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Abstract

Diabetic neuropathic pain (DNP) is a diabetic complication that causes severe pain and deeply impacts the quality of the
sufferer’s daily life. Currently, contemporary clinical treatments for DNP generally exhibit a deficiency in effectiveness.
Electroacupuncture (EA) is recognized as a highly effective and safe treatment for DNP with few side effects. Regrettably,
the processes via which EA alleviates DNP are still poorly characterized. Transient receptor potential vanilloid 1 (TRPV1)
and phosphorylated calcium/calmodulin-dependent protein kinase II (p-CaMKII) are overexpressed on spinal cord dorsal
horn (SCDH) in DNP rats, and co-localization is observed between them. Capsazepine, a TRPV1 antagonist, effectively
reduced nociceptive hypersensitivity and downregulated the overexpression of phosphorylated CaMKIla in rats with DNP.
Conversely, the CaMKII inhibitor KN-93 did not have any impact on TRPV1. EA alleviated heightened sensitivity to pain
caused by nociceptive stimuli and downregulated the level of TRPV1, p-CaMKIla, and phosphorylated cyclic adenosine
monophosphate response element-binding protein (p-CREB) in DNP rats. Intrathecal injection of capsaicin, on the other
hand, reversed the above effects of EA. These findings indicated that the CaMKII/CREB pathway on SCDH is located down-
stream of TRPV1 and is affected by TRPV 1. EA alleviates DNP through the TRPV1-mediated CaMKII/CREB pathway.
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Introduction

Due to the increasing incidence of diabetes globally, diabetic
neuropathic pain (DNP) is now a prevalent cause of neuro-
pathic pain (Rosenberger et al. 2020). It is estimated that by
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in clinical settings (Lam et al. 2022; Zhang et al. 2022b).
Nevertheless, despite continuous investigation into how EA
mitigates DNP, the precise molecular mechanisms remain
incompletely understood.

Transient receptor potential vanilloid 1 (TRPV1) could
be activated by heat, capsaicin, or inflammatory mediators
(Iftinca et al. 2021), resulting in a pain response. Calcium/
calmodulin-dependent protein kinase II (CaMKII) is a ser-
ine/threonine kinase activated by elevated levels of intracel-
lular calcium ions and calmodulin (Taher et al. 2023). It was
shown that TRPV 1-induced calcium inward flow promotes
CaMKII phosphorylation (Lv et al. 2021). Cyclic adenosine
monophosphate response element-binding protein (CREB)
is a major downstream target of CaMKII. Blockade of the
CaMKII/CREB pathway attenuates neuropathic pain by
reducing calcium in-flow (Zhang et al. 2022a). Based on
the above, we hypothesize a correlation between TRPV 1
and the CaMKII/CREB pathway, intending to identify novel
targets for mitigating DNP.

This work was to examine the correlation of TRPV1 and
CaMKII/CREB pathways in the spinal cord dorsal horn
(SCDH). The activation of TRPV1 and the CaMKII/CREB
pathway in SCDH of rats with DNP was examined, along
with the impact of EA intervention. In that case, capsaicin
was employed pharmaceutically to confirm our idea. This
study provides new evidence supporting that EA alleviates
DNP through the TRPV1-mediated CaMKII/CREB path-
way, which offers a fresh perspective for investigating the
mechanisms by which EA attenuates DNP.

Materials and Methods
Animals

Healthy male Sprague—-Dawley rats (180 ~250 g) were pur-
chased from Shanghai Laboratory Animal Center of China
(SCXK 2017-0005). The animals were kept in the qualified
Zhejiang Chinese Medical University Laboratory Animal
Center (SYXK 2018-0012) (3 animals/cage, 12-h alternat-
ing cycles of light-darkness, thermostatic and humidity-con-
trolled). All experimental animals were given unrestricted
access to standardized food and drinking water at will. Each
rat underwent at least 7 days of acclimatization prior to the
formal conduct of the experiment. The experimental proce-
dures were conducted in compliance with relevant guidelines
and regulations as well as being reported following ARRIVE
guidelines.

In total, 112 rats have been utilized. A total of 82 rats
were established as DNP model rats. Then, 14 days after
streptozotocin (STZ) injection, 7 rats were excluded due to
failure to meet DNP criteria based on body weight (BW),
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fasting blood glucose (FBG), or paw withdrawal threshold
(PWT). The success rate of DNP modeling was approxi-
mately 91%. Four individuals perished as a result of an
intrathecal medication injection. One rat was withdrawn
from the experiment midway due to an injury on its hind
paw caused by a fight between caged rats, which prevented
the assessment of its pain threshold. All animals were ran-
domly grouped based on a computer-generated random
order.

Establishment of DNP Model

To induce a DNP model, rats were initially fasted for 16 h.
STZ (Sigma, USA) was dissolved in 0.1 mol/L of citric acid-
sodium citrate buffer pH 4.5. It was then administered intra-
peritoneally at a dosage of 65 mg per kilogram. Successful
DNP models were deemed to be established when the rats
exhibited an FBG level above 16.7 mmol/L (Lu et al. 2021)
with 50% of their PWT less than 5 g measured by von Frey
filament test (Mixcoatl-Zecuatl and Jolivalt 2011).

Diabetes-Related General Condition Measurements

The rats underwent a 6-h fasting period before their blood
glucose levels were measured. Blood samples were obtained
from the tail vein by pricking, and the blood bead was
applied to the siphon port of a blood glucose test strip for
measurement using a blood glucose meter (Roche, Ger-
many). FBG and BW were measured and recorded once
as baseline values before the STZ injection. Subsequently,
weekly measurements were conducted throughout the exper-
iment. The investigator performed the operation unaware of
the groups of rats.

Behavioral Experimental Method

PWT was quantified using the Up and Down approach,
employing the von Frey filament as described (Chaplan
et al. 1994). The rats designated for testing were positioned
on a metal grid with a Plexiglas enclosure separating each
rat. After the rats were acclimatized for 30 min, the hind
paws of the rats were stimulated at different levels of inten-
sity, and the corresponding values of these intensities were
documented. To avoid injury to the rats, we set 26 g of
stimulation as the upper limit of measurement. The PWT
was obtained prior to STZ administration, as well as on
1 week, 2 weeks, and 3 weeks after STZ application. The
investigator performed the operation unaware of the groups
of rats.



Journal of Molecular Neuroscience (2024) 74:79

Page3of19 79

EA Intervention

EA intervention was consistently administered for a dura-
tion of one week in DNP + EA, DNP + EA + veh, and
DNP + EA + capsaicin groups, starting on the 15th day fol-
lowing the injection of STZ. Prior to EA treatment, all rats
were gently restrained in black sacks. Initially, two pairs
of acupuncture needles measuring 0.18 mm X 13 mm were
bilaterally put on of the Zusanli (ST36) and Kunlun (BL60)
acupoints in rats (Zhang et al. 2002). The insertion was
done at a depth of around 5 mm, specifically in the pos-
terolateral knee region about 5 mm below the fibula head
for Zusanli, and between the tip of the outer ankle and the
tendon for Kunlun. The needles were connected to the elec-
troacupuncture device (HANS, China). Previous studies by
our team confirmed that applying electrical stimulation at
a frequency of 2 Hz has a notable pain-relieving impact on
DNP (He et al. 2017; Fei et al. 2020). Hence, we selected
the EA parameters as follows: 2 Hz, 0.5-1.0 mA, 30 min
per day for a 7-day period.

Drug Preparation and Application

Drug application was consistently administered for a dura-
tion of 1 week, beginning on the 15th day following STZ
injection. The TRPV1 antagonist capsazepine (Sigma-
Aldrich, USA) was initially prepared in DMSO and sub-
sequently diluted in saline for injection. Capsazepine was
administered as intrathecal injections at a dose of 30 pg/
rat/day in DNP + capsazepine group, with each injection
containing a 20 pl volume (Haranishi et al. 2021). Simi-
larly, CaMKII inhibitor KN-93 (Sigma-Aldrich, USA)
was initially dissolved in DMSO and re-dissolved in saline
before use (50 nM, 0.5 ng/20 pl) (Shirahama et al. 2012) in
DNP + KN-93 group. A TRPV1 agonist, capsaicin (MCE,
USA) (75 ug/20 pl) (Bach and Yaksh 1995), was injected
intrathecally into the DNP + EA + capsaicin group rats after
each EA intervention. A control vehicle consisting of a 0.1%
DMSO-saline mixture was administered to the remaining
rats by injecting an equivalent volume of solution once daily
over a period of 15-21 days after STZ injection.

Intrathecal Injection

As in previous studies performed operations (Mestre et al.
1994), first, exposing the skin in the area 2-3 cm above and
below the iliac crest. The horizontal position of the trans-
verse pair of the hip joint was the L5-6 spinous processes of
the rat. The rat was gently pulled upward using the nondomi-
nant hand to open the space between the vertebral segments.
Insert the needle into the lumbar vertebrae in the midline of
the spine at an angle of 70-90°. When the tip of the needle is
felt to touch the bone surface, adjust the angle of the needle

and insert the needle between the vertebral segments. Gently
depress the piston of the syringe and inject the medicine into
the subarachnoid space.

Western Blotting

After rats were anesthetized with intraperitoneal injection
of sodium pentobarbital at a dosage of 40 mg per kilogram,
the L.4-L6 spinal cord tissue was excised and the dorsal horn
of the spinal cord was carefully separated using microscopic
scissors and microtome forceps. Subsequently, the SCDH
tissues were homogenized and centrifuged in RIPA lysis
solution. The supernatant was collected and measured by
the BCA technique. The SCDH proteins were separated by
electrophoresis and transferred onto PVDF membranes.
The membranes were incubated in a 5% nonfat milk solu-
tion for 1 h at room temperature. Following blocking, pri-
mary antibodies were incubated for 16 h at 4 °C, followed
by incubation with secondary antibodies for 2 h at ambi-
ent temperature. The following antibodies were utilized
in this experiment: rabbit anti-TRPV1 (1:1000, ACC-030,
Alomone), rabbit anti-p-Camlla (1:1000, ab5683, Abcam),
mouse anti-CamllIa (1:1000, #50049 s, CST), rabbit anti-p-
CREB (1:1000, #9198s, CST), rabbit anti-CREB (1:1000,
ab32515, Abcam), rabbit anti-TNF-a (1:1000, ab66579,
Abcam), anti-rabbit IgG, HRP-linked (1:5000, #7074 s,
CST), and anti-mouse IgG, HRP-linked (1:5000, #7076 s,
CST). Mouse anti-f-actin (1:5000, #3700 s, CST) served as
the loading control in this experiment.

Immunofluorescence

L4-L6 SCDH tissues were removed from anesthetized rats
by transcardial perfusion of saline followed by 4% para-
formaldehyde. The rat SCDH tissues were immersed in 4%
paraformaldehyde, 15% sucrose, and 30% sucrose solution
sequentially for 4, 24, and 48 h, respectively. The samples
were freeze-embedded in OCT and then cut into slices with
a thickness of 20 pm and adhered to slides. Sections were
blocked with 10% donkey or goat serum at 37 °C for 1 h,
followed by overnight incubation at 4 °C with primary
antibodies: guinea pig anti-TRPV1 (1:200, ACC-030-GP,
Alomone), rabbit anti-p-Camklle (1:400, ab5683, Abcam),
rabbit anti-p-CREB (1:400, #9198 s, CST), rabbit anti-SP
(1:1000, ab67006, Abcam), rabbit anti-CGRP (1:1000,
#14959 s, CST), mouse anti-NeuN (1:400, GTX30773,
GeneTex), mouse anti-CD11b (1:400, ab1211, Abcam),
and mouse anti-GFAP (1:400, #3670 s, CST). The next day,
the slides were taken out of the refrigerator, rinsed clean of
primary antibodies, and incubated for one hour in a 37 °C
environment using the corresponding secondary antibod-
ies and counterstained with DAPI. The following second-
ary antibodies were used in this experiment: Alexa Fluor
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594 donkey anti-mouse IgG (1:200, A-21203, Thermo
Fisher), Alexa Fluor 488 donkey anti-rabbit IgG (1:400,
A-21206, Thermo Fisher), Alexa Fluor 594 goat anti-rabbit
IgG (1:400, ab150084, Abcam), and Alexa Fluor 488 goat
anti-guinea pig IgG (1:200, ab150185, Abcam). Images
were taken uniformly using Zeiss Structured Illumination
Optical Section Microscope to generate fluorescent images.
Quantification of images was performed using ImageJ soft-
ware followed by data analysis. For a single-channel fluo-
rescence picture, the gray value of each pixel represents the
magnitude of the fluorescence intensity at that point and the
formula for the average fluorescence intensity: Mean Gray
Value = Integrated Density / Area (Shihan et al. 2021).

Statistical Analysis
GraphPad Prism 8 was used for statistical analysis. The

experimental results were expressed as standard error of
mean. A T test was employed to compare the two datasets.

The one-way ANOVA was employed to conduct a one-factor
test, whereas the two-way ANOVA was utilized for the two-
factor test. The discrepancy was deemed statistically signifi-
cant when p <0.05.

Results
The Establishment of the Rat DNP Model

Using known methods documented in the literature (He
et al. 2023), we modeled DNP by intraperitoneal injec-
tion of STZ (Fig. 1A). The DNP model rats showed a clear
decrease in BW and a remarkable in FBG levels after 7 days
of STZ injection compared to control group (Fig. 1B, C).
After 14 days from STZ injection, DNP rats showed obvious
mechanical allodynia in the hind paw, which persisted for a
minimum of 1 week (Fig. 1D). Area under the curve (AUC)
analysis showed the PWT response of the rats (Fig. 1E).
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Fig.1 Establishing the DNP model. A Experimental procedure
for the establishment of STZ-induced DNP rat model. B, C, D The
effects of STZ injection on BW (B), FBG (C), and PWT (D) in rats.
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E AUC analysis of Fig. 1D. Each group consists of 6 rats. “p<0.01
against control group
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It was evident that the rats injected with STZ and clas-
sified as DNP rats exhibited statistically significant differ-
ences in BW, FBG, and PWT in comparison to the control
group. These differences were observed from 14 to 21 days
following the STZ injection, confirming the accomplished
implementation of the DNP model.

TRPV1 and p-CaMKIlla Co-localize and Overexpress
on SCDH in DNP Rats

We observed the upregulation in the expression of both
TRPV1 and p-CaMKIla on SCDH of DNP rats by double
immunofluorescence staining (Fig. 2A—C), and there was co-
localization between them (Fig. 2A, D-E). This result indi-
cated that TRPV1 and p-CaMKIla are both overexpressed
on SCDH in DNP rats, and there might be a potential func-
tional association between them.

TRPV1-Related Co-localization on SCDH in DNP Rats

Double immunostaining analysis demonstrated a predomi-
nant degree of co-localization of p-CaMKIla and p-CREB
with NeuN, but there was minimal co-localization with
GFAP or CD11b on rat SCDH with DNP (Fig. 3). This sug-
gests that CaMKII/CREB pathway is mostly expressed in
neurons rather than astrocytes or microglia. As principal
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Fig.2 Co-localization and overexpression of TRPV1 and p-CaMKII.
A Immunofluorescence representative chart showing co-expression
of TRPV1 (green) and p-CaMKlla (red) on rat SCDH in the Con-
trol and the DNP groups. The area in the white box is enlarged on
the right. B, C Average fluorescent intensity of TRPV1 (B) and
p-CaMKIla (C) in SCDH of rats in different groups. D, E Immuno-

mediators of neurogenic inflammation, the co-localization
of substance P (SP)/calcitonin gene-related peptide (CGRP)
and TRPV1 was also detected (Fig. 4).

Role of TRPV1 in Nociceptive Behaviors and CaMKIl/
CREB Activation in DNP Rats

According to Fig. 2B, TRPV1 expression was elevated in
DNP rats, indicating its association with mechanical allo-
dynia. In order to further investigate this subject, we used
a pharmacological approach to treat the DNP rats and
observed the changes (Fig. 5A). We utilized capsazepine
to investigate the effect of TRPV1 in nociceptive hypersen-
sitivity on the SCDH in DNP rats. To start with, the DNP
rat model was established based on the previous section
(Fig. 5B-E). The behavioral results showed that rats in the
DNP + veh group illustrated a statistically differentiated
reduction in PWT compared with the control + veh group
since 14 days after STZ injection. However, intrathecal
injection of capsazepine for one consecutive week from
15 days after STZ injection significantly increased mechani-
cal pain threshold and alleviated nociceptive hypersensitiv-
ity in DNP rats (Fig. 5D, E). Similarly, we used the CaMKII
inhibitor KN-93 to intervene in DNP rats. The experimen-
tal results were consistent with the previous findings, and
KN-93 likewise alleviated pain hypersensitivity in DNP rats
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groups on the right. Fluorescence intensity trace plotted according to
the right white line. The scale bar denotes a length of 100 um. n=3
rats each group. ~p <0.01 against control group
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Fig.3 Localization of phosphorylated CaMKIla and p-CREB. A, E
Immunofluorescence representative chart showing co-localization
of p-CaMKIla (A)/p-CREB (E) (green) and NeuN/GFAP/CD11b
(red) on rat SCDH in the DNP groups. The area in the white box is
enlarged on the right. B-D Immunofluorescence representative chart
showing colocalization of p-CaMKIla (green) and NeuN (B)/GFAP

(Fig. 5D, E). These results confirmed that spinal TRPV1
and CaMKII/CREB pathway played a nociceptive role in
the pathological progress of DNP.

Subsequently, our investigation centered on the cor-
relation between TRPV1 and the CaMKII/CREB path-
way on SCDH. Western blot results demonstrated a nota-
ble reduction in the protein level of TRPV1 following the
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intrathecal administration of capsazepine, as compared
with the DNP + veh group; however, no discernible dispar-
ity was noted in the protein expression of TRPV1 after the
application of KN-93 (Fig. 6A, B). Meanwhile, the protein
level of p-CaMKIla was obviously downregulated with the
application of both capsazepine and KN-93 compared with
the DNP + veh group (Fig. 6C, E-G). The same went for
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Fig.4 Localization of TRPV1 and SP/CGRP. A, C Immunofluores-
cence representative chart showing co-localization of TRPV1 (green)
and SP (A)/CGRP (C) (red) on rat SCDH in the DNP group. The area
in the white box is enlarged on the right. B, D Immunofluorescence

p-CREB expression (Fig. 6D, H-J). The immunofluores-
cence results confirmed that the application of KN-93 did
not influence the average fluorescence intensity of TRPV1
(Fig. 7A). However, the expression of p-CaMKIIa and
p-CREB was dramatically diminished after injection of
capsazepine (Fig. 7B, C). Following the administration of
capsazepine and KN-93, the protein expression of tumor
necrosis factor-o (TNF-ar) was downregulated (Fig. 8B).
Additionally, the mean fluorescence intensity of both SP and
CGRP was also remarkably diminished (Fig. 8A, C). The
above findings suggested the CaMKII/CREB pathway is a
downstream target of TRPV1 in SCDH under DNP.

EA is Effective in Relieving DNP

We next treated the DNP rats with EA (Fig. 9A). Although
EA could not reverse BW or FBG in rats with DNP (Fig. 9B,
C), it resulted in a significant increase in PWT, indicating a
promising analgesic effect (Fig. 9D, E). The finding aligned
with the clinical outcomes, confirming the efficacy of EA
(Lee et al. 2013).

EA Decreased the Expression of TRPV1 and Its
Downstream Substances on SCDH in DNP Rats

Subsequently, we examined the fundamental pathways by
which EA induces pain relief in DNP rats. This part of the
research mainly investigated the impact of EA intervention
on the activation of TRPV1 and its downstream molecules
in SCDH of DNP rats. We found that regardless of protein
expression or fluorescence intensity, TRPV1, p-CaMKIla,
p-CREB, TNF-a, SP, or CGRP were all noticeably increased

distance (pixel)

representative chart showing colocalization of TRPV1 (green) and SP
(B)/CGRP (D) (red) on the SCDH of DNP rat. Fluorescence inten-
sity trace plotted according to the right white line. Scale bar indicates
100 pm

in SCDH of DNP group compared with the control group
(Figs. 10 and 11). Additionally, EA intervention significantly
reversed all the overexpression (Figs. 10 and 11). These
data suggested that EA effectively attenuated TRPV1 and
its downstream activation in SCDH of DNP rats, indicating
that TRPV1 and its downstream CaMKII/CREB pathway
may be a crucial target for EA to improve DNP.

Exogenously Applied TRPV1 Agonist Capsaicin
Reversed the Analgesic Effect Induced by EA

The behavioral results of the rats provided evidence for the
successful creation of the DNP rat model (Fig. 12). Cap-
saicin, a TRPV1 agonist, was administered intrathecally to
part of the EA-intervened DNP rats at a frequency of once
daily for 7 days. The remaining DNP rats with EA opera-
tion were treated with the appropriate vehicles. We further
explored the effect of capsaicin on the reversal of mechanical
hyperalgesia by EA in DNP rats. From the comparison of
the DNP + EA + capsaicin and the DNP + EA + veh group,
intrathecal injection of capsaicin apparently reversed the
analgesic effect induced by EA (Fig. 12D). AUC analysis
showed that continuous capsaicin intervention resulted in
increased mechanical allodynia (Fig. 12E). The aforemen-
tioned findings suggest pain-relieving effect induced by EA
was counteracted through the intrathecal application of cap-
saicin, a TRPV1 agonist.

The results from both western blot and immunofluores-
cence suggest that capsaicin was capable of reversing the
decrease in expression of p-CaMKIla, p-CREB, TNF-a, SP,
and CGRP produced by EA intervention (Figs. 13 and 14).
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All the above results demonstrated that EA mitigates DNP
by means of the TRPV 1-mediated CaMKII/CREB pathway.

Discussion

Prior studies investigating the causes of DNP have mostly
concentrated on changes in the excitability of peripheral
sensory nerves while giving little attention to the regula-
tion of central nociceptive sensitization. As in several previ-
ous studies by our team, all of which focused on the dorsal
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in rats. E AUC analysis of Fig. 5D within D15-21. n=8. "p<0.05,
“p<0.01 against control+veh group. #p<0.05, #p<0.01 against
DNP + veh group

root ganglion, we investigated the changes of p-CaMKIla,
TRPV1, SP, and CGRP in DNP rats and probed the role
of EA in the regulation of DNP (He et al. 2017, 2023; Ma
et al. 2023; Li et al. 2024). Nevertheless, it is an established
truth that harmful stimuli on the periphery can also induce
changes in the adaptability of the central nervous system
(Zhang et al. 2019). Owing to the technological advances, in
technology, we have even been able to visualize significant
reductions in spinal cord cross-sectional area in patients with
DNP on MRI (Eaton et al. 2001). The subclinical diabetic
neuropathy may cause spinal cord atrophy, indicating that
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central changes may occur before peripheral nerve injury
(Selvarajah et al. 2006). The findings in our report also indi-
cated the presence of central alterations in DNP, with STZ-
induced DNP rats having elevated expression of TRPV1
and its downstream CaMKII/CREB pathway on the SCDH
compared to the control group.

TRPV1 is found in sensory neurons involved in pain per-
ception, as well as in C- and AS fibers, which may contain
different neuropeptides including SP and CGRP (Julius
2013). The release of neuropeptides causes the action poten-
tial to be generated that transduces signals to the central
nervous system, ultimately leading to the perception of pain
(Holzer and 1zzo 2014). As can be found in the results of this
study, SP and CGRP expressions are elevated on SCDH in
DNP rats. However, EA treatment can reverse this increased
activity. Moreover, TRPV1 inhibitors decrease the expres-
sion of SP and CGRP, while TRPV1 agonists promote their
expression. Additionally, TRPV1 activation additionally
results in the release of inflammatory substances into the
periphery (Sintsova et al. 2021).

Capsaicin, the active constituent of chili peppers, selec-
tively activates TRPV1 and produces intense burning pain.
Similar to the aforementioned experimental findings, we
found that intrathecal injection of capsaicin resulted in a
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prominent downregulation in PWT, indicating enhanced
pain sensitivity of rats with DNP. Paradoxically, capsaicin is
widely used as an analgesic in therapeutic settings. There is
also a wide range of studies addressing this issue. Research
findings have demonstrated that capsaicin caused mechani-
cal abnormal pain and thermal sensitization pain (Li et al.
2019), which is consistent with our results. TRPV1 is seen
to co-localize with SP and CGRP in Fig. 1, just as another
study demonstrated that TRPV1 and SP/CGRP jointly medi-
ate pain (Wick et al. 2006). Following the tissue’s exposure
to a harmful stimulus, the release of SP and CGRP, which
are the main triggers of neurogenic inflammation, initiated a
series of inflammatory signals, resulting in the development
of edema and the sensation of pain (Cianchetti 2010). The
capsaicin stimulation may ablate sensory neurons, leading to
long-term desensitization, and is accompanied by irrevers-
ible depletion of SP and CGRP, resulting in an analgesic
effect (Nathan et al. 2002).

TNF-a is a cellular factor that promotes inflammation
and has a major contribution to inflammatory and neu-
ropathic pain (Clark et al. 2013). Research indicates that
the interaction of TNF-a and TRPV1 leads to regulation
of ion channel function and protein expression in neu-
ropathic pain (Leo et al. 2017). As shown in the results,
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Fig.7 Capsazepine downregulated the fluorescence intensity of
p-CaMKIla and p-CREB, whereas KN-93 had no effect on TRPVI.
Immunostaining pictures and average fluorescence intensity show-
ing the effect of capsazepine/KN-93 application on TRPVI1 (A),

TNF-a protein expression is elevated on SCDH in DNP rats,
which is reversed by EA. TRPV1 inhibitors decrease the
protein expression of TNF-a, while TRPV1 agonists do the
opposite.

Calcium binding to CaMKII results in autophospho-
rylation on the Thr286 site (Morris and Torok 2001). The
outcomes of several reports showed that the increase in
the alpha isoform of phosphorylated CaMKII is one of the
main forms that exhibit the degree of correlation with DNP
(Ferhatovic et al. 2013). Activated CaMKII phosphorylates
CREB, binds to certain regions on target genes which is
responsive to cAMP, and recruits RNA polymerase II to
form a transcriptional complex that regulates transcription
of target genes. As a result of increased calcium inward flow
induced by nociception, phosphorylated CREB combines
synaptic activity with long-term alterations in synaptic
plasticity. This is considered a key response mediating the
initiation and maintenance of central sensitization (Gu et al.
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p-CaMKIla (B), and p-CREB (C). There are three rats in each group.
"p<0.01 against control+veh group. #p<0.05, #p<0.01 against
DNP + veh group. The scale bar denotes a length of 100 um

2010; Chen et al. 2014). The proinflammatory factor TNF-a
may induce long-term synaptic plasticity by correlating with
the phosphorylation levels of CREB in superficial SCDH
neurons, possibly through CREB-mediated gene transcrip-
tion. The findings demonstrated TRPV1 co-localized with
p-CaMKIIa on the SCDH of rats with DNP. TRPV1 inhibi-
tor capsazepine improved the nociceptive hypersensitivity
and downregulated the expression of p-CaMKIl« in the DNP
model rats, while CaMKII inhibitor KN-93 had no effect
on TRPV1 expression. These findings indicated that the
CaMKII/CREB pathway on SCDH is located downstream
of TRPV1 and is regulated by TRPV1. Our study findings
align with previous research validating the mediation of the
CaMKII/CREB pathway by TRPV1. It has been reported
that an inflammatory acidic environment activates TRPV1,
leading to upregulation of CGRP expression through the
CaMK-CREB cascade (Nakanishi et al. 2010). Another
study showed that paeoniflorin protects diabetic mice from
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Fig.8 Changes of pro-inflammatory pain mediators SP, CGRP, and
TNF-a on various groups of rats. A Immunostaining pictures and
average fluorescence intensity showing the effect of capsazepine/
KN-93 application on SP (n=3). B The top panel is representative
of western blot and the bottom one showing its protein expression

myocardial infarction-induced heart damage through the
TRPV1/CaMK/CREB signaling pathway (Han et al. 2016).
It has also been shown that TRPV1 may play an important
role in morphine self-administration by activating the CaM-
KII-CREB pathway in nucleus accumbens (Ma et al. 2018).

EA has gained global recognition as an effective treat-
ment for various types of clinical pain. The therapeutic role
of EA in DNP has also been widely demonstrated (Cho and
Kim 2021), although the underlying analgesic mechanisms
remain elusive. The experimental results demonstrated that
EA reversed the increased sensitivity to pain induced by
DNP and downregulated the overexpression of TRPV1
and its downstream CaMKII/CREB pathway. One research
reported that EA suppresses TLR4 signaling and TRPV1
upregulation, leading to the relief of peripheral neuropathic
pain (Li et al. 2019). Another study showed that EA pro-
duces analgesic effects on cervical spondylotic radiculopa-
thy via suppressing the CaMKII/CREB pathway. Neverthe-
less, it remains uncertain if this implies that TRPV1 and its
subsequent CaMKII/CREB pathway serve as the mechanism
through which EA enhances nociceptive sensitivity. There-
fore, to demonstrate that EA is ameliorating DNP via the

I DNP+ capsazepine

DNP+ capsazepine

DNP+ KN-93

##t

of SP

Average fluorescent intensity

DNP+ KN-93

DNP+ veh

of CGRP

Average fluorescent intensity

statistics of TNF-a. pf-Actin was used as a reference control. There
were 5 rats each group. C Immunostaining pictures and average fluo-
rescence intensity showing the effect of capsazepine/KN-93 applica-
tion on CGRP (n=3). Scale bar indicates 100 um. “p <0.01 against
control + veh group. #p <0.01 against DNP + veh group

TRPV1-mediated CaMKII/CREB pathway, we conducted
additional verification using capsaicin. The application of
TRPV1 agonist capsaicin reversed the analgesic action of
EA upon restoration of its downregulated expression. By
considering all these findings collectively, we identified a
potential target for analgesia and demonstrated that EA alle-
viates DNP through the TRPV1-mediated CaMKII/CREB
pathway, thus providing new insight into the clinical treat-
ment for DNP.

Conclusions

The CaMKII/CREB pathway on SCDH is located down-
stream of TRPV1 and is affected by TRPV1. EA alleviated
nociceptive hypersensitivity and downregulated the expres-
sion of TRPV1, p-CaMKIla, and p-CREB in DNP rats.
Intrathecal injection of capsaicin, on the other hand, reversed
the above effects of EA. Collectively, these results suggest
that EA alleviates DNP through the TRPV 1-mediated CaM-
KII/CREB pathway.

@ Springer



79 Page 12 of 19 Journal of Molecular Neuroscience (2024) 74:79

(A)

NG N/ p) y

1 1 1 \l 1 1 1 1 1 1 1 -
Base 0 7 14 1516 17 18 19 20 21

ase Time(day)

V' Behavioral Test STZ Injection EA Intervention Tissue Collection
(B) ©

400 -1 mm Control 401 mm Control

s DNP % DNP
mm DNP+EA £ mm DNP+EA ” .
300 4 E 304
2 2
5 g
‘S 200 = 20 -
z
> 3
g 2
A 100 - = 10
R
4
0- = 0-
Base D7 D14 D21 Base D7 D14 D21
(D) 254 (E) 150
g S
° 20— B/
= >
§ = 100
= 15- 131
3 5
g < 44
= 10— -e— Control =
E = 50—
= -=- DNP s okl
B=1 5_ sk St
s —+ DNP+EA <
3
~ 0 T T T T 0-
Base D7 D14 D21 Control DNP DNP+EA

Fig.9 EA reduced the allodynia in DNP rats. A Timeline for experiment. B-D Effects of EA intervention on BW (B), FBG (C), and PWT (D)
in rats. E AUC analysis of Fig. 9D within D15-21. There were 8 rats each group. “p <0.01 against control group. #p <0.01 against DNP group

@ Springer



Journal of Molecular Neuroscience (2024) 74:79 Page130f19 79

(B)

ey [T T T o000

B-actin - - 45kDa

(A)

TRPV1

£ 254 < 3007 -
= =
) . ==
E 20+ —_ 5 ; T
g —
£ £ < 2001
% & 15+ %t #
tF 2 g
E | 25
= S 10 ; f 100+
& &5
] 5 ¥ £
s =3
< 0- 0=
Control DNP DNP+EA Control DNP DNP+EA

2

) (D)

p-CaMKIlo| S8 S W |50 kDa

caMKIlo| i ‘ 50 kDa
Control DNP+EA

p-CaMKIla

Z - —~ 250=
7 25 =3 250
N sk ==
E 5 204 o :; 2004 L
- = <

= <
g £3
SE 154 2V 150+
@ E N
2 S §< idid
2 L 107 = £ 1004

= 2 S
& © S=
] 5+ = & 50+
g 1 9
<« 0= /T o

Control DNP DNP+EA Control DNP DNP+EA

Fig. 10 EA reduces the expression of TRPV1 and p-CaMKlla. A, C expression statistics of TRPV1 (B) and p-CaMKlla (D). There are
Immunostaining pictures and average fluorescence intensity showing 5 individuals in each group. “p<0.01 against control+veh group.
the effect of EA intervention on TRPV1 (A) and p-CaMKIla (C). #p<0.05, #p <0.01 against DNP +veh group. The scale bar denotes
There are three individuals in each group. B, D The top panels are a length of 100 pm

representative of western blot, and the bottom ones show the protein

@ Springer



79 Page 14 of 19

Journal of Molecular Neuroscience (2024) 74:79

z

p-CREB

£ s 400
g il = A
£ 207 & 300
=/ Q=2

g0 S 2 2001
= L=

S« 107 22

o e s =

on 100+
g 5 Z

7

>

< 0=

DNP DNP+EA

Control

25+

Control

3
=1
1

—
n
1

—
<>
1

Control

Average fluorescent intensity
of SP

Control

Average fluorescent intensity
of CGRP

Control

Fig. 11 EA suppresses the levels of p-CREB, SP, CGRP, and TNF-
a. A, C Immunostaining pictures and average fluorescence intensity
showing the effect of EA intervention on p-CREB (A), SP and CGRP
(C). There are three individuals in each group. B, D The top graph
is representative of western blotting and the bottom one showing its

@ Springer

DNP DNP+EA

(B)

p-CRED A |

250
Ta
=
S = *
S v 2004
cls N
= J
B 1504 #it
e
£ E
m S 100+
TE
==

0-
Control DNP DNP+EA

(D)

TNF-a

#h ' . | 26 kba

45 kDa

B-actin

DNP DNP+EA
300+
_
ok £ %
—_ TS
S g
= 5 200 #
s
4 2%
£3
F < 1004
=i
=3
=
0-
DNP DNP+EA Control DNP DNP+EA

protein expression statistics of p-CREB (B) and TNF-a (D). There
are 5 individuals in each group. ‘p<0.05, “p<0.01 against con-
trol+veh group. #p <0.05, #p <0.01 against DNP+veh group. The

scale bar denotes a length of 100 um



Journal of Molecular Neuroscience

Fig. 12 Capsaicin reversed EA’s
analgesic effect. A Experimen-
tal protocol for the capsaicin
application and EA interven-
tion on DNP rats. B-D Effects
of capsaicin application and
EA intervention on BW (B),
FBG (C), and PWT (D) in rats.
E AUC analysis of Fig. 12D
within D15-21. There are 8
rats in each group. 'p <0.05,
*p<0.01 against control + veh
group. #p <0.01 against

DNP + veh group. ¥p <0.01
against DNP + EA + veh group
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Fig. 13 Capsaicin reversed the downregulation of p-CaMKlIlx
and p-CREB by EA. A Representative immunostaining images of
p-CaMKIla. B Average fluorescence intensity of Fig. 13A. There are
3 rats per group. C Illustrative western blot images of p-CaMKlla. D
The summarized data of Fig. 13C. (n=5). E Representative immu-
nostaining images of p-CREB. F Average fluorescence intensity
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of Fig. 13E. n=3 each group. G Illustrative western blot images of
p-CREB. H The summarized data of Fig. 13G. (n=5). I Numbers
of positive cells of Fig. 13E. (n=3). Scale bar indicates a length of
100 um. “p<0.05, “p<0.01 against control+veh group. *p <0.05,
#p<0.01 against DNP+veh group. $p<0.05, $Sp<0.01 against
DNP +EA + veh group
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