence. J Pain Res. 2016,9:373-83.

Wild KD, Bian D, Zhu D, Davis J, Bannon AW, Zhang TJ, Louis JC. Antibodies
to nerve growth factor reverse established tactile allodynia in rodent
models of neuropathic pain without tolerance. J Pharmacol Exp Ther. 2007;
322(1):282-7.

Bannwarth B, Kostine M. Targeting nerve growth factor (NGF) for pain
management: what does the future hold for NGF antagonists? Drugs. 2014;
74(6):619-26.

Thacker MA, Clark AK, Marchand F, McMahon SB. Pathophysiology of
peripheral neuropathic pain: immune cells and molecules. Anesth Analg.
2007;105(3):838-47.

Taniuchi M, Clark HB, Schweitzer JB, Johnson EM Jr. Expression of nerve
growth factor receptors by Schwann cells of axotomized peripheral nerves:
ultrastructural location, suppression by axonal contact, and binding
properties. J Neurosci. 1988;8(2):664-81.

Cheng JK, Ji RR. Intracellular signaling in primary sensory neurons and
persistent pain. Neurochem Res. 2008;33(10):1970-8.

Katsura H, Obata K, Miyoshi K, Kondo T, Yamanaka H, Kobayashi K, Dai Y,
Fukuoka T, Sakagami M, Noguchi K. Transforming growth factor-activated
kinase 1 induced in spinal astrocytes contributes to mechanical
hypersensitivity after nerve injury. Glia. 2008;56(7):723-33.

Yu BY, Zhang WW, Liu JH, Wang HY, Chen YG. Method for preparing
corydamine by biotransformation and use thereof in preparing analgesic.
Chinese Patent 1164759C. 2004.

Dai WL, Yan B, Jiang N, Wu JJ, Liu XF, Liu JH, Yu BY. Simultaneous inhibition
of NMDA and mGlu1/5 receptors by levo-corydalmine in rat spinal cord
attenuates bone cancer pain. Int J Cancer. 2017;141(4).805-15.

Hu YH, Kodithuwakku ND, Zhou L, Li CY, Han D, Fang WR, Liu JH, Li YM.
Levo-Corydalmine Alleviates Neuropathic Cancer Pain Induced by Tumor
Compression via the CCL2/CCR2 Pathway. Molecules. 2017;22(6):937.
Bennett GJ. A peripheral mononeuropathy in rat that produces disorders of
pain sensation like those seen in man. Pain. 1988;33:87-107.

Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL, Fitzgerald
KA, Latz E. Silica crystals and aluminum salts activate the NALP3

inflammasome through phagosomal destabilization. Nat Immunol. 2008;9(8):

847-56.

Faul F, Erdfelder E, Buchner A, Lang AG. Statistical power analyses using
G*power 3.1: tests for correlation and regression analyses. Behav Res
Methods. 2009;41(4):1149-60.

Mantyh PW, Koltzenburg M, Mendell LM, Tive L, Shelton DL. Antagonism of
nerve growth factor-TrkA signaling and the relief of pain. Anesthesiology.
2011;115(1):189-204.

Fang X, Djouhri L, McMullan S, Berry C, Okuse K, Waxman SG, Lawson SN.
trkA is expressed in nociceptive neurons and influences electrophysiological
properties via Nav1.8 expression in rapidly conducting nociceptors. J
Neurosci. 2005;25(19):4868-78.

Basbaum Al, Bautista DM, Scherrer G, Julius D. Cellular and molecular
mechanisms of pain. Cell. 2009;139(2):267-84.

JiRR, Xu ZZ, Gao YJ. Emerging targets in neuroinflammation-driven chronic
pain. Nat Rev Drug Discov. 2014;13(7):533-48.

Leon A, Buriani A, Dal Toso R, Fabris M, Romanello S, Aloe L, Levi-Montalcini
R. Mast cells synthesize, store, and release nerve growth factor. Proc Natl
Acad Sci U S A. 1994,91(9):3739-43.

Kritas SK, Caraffa A, Antinolfi P, Saggini A, Pantalone A, Rosati M, Tei M,
Speziali A, Saggini R, Pandolfi F, et al. Nerve growth factor interactions with
mast cells. Int J Immunopathol Pharmacol. 2014;27(1):15-9.

Torcia M, BracciLaudiero L, Lucibello M, Nencioni L, Labardi D, Rubartelli A,
Cozzolino F, Aloe L, Garaci E. Nerve growth factor is an autocrine survival
factor for memory B lymphocytes. Cell. 1996;85(3):345-56.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 13 of 13

Ehrhard PB, Erb P, Graumann U, Otten U. Expression of nerve growth factor
and nerve growth factor receptor tyrosine kinase Trk in activated CD4-
positive T-cell clones. Proc Natl Acad Sci U S A. 1993,90(23):10984-8.
Barouch R, Kazimirsky G, Appel E, Brodie C. Nerve growth factor regulates
TNF-alpha production in mouse macrophages via MAP kinase activation. J
Leukoc Biol. 2001;69(6):1019-26.

Olgart C, Frossard N. Human lung fibroblasts secrete nerve growth factor:
effect of inflammatory cytokines and glucocorticoids. Eur Respir J. 2001;
18(1):115-21.

Heumann R, Lindholm D, Bandtlow C, Meyer M, Radeke MJ, Misko TP,
Shooter E, Thoenen H. Differential regulation of mRNA encoding nerve
growth factor and its receptor in rat sciatic nerve during development,
degeneration, and regeneration: role of macrophages. Proc Natl Acad Sci U
S A. 1987,84(23):8735-9.

Matsuoka I, Meyer M, Thoenen H. Cell-type-specific regulation of nerve
growth factor (NGF) synthesis in non-neuronal cells: comparison of
Schwann cells with other cell types. J Neurosci. 1991;11(10):3165-77.
Ultsch MH, Wiesmann C, Simmons LC, Henrich J, Yang M, Reilly D, Bass SH,
de Vos AM. Crystal structures of the neurotrophin-binding domain of TrkA.
TrkB and TrkC J Mol Biol. 1999;290(1):149-59.

Lee J, Sohn EJ, Yoon SW, Kim CG, Lee S, Kim JY, Baek N, Kim SH. Anti-
metastatic effect of Dehydrocorydaline on H1299 non-small cell lung
carcinoma cells via inhibition of matrix Metalloproteinases and B cell
lymphoma 2. Phytother Res. 2017;31(3):441-8.

Yin ZY, Li L, Chu SS, Sun Q, Ma ZL, Gu XP. Antinociceptive effects of
dehydrocorydaline in mouse models of inflalmmatory pain involve the
opioid receptor and inflammatory cytokines. Sci Rep. 2016,6:27129.
Campbell JN, Raja SN, Meyer RA, Mackinnon SE. Myelinated afferents signal
the hyperalgesia associated with nerve injury. Pain. 1988;32(1):39-94.
Tender GC, Li YY, Cui JG. The role of nerve growth factor in neuropathic
pain inhibition produced by resiniferatoxin treatment in the dorsal root
ganglia. Neurosurgery. 2013;73(1):158-65 discussion 65-6.

Verge VM, Richardson PM, Wiesenfeld-Hallin Z, Hokfelt T. Differential
influence of nerve growth factor on neuropeptide expression in vivo: a
novel role in peptide suppression in adult sensory neurons. J Neurosci.
1995;15(3 Pt 1):2081-96.

Molloy NH, Read DE, Gorman AM. Nerve growth factor in cancer cell death
and survival. Cancers (Basel). 2011;3(1):510-30.

Ji RR, Gereau RW, Malcangio M, Strichartz GR. MAP kinase and pain. Brain
Res Rev. 2009,60(1):135-48.

Milligan ED, Watkins LR. Pathological and protective roles of glia in chronic
pain. Nat Rev Neurosci. 2009;10(1):23-36.

Ajibade AA, Wang HY, Wang RF. Cell type-specific function of TAK1 in
innate immune signaling. Trends Immunol. 2013;34(7):307-16.

Bruno MA, Cuello AC. Activity-dependent release of precursor nerve growth
factor, conversion to mature nerve growth factor, and its degradation by a
protease cascade. Proc Natl Acad Sci U S A. 2006;103(17):6735-40.
Hengerer B, Lindholm D, Heumann R, Ruther U, Wagner EF, Thoenen H.
Lesion-induced increase in nerve growth factor mRNA is mediated by c-fos.
Proc Natl Acad Sci U S A. 1990;87(10):3899-903.

Heese K, Hock C, Otten U. Inflammatory signals induce neurotrophin
expression in human microglial cells. J Neurochem. 1998;70(2):699-707.
McCauslin CS, Heath V, Colangelo AM, Malik R, Lee S, Mallei A, Mocchetti |,
Johnson PF. CAAT/enhancer-binding protein delta and cAMP-response
element-binding protein mediate inducible expression of the nerve growth
factor gene in the central nervous system. J Biol Chem. 2006;281(26):17681-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Ethics statement
	Animals
	Chemicals and reagents
	Chronic constriction injury of the sciatic nerve
	Behavioral tests for pain states
	Mechanical allodynia
	Thermal hyperalgesia

	Cell culture
	Analysis of mRNA levels by quantitative real-time PCR (qPCR)
	Tissue collection and immunofluorescence
	Western blotting
	Statistical analysis

	Results
	Perisciatic nerve administration of l-CDL on the operated side attenuated CCI-induced neuropathic pain
	Perisciatic nerve administration of l-CDL suppressed the expression of NGF in the DRG and sciatic nerve of CCI rats
	Both l-CDL and anti-NGF mAbs inhibit the expression of p-TAK1 in the DRG and sciatic nerve, and l-CDL-induced antinociception and inhibition of p-TAK1 were reversed by intraplantar administration of NGF
	Intraplantar administration of the TAK1 inhibitor 5Z-7-oxozeaenol attenuated CCI-induced neuropathic pain and inhibited the upregulation of p-ERK, p-JNK, and p-p38 in the DRG and sciatic nerve
	l-CDL decreased the CCI-upregulated expression of p-ERK, p-JNK, p-p38, p-p65, TNF-α, and IL-1β in the DRG and sciatic nerve of CCI rats
	Intraplantar administration of NGF reversed l-CDL-induced downregulation of p-JNK, p-ERK, p-p38, p-p65, TNF-α, and IL-1β in the DRG and sciatic nerve of CCI rats
	l-CDL inhibited AP-1 in macrophages and CREB in Schwann cells to decrease the transcription of NGF

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

