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Background: Neuropathic pain caused by peripheral nerve injury results from abnormal signaling or processing in the nervous
system. Pharmacopuncture with Entrapment Neuropathy Unties (ENUs), a multi-herbal formulation, may offer a complementary
therapeutic strategy. However, its efficacy has not been scientifically validated in vivo.

Methods: A mouse model of sciatic nerve ligation (SNL)-induced neuropathic pain was used. Behavioral assessments were
performed using Von Frey filaments to measure mechanical allodynia. Immunofluorescence staining was conducted to detect
C-FOS and GFAP expression in the spinal dorsal horn. Quantitative PCR (qPCR) was used to evaluate the expression of inflammatory
markers, including Gfap, Ibal, Tnf-0, and II-1p.

Results: Local administration of ENUs at the injury site significantly alleviated mechanical allodynia induced by SNL (*p < 0.05, **p
<0.01, ***p <0.001). Treatment with ENUs also led to statistically significant reductions in the expression of C-FOS, GFAP, and pro-
inflammatory cytokines (*p < 0.05, **p < 0.01, ***p < 0.001). Among the treatment groups, the ENU V2-middle and V2-high dose
groups demonstrated the most pronounced therapeutic effects compared to the saline-treated control group.

Conclusion: This study provides the first in vivo evidence supporting the analgesic and anti-inflammatory effects of ENUs in
neuropathic pain. ENUs may exert these effects by suppressing glial activation and neuronal sensitization. Further research is
warranted to explore its clinical applications and underlying molecular mechanisms.
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Introduction

Neuropathic pain arises from damage or dysfunction of the nervous system, leading to abnormal pain signaling and
processing. It can be caused by various factors, including nerve injury, infections, chronic diseases such as diabetes or
multiple sclerosis, and certain medications.' > This type of pain is often described as burning, shooting, or electric-like,
and is frequently accompanied by numbness, tingling, or loss of sensation in the affected areas. Sciatic nerve ligation
(SNL) is a widely used experimental model for inducing neuropathic pain in animals. The procedure involves ligating the

sciatic nerve, resulting in nerve fiber damage, inflammation, and altered neural activity.* SNL-induced neuropathy
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typically presents with allodynia (pain from non-painful stimuli) and hyperalgesia (increased pain from painful stimuli),
closely mimicking human neuropathic conditions.>® This model is extensively employed to investigate the underlying
mechanisms of neuropathic pain and to evaluate the efficacy of novel therapeutic interventions.’

Recent studies highlight the critical role of glial cells—non-neuronal cells within the nervous system—in the
development and persistence of neuropathic pain.® Among these, microglia and astrocytes in the spinal cord are
particularly important. After nerve injury, these glial cells become activated and release pro-inflammatory cytokines
and chemokines, contributing to neuroinflammation and further neuronal damage.” Moreover, glial activation is asso-
ciated with central sensitization—a state where spinal neurons become abnormally sensitive to pain signals.'
Consequently, therapies that target glial cell activation have emerged as promising strategies for the treatment of
neuropathic pain."’

Central sensitization is characterized by persistent pain due to altered nociceptive processing in the spinal cord. The
immediate early gene C-FOS is widely recognized as a marker of neuronal activity in this process.'? Pain-related stimuli
increase the expression of C-FOS in the spinal dorsal horn, enhancing the responsiveness of central neurons.'*'* This
sensitization can lead to exaggerated pain perception, even in response to normally non-painful stimuli, and may
contribute to the development of chronic pain “memory.” Accordingly, therapeutic strategies that suppress C-FOS
expression may help reduce central sensitization and neuropathic pain.

Acupuncture has been explored as an alternative treatment for neuropathic pain. Preclinical studies have shown that
acupuncture can attenuate inflammatory responses induced by SNL and reduce pain behaviors in animal models.'>'¢
These effects may involve modulation of neuroinflammation and gene expression, including microRNAs, involved in
pain pathways.17 Building on these concepts, pharmacopuncture—which involves the injection of herbal extracts into
acupuncture points or lesion sites—has gained attention as a complementary approach for pain relief.

Entrapment Neuropathy Unties (ENUs) is a pharmacopuncture formulation composed of traditional herbal ingredi-
ents, each known for their anti-inflammatory and analgesic properties: Erycibae Caulis has been reported to inhibit COX-
2 and inflammatory cytokines, demonstrating potential in reducing neuroinflammation and joint-related pain.'®'® Geranii
Herba contains geraniin and other tannins with antioxidant and antinociceptive effects, potentially modulating glial cell
activation.”” Fermented Glycine max enhances isoflavone bioavailability, which in turn suppresses pro-inflammatory
pathways such as NF-kB and MAPK signaling.?' Polygonati Rhizoma has demonstrated neuroprotective effects via
antioxidant mechanisms and has been studied in the context of ischemic brain injury.** Imperatae Rhizoma is tradition-
ally used for its antipyretic and hemostatic effects and also exhibits anti-inflammatory activity through modulation of
oxidative stress.”

Despite their long history of traditional use, the efficacy of this combined herbal formulation has not been
scientifically validated in a neuropathic pain model. To our knowledge, this study is the first to evaluate the in vivo
therapeutic effects of ENUs in an SNL-induced neuropathic pain model. Moreover, we investigated its mechanisms of
action with a focus on glial modulation and suppression of C-FOS expression, which are closely associated with the
maintenance of neuropathic pain. Therefore, this study aimed to investigate the therapeutic potential of ENUs in a mouse
model of SNL-induced neuropathic pain. We conducted behavioral, histological, and molecular analyses to evaluate its
analgesic and anti-inflammatory effects, focusing on glial cell activation and C-FOS expression. This is the first study to
demonstrate the in vivo efficacy of ENUs in modulating neuropathic pain. Our findings provide a scientific foundation
for the potential use of ENUs as a complementary or alternative treatment strategy for neuropathic pain.

Materials and Methods

Animals

In this study, 6 weeks old male ICR mice (20-25g) were obtained from DBL Co., Ltd. (Eumseong-gun,
Chungcheongbuk-do, South Korea). The mice were acclimatized for one week before being used for the animal model
creation. During the experimental period, food and water were made available ad libitum. The light/dark cycle was set to
12 h (daylight from 08:00 to 20:00), and the temperature was maintained at 2342 °C with a humidity of 50+10% to
ensure consistent housing conditions until the end of the experiment.
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A total of 30 mice were divided into the following groups: sham group (Nor, n=6), control group receiving saline
injection after SNL modeling (Control, n=6), treatment group receiving ENU V2-low concentration injection after SNL
modeling (ENU V2-low, n=6), treatment group receiving ENU V2-middle concentration injection after SNL modeling
(ENU V2-middle, n=6) and treatment group receiving ENU V2-high concentration injection after SNL modeling (ENU
V2-high, n=6).

Preparation of ENUs Pharmacopuncture

ENUs pharmacopuncture solution was prepared by NamYi Pharmaceutical Co., Ltd. (South Korea) using standardized
protocols. The formulation contained equal parts (100 g each) of Erycibae Caulis cortex/barks, Geranii Herba, fermented
Glycine max Merr., Polygonati Rhizoma, and Imperatae Rhizoma. Herbal components were washed, and a 1:10 (w/v)
mixture of herbs and purified water underwent low-temperature extraction (65-80°C, 48—60 h), followed by thermal
processing (105-115°C, 2 h) to remove volatile compounds. The extract was distilled (105-120°C), filtered sequentially
through 0.45 pm and 0.1 um membranes, and adjusted to physiological salt concentration (0.75-0.98%) and pH
(7.25-7.85). After sterilization (125-130°C, 25-30 min), the solution was aseptically dispensed into vials.

Administration Protocol
Mice received 100 pL. ENUs solution via perineural injection (31G insulin syringe) around the ligated sciatic nerve every
other day for 14 days (total 7 administrations). Sham and control groups received equivalent saline injections.

SNL Model

The procedure of SNL model was conducted according to the method described by Honda K. and Takano Y. with some
modifications.”* The mice were anesthetized by using an intraperitoneal injection of avertin (50 mg/kg), after which one-
third to one-half of the left sciatic nerve near the upper thigh was ligated 3 times with a No. 7.0 black silk suture. For the
mice that underwent sham surgery, the sciatic nerve was exposed without ligation. All animal procedures were approved
by the Institutional Animal Care and Use Committee (IACUC) of Stand Up Therapeutics (22-IACUC-0001) and
conducted in accordance with the “IACUC Standard Operating Guidelines for Animal Experimentation” (Animal and
Plant Quarantine Agency and Ministry of Food and Drug Safety of Korea, 2020). After SNL or sham surgery, animals
were monitored at least twice daily for signs of pain, distress, wound healing, and general health. Analgesics were
administered if animals exhibited signs of severe pain or distress, as per IACUC recommendations.

Behavioral Test

Mechanical sensitivity was performed according to the method described by previous study.” Briefly, it was determined
by examining the response rates of paw withdrawals from 10 repeated stimuli applied to the paw using a von Frey
filament delivering 0.4 g (Stoelting, Wood Dale, IL). All experiments were conducted by an experimenter blinded to the
treatment groups. Mice were placed in a plastic box on a metal grid floor and acclimated for 15 to 20 min prior to testing.
The von Frey filament was applied perpendicularly to the skin for 2 to 3 s on the left hindpaw with enough force to bend
it slightly. An abrupt withdrawal of the foot during or immediately after stimulation was regarded as a positive response.
Response rates were calculated as a percentage of the number of positive responses per 10 stimuli.

Single-Dose Administration Test

On the 14th day after inducing neuropathic pain, mechanical allodynia was assessed at 1, 3, 7, 12, 24, 32, and
48 h following a single administration of acupuncture in order to evaluate the acute analgesic efficacy and determine
the duration for repeated administration.

Repeated Administration Test
Based on the effects observed after the single-dose administration, mechanical allodynia was assessed every other day for
a total of 7 times, starting from the 14th day after inducing neuropathic pain and continuing until the 28th day.
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Immunofluorescence

After completing the behavioral test, the mice were anesthetized with avertin (50 mg/kg, i.p). The mice were perfused
with 50 mL of phosphate-buffered saline (PBS) followed by 80 mL of 4% formalin solution prepared in phosphate
buffer. The fixed mice were dissected to extract the spinal cord, which were then fixed in the same fixative solution for
24 h. After fixation, the tissues were placed in PBS containing 30% sucrose and stored at 4 °C for one day. The next day,
the tissues were rapidly frozen and cut into sections of 8—10 pm thickness. The sectioned tissues were washed three times
with Tris-buffered saline with 0.3% Triton-X100 (TBST) for 10 min each, followed by incubation in a solution of 5%
bovine serum albumin (BSA) diluted in TBST for 1 hour. Primary antibodies, C-FOS (1:2000, rabbit monoclonal,
ImmunSmol) and GFAP (1:1000, Guinea pig monoclonal, Abcam), were prepared by diluting them in TBST containing
5% BSA. The tissues were incubated with the primary antibodies at 4 °C for 24 h. Subsequently, the spinal cord tissues
were washed with TBST and incubated with secondary antibodies for 2 h at room temperature. The secondary antibodies
used were Alexa anti-rabbit 488 (1:2000, Invitrogen), Alexa anti-mouse 594 (1:2000, Invitrogen), or Alexa anti-guinea
pig 594 (1:2000, Invitrogen), diluted in TBST containing 5% BSA. After three washes with TBST, the sections were
mounted with mounting medium. The expression levels in different regions of the tissue were observed and captured
using a confocal microscope (Olympus Corporation, Tokyo, Japan).

Quantitative Real-Time PCR (qPCR)

Total RNA was extracted from the ipsilateral dorsal horn tissue of the spinal cord using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. Quantitative real-time PCR (qQRT-PCR) was performed
to analyze gene expression levels using the One Step SYBR™ Prime Script™ RT-PCR Kit II (Takara, Otsu, Shiga, Japan)
in a 20 pL total reaction volume under standard PCR conditions. The ABI Prism 7500 Real-Time PCR System (Life
Technologies Corporation, CA, USA) was used for amplification and data collection. Ct values were normalized to the
housekeeping gene Gapdh, and relative expression levels were calculated using the 2*—AACt method, with the control
group as the reference. The primer sequences used in this study are shown in Table 1.

Statistics
Data are represented as the mean + standard error of the mean (SEM). For single comparisons, significance was assessed
using Student’s f-test. For multiple comparisons, data were analyzed by one-way ANOVA followed by Bonferroni post-

hoc correction to control the family-wise error rate (GraphPad Prism 8, USA).

Table | Primers for RT-PCR Analysis

Gene PCR Primers

Tnfa | Sense: 5-GCA GAA GAG GCA CTC CCC CA- 3

Antisense: | 5-GAT CCATGC CGT TGG CCA GG- 3’

I-1p Sense: 5-GGC TGT GGA GAA GCT GTG GC- 3’

Antisense: | 5-GGG TGG GTG TGC CGT CTT TC- 3’

Gfap Sense: 5-GGA GAG GGA GAG AGG GGA GA-3'

Antisense: | 5-TGT TGG GAG TGC TGA GGT G-3’

Ibal Sense: 5-CTC CAC CTG CAC TGA CTT TG-3'

Antisense: | 5-CCA GGT CTC TGA GGC TGA GT-3'

Gapdh | Sense: 5-ACA CAT TGG GGG TAG GAA CA- 3’

Antisense: | 5'-AAC TTT GGC ATT GTG GAA GG- 3’

2396 e Journal of Pain Research 2025:18



Kweon et al

Results
Experimental Design and Baseline Evaluation of Mechanical Allodynia
To establish a neuropathic pain model, we performed unilateral ligation of the left sciatic nerve in mice. Mechanical
allodynia was assessed using the Von Frey filament test on postoperative days 1, 3, 7, 10, and 14 to monitor pain
hypersensitivity over time. As shown in Figure 1A and B, mechanical allodynia significantly increased in all surgery
groups compared to the sham group from day 3 onward (p < 0.001), indicating successful induction of neuropathic pain.
On day 14, mice exhibiting sustained mechanical hypersensitivity were randomly assigned to treatment groups for
further pharmacological testing. To evaluate the acute analgesic effects of ENU compounds, a single dose was
administered, and mechanical thresholds were measured at 1, 3, 7, 12, 24, 32, and 48 hours post-treatment. Based on
the observed time course of analgesia, repeated dosing was subsequently performed every 2 days between days 14 and
28. Mechanical allodynia was measured prior to each administration to evaluate the cumulative or sustained effects of
repeated ENU treatment. These results confirm the successful induction of neuropathic pain and provide a defined
baseline for assessing the therapeutic potential of ENUs in subsequent experiments.
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Figure | Experimental scheme and baseline evaluation of mechanical allodynia in the SNL mouse model.

Notes: (A) Schematic timeline of the experimental procedures, including neuropathic pain induction by sciatic nerve ligation (SNL), behavioral assessment, and ENU
treatment. (B) Mechanical allodynia was assessed using the Von Frey test on days |, 3, 7, 10, and 14 post-SNL to confirm the development of neuropathic pain. Data are
expressed as mean #* SE (n = 6 per group). Statistical analysis was performed using one-way ANOVA followed by Bonferroni post hoc correction. “##p < 0.001 vs control
group.
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Acute and Repeated Analgesic Effects of ENUs Administration in Neuropathic

Pain-Induced Mice
To assess the acute analgesic effect of ENUS, the reduction in mechanical allodynia was measured using Von Frey filaments.
Administration of ENU V1 in neuropathic pain-induced mice showed a statistically significant reduction in pain compared to
the control group at 7, 12, and 24 h (p<0.05, p<0.01). Administration of ENU V2-low exhibited a trend of pain reduction,
while ENU V2-middle and ENU V2-high showed statistically significant analgesic effects compared to the control group
(p<0.05, p<0.01, p<0.001) at 7, 12, and 24 h. The acute pain reduction effects of ENUs administration are shown in Figure 2A.
To evaluate the analgesic effects of repeated ENUs administration, mechanical allodynia was measured using Von Frey
filaments once every 2 days for a duration of 14 days. Administration of ENU V2-low showed a trend of pain reduction compared
to the control group, but there was no statistically significant difference. The ENU V2-middle group exhibited statistically
significant reduction in pain compared to the control group at 6, 8, 10, and 14 days, showing the best effect on the last day (p<0.05,
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Figure 2 Analgesic effects of acute and repeated administration of ENUs in mice with SNL-induced neuropathic pain.

Notes: (A) To assess the acute effects of ENUs, mechanical allodynia was measured at |, 3, 7, 12, 24, 32, and 48 hours after a single administration. (B) Repeated ENU
treatment was conducted once every two days from day 4 to day 28 post-SNL, and mechanical allodynia was measured prior to each treatment. Data are expressed as
mean * SE (n = 6 per group). Statistical analysis was performed using one-way ANOVA followed by Bonferroni post hoc correction. *p < 0.05, **p < 0.01, ***p < 0.001 vs
control group.
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p<0.01, p<0.001). Administration of ENU V2-high demonstrated analgesic effects starting from day 4 (p<0.05) and showed
statistically significant analgesic effects compared to the control group treated with saline at 6, 8, 10, and 14 days (p<0.05, p<0.01,
p<0.001). The analgesic effects of repeated ENUs administration on mechanical allodynia are shown in Figure 2B.

Effects of ENUs on Spinal Dorsal Horn Neuronal Activation in Neuropathic

Pain-Induced Mice

To examine the abnormal activation of neurons in the spinal cord induced by SNL, the expression of C-FOS was assessed
through immunohistochemical staining in the ipsilateral spinal dorsal horn of the damaged sciatic nerve. SNL signifi-
cantly increased the expression of C-FOS in the spinal dorsal horn compared to the control group (p<0.01).
Administration of ENU V2-low, V2-middle, and ENU V2-high in neuropathic pain-induced mice resulted in
a statistically significant decrease in the expression of C-FOS compared to the control group (p<0.01). The administration
of ENU V2 at different concentrations showed a dose-dependent trend in reducing the expression of C-FOS (Figure 3).

Effects of ENUs on Spinal Dorsal Horn Astrocytes Activation in Neuropathic

Pain-Induced Mice

To examine the activation of inflammatory cells in the spinal cord induced by SNL, the expression of the astrocyte
marker GFAP was assessed through immunofluorescent staining in the ipsilateral spinal dorsal horn tissue section of the
damaged sciatic nerve. In the results shown in Figure 4B, SNL significantly increased the expression intensity and area of
GFAP protein in the spinal dorsal horn compared to the control group (p<0.001). Administration of ENU V2-low, V2-
middle, and ENU V2-high in neuropathic pain-induced mice resulted in a statistically significant suppression of GFAP
expression compared to the control group (p<0.001). The administration of ENU V2 at different concentrations showed
a dose-dependent trend in reducing the expression of GFAP. The size of glial cells was also increased due to SNL, but it
was statistically significantly decreased by the administration of ENU V2-low, V2-middle, and ENU V2-high (p<0.05,
p<0.001) (Figure 4).

Effects of ENUs on the Expression of Inflammatory Markers in Neuropathic

Pain-Induced Mice

To examine the activation of inflammatory cells and the expression of inflammatory cytokines in the spinal cord induced by SNL,
the expression of the astrocyte marker Gfap and the microglia marker Ibal were assessed through qPCR in the ipsilateral spinal
dorsal horn tissue of the damaged sciatic nerve. The expression of the inflammatory markers Gfap and Ibal was significantly
increased in the control group compared to the normal group (p<0.001). The expression of Gfap showed a significant decrease in
all groups administered with ENUs (Figure 5A left, p<0.01, p<0.001). On the other hand, the expression of Ibal showed
a significant decrease only in the groups administered with V2-middle and ENU V2-high (Figure 5A right, p<0.05).

To examine the expression of inflammatory cytokines in the spinal cord induced by SNL, the expression of the
inflammatory cytokines 7nf-a. and /-1 were assessed through qPCR in the ipsilateral spinal dorsal horn tissue of the
damaged sciatic nerve. The expression of the inflammatory cytokine marker Il-1B8 was significantly increased in the
control group compared to the normal group (p<0.001). However, this increase showed a significant decrease in all
groups administered with ENUs (Figure 5B left, p<0.01, p<0.001). On the other hand, the expression of Tnf~a showed
a significant decrease in the groups administered with V2-middle and ENU V2-high (Figure 5B right, p<0.001).

Discussion

This study investigated the therapeutic effects of ENUs on neuropathic pain using behavioral, histological, and molecular
analyses to examine whether ENUs promote functional recovery through the inhibition of C-FOS expression and anti-
inflammatory effects. Local administration of ENUs near the affected area significantly reduced mechanical allodynia
induced by SNL. Additionally, ENUs regulated the expression of the neuronal activation marker C-FOS in the ipsilateral
spinal dorsal horn. The increased presence of inflammatory cells and pro-inflammatory cytokines in the spinal dorsal
horn due to SNL was reduced by local administration of ENUs.
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Figure 3 Effects of ENUs on C-FOS expression in the spinal dorsal horn of SNL mice.

Notes: (A) Representative immunofluorescence images showing C-FOS expression (green) in the spinal dorsal horn of SNL-induced neuropathic pain mice across
treatment groups. (B) Quantification of C-FOS-positive cells per section. Fluorescence-positive cells were counted from three randomly selected regions of interest (ROls)
in the ipsilateral dorsal horn of each animal. Data are expressed as mean * SEM (n = 6 per group). Statistical analysis was conducted using one-way ANOVA followed by
Bonferroni post hoc correction. **p < 0.0l vs control group.

The pharmacological activity of ENUs appears to be attributed to the synergistic effects of its herbal components.
Erycibae Caulis contains compounds that exhibit anti-inflammatory effects, which may mitigate inflammation-driven
pain responses.'® Similarly, Geranii Herba is rich in geraniin, an antioxidant with significant anti-inflammatory activity,
potentially benefiting neuropathic pain management.”® Fermented Glycine max has enhanced bioavailability of isofla-
vones through fermentation, which increases its antioxidant and anti-inflammatory effects, thus aiding in the reduction of
oxidative stress associated with nerve pain.”’ Polygonati Rhizoma has been recognized for its neuroprotective properties,
promoting nerve regeneration and reducing inflammation in neuropathic conditions.?® Finally, Imperatac Rhizoma extract
is known for its ability to reduce inflammation and oxidative stress, which are key factors in neuropathic pain
pathways.” Collectively, these herbal extracts offer a promising complementary approach to managing neuropathic
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Figure 4 Effects of ENUs on GFAP expression in the spinal dorsal horn of SNL mice.

Notes: (A) Representative immunofluorescence images showing GFAP expression (red) in the spinal dorsal horn of SNL mice across treatment groups. (B) Quantitative
analysis of GFAP-positive area and fluorescence intensity. Three ROIls were analyzed per section from the ipsilateral side of the spinal cord. Data are expressed as mean *
SEM (n = 6 per group). Statistical analysis was conducted using one-way ANOVA followed by Bonferroni post hoc correction. *p < 0.05, **p < 0.0l vs control group.

pain through their multifaceted bioactive mechanisms. Compared to conventional treatments such as gabapentin,
NSAIDs, and opioids, which primarily target neuronal excitability or pain perception, ENUs demonstrate multi-target
efficacy involving glial modulation, neuronal sensitization, and peripheral immune regulation. These properties suggest
that ENUs may serve as a promising complementary therapy, especially for patients who are unresponsive to conven-
tional drugs or experience side effects.

The SNL model, a well-established preclinical tool, was used to induce neuropathic pain characterized by allodynia

and hyperalgesia.>® Consistent with previous studies,®’

mechanical allodynia developed rapidly after surgery and
persisted throughout the experimental period. (Figure 1). Subsequently, neuropathic pain persisted until day 28, as
seen in the control group results shown in Figure 2B. The acute analgesic effect of ENUs became statistically significant
from 7 hours post-administration and lasted up to 48 hours (Figure 2A). Repeated administration of ENUs significantly

reduced pain from day 4 (Figure 2B). Notably, ENU V2-middle and ENU V2-high groups showed statistically significant
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Figure 5 Effects of ENUs on mRNA expression of inflammatory markers in the spinal dorsal horn and peripheral tissue.

Notes: (A) ENUs significantly reduced the mRNA expression of Gfap and Ibal in the spinal dorsal horn of SNL mice. (B) ENUs also decreased the mRNA levels of Tnf-a
and II-1B in the edema-induced paw tissue. Quantification was performed by qPCR, normalized to housekeeping genes. Data are expressed as mean + SE (n = 6 per group).
Statistical analysis was conducted using one-way ANOVA followed by Bonferroni post hoc correction. *p < 0.05, **p < 0.01 vs control group.

pain reduction starting from 7 hours post-injection, and more than 50% reduction was sustained compared to pre-
administration levels.

C-FOS is an immediate early gene that reflects neuronal activity. In the context of pain, the expression of C-FOS
signifies abnormal neuronal activation due to tactile stimuli.*' Pain stimuli originating from the central nervous system
increase the expression of C-FOS in the spinal dorsal horn."* Therefore, the C-FOS protein plays a crucial role in
understanding and treating pain originating from the central nervous system.'*?*> SNL significantly increased the
expression of C-FOS in the spinal dorsal horn compared to the control group (Figure 4). Administration of ENU V2-
low, V2-middle, and ENU V2-high significantly reduced the expression of C-FOS compared to the control. The
administration of ENU V2 in different concentrations appeared to dose-dependently decrease the expression of C-FOS.

Activated microglia and astrocytes contribute to the pathogenesis of chronic neuropathic pain by releasing pro-
inflammatory cytokines such as TNF-o and IL-18.%%'" In this study, SNL-induced neuropathic pain resulted in a marked
increase in GFAP expression and astrocyte hypertrophy in the spinal dorsal horn, indicating glial activation (Figure 4).
Local administration of ENU V2 at all tested concentrations (low, middle, and high) significantly reduced GFAP
expression compared to the control group, with a clear dose-dependent effect observed. In addition, ENUs suppressed
the mRNA expression of inflammatory markers in the spinal cord (Figure 5). Specifically, Gfap expression was
significantly decreased in all ENU-treated groups, while Ibal expression was significantly reduced only in the ENU V2-
middle and ENU V2-high groups, suggesting a concentration-dependent inhibition of microglial activation. Furthermore,
the mRNA levels of the pro-inflammatory cytokines Tnf-a and I1-13 were significantly elevated in the SNL control group
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compared to the sham group (Figure 5B). Treatment with ENUs significantly attenuated these elevations across all
treatment groups. Notably, Tnf-a expression showed a significant reduction only in the ENU V2-middle and ENU V2-
high groups (p < 0.001), indicating a partial dose-dependent effect. These findings collectively suggest that ENUs
modulate neuroinflammation by suppressing both glial activation and cytokine expression, contributing to their overall
analgesic effect in neuropathic pain.

Despite the promising results, this study has several limitations. First, we did not perform protein-level validation
such as Western blotting or histological staining beyond immunofluorescence. Second, the study was limited to short-
term outcomes, and the long-term safety and efficacy of ENUs remain unknown. Third, variability in herbal composition
and lack of clinical pharmacokinetic data may affect reproducibility and translational application. Lastly, interspecies
differences between mice and humans limit direct extrapolation to clinical settings. Future studies should address these
limitations by evaluating the long-term efficacy and safety of ENUs, standardizing herbal extract quality, and investigat-
ing its mechanisms using protein-level validation techniques. In addition, comparative trials with standard drugs such as
gabapentin or duloxetine will be needed to determine the clinical relevance of ENUs.

These findings are supported by recent studies reporting the effects of herbal agents and acupuncture-like therapies on
neuroinflammation and glial cell modulation in neuropathic models.>**> Together, this work provides the first in vivo
evidence of the therapeutic potential of ENUs for neuropathic pain, laying the foundation for future translational
research.

Conclusion

This study investigated the therapeutic effects of ENUs on neuropathic pain through behavioral, histological, and
molecular biology analyses. ENUs demonstrated pain-relieving effects by alleviating mechanical allodynia, suppressing
C-FOS expression, and exerting anti-inflammatory effects to restore spinal cord function. Based on the overall research
results, ENU V2-middle and ENU V2-high exhibited the highest analgesic effects. This study provides the first evidence
of the in vivo effects of ENUs in a neuropathic mouse model, scientifically validating the therapeutic effects of ENUs.
ENUs can be beneficial for the treatment of neuropathic pain and may be utilized in the development of new pain
therapies.
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