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Electroacupuncture improves
scopolamine hydrobromide
induced dry eye in mice via
inhibiting ocular surface
inflammation and regulating the
HMGB1-related signaling
pathways

Xia Wu', Ning Ding', Shangjie Liang, Yutong Han, Siyuan Fan,
Yunchuan Wu* and Qingbo Wei*

School of Acupuncture-Moxibustion and Tuina, School of Health Preservation and Rehabilitation,
Nanjing University of Chinese Medicine, Nanjing, Jiangsu, China

Objective: This study aims to observe the effect of Electroacupuncture (EA) on
improving ocular surface inflammation and HMGBI1-related signaling pathways
in dry eye disease (DED). Methods: Healthy male C57BL/6 J mice were treated
with scopolamine hydrobromide for 21 consecutive days to establish the animal
models for DED. After 21 days, fluorometholone (Flu), EA, and sham EA (Sham)
treatments were performed. The effect of EA on DED surface inflammation
was evaluated by corneal fluorescence staining, phenol red thread test, in vivo
confocal microscopy (IVCM), and corneal histopathology. The influence of EA
on high-mobility group box 1 (HMGBI), receptor for advanced glycation end
products (RAGE), toll-like receptor 2 (TLR2) and toll-like receptor 4 (TLR4) was
assessed by immunohistochemistry, real-time quantitative polymerase chain
reaction (RT-qPCR), and western blot. The influence of EA on interleukin-6 (IL-
6) and interleukin-10 (IL-10) were measured by enzyme-linked immunosorbent
assay (ELISA).

Results: EA can significantly increase tear flow and reduce corneal staining and
corneal stromal inflammation, while also improving the morphologic structure
of the cornea and lacrimal glands. The levels of HMGB1, RAGE, TLR2, TLR4, and
IL-6 were significantly decreased while IL-10 level was significantly increased
after EA treatment, indicating that EA may improve dry eye surface inflammation
by inhibiting HMGB1-related signaling pathways.

Conclusion: The findings presented in our study demonstrate that EA may
improve ocular surface inflammation in mice with DED by inhibiting the HMGB1-
related signaling pathways. Therefore, EA may be a potential therapeutic target
for DED.

KEYWORDS

dry eye disease, electroacupuncture, high mobility group protein B1, receptor for
advanced glycation end products, ocular surface inflammation
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1 Introduction

DED is the most common multifactorial chronic ocular surface
disease in clinical practice, with a prevalence of 5 to 50% (1, 2), which
not only seriously affects the quality of life of patients (3), but also
causes a huge social and personal economic burden (4). The latest
TFOS DEWS III report indicates that DED is characterized by a loss
of homeostasis of the tear film and/or ocular surface, in which tear
film instability and hyperosmolarity, ocular surface inflammation and
damage, and neurosensory abnormalities are etiological factors (5).
Dryness, foreign body sensation, light sensitivity, itching, and blurred
vision are common symptoms of DED. DED can cause damage to the
corneal epithelium, and in severe cases, can progress to secondary
keratitis, corneal ulcers, scleritis, uveitis, optic neuritis, and irreversible
vision loss (6). The chronic inflammatory response of the ocular
surface is one of the recognized core mechanisms of DED (7). At
present, the first-line treatment of DED focuses on fully relieving
symptoms. Fluorometholone, a synthetic glucocorticoid, is widely
prescribed for the management of DED. Fluorometholone can inhibit
ocular surface inflammation, reduce the further damage of lacrimal
gland and meibomian gland, and prevent DED from developing into
corneal ulcer or irreversible optic nerve damage (8). Nevertheless, the
curative effect of fluorometholone is limited. It is important to note
that the discontinuation of fluorometholone can result in the
reappearance of DED. It is well-documented that the long-term use of
fluorometholone can result in elevated intraocular pressure, the
development of a secondary infection, and a range of other adverse
effects (9).

Acupuncture regulating the physiological state of the human
body through stimulation of specific parts of the body (acupuncture
points), is one of the most common complementary and alternative
therapies available for treating diseases (10). EA has been widely
used in both fundamental research and clinical practice as a
therapeutic modality that integrates electrophysiological techniques
and acupuncture. Previous studies have shown that EA treatment for
DED is both efficacious and safe (11-14), which can improve ocular
surface inflammation and promote tear secretion in DED animal
models (15-19). So far, the specific mechanism of EA in treating
DED has not been fully elucidated. Current research suggests that
the effects of EA are multitargeted, encompassing the amelioration
of structural and functional ocular surface abnormalities,
modulating apoptosis and autophagy in the cells of the ocular
surface, stimulating neurotransmitter secretion, and suppressing
immunologic inflammatory responses (12). A recent study suggests
that damage-associated molecular pattern (DAMP) is now
considered a key regulatory factor for innate and adaptive immunity
through receptor-mediated signaling mechanisms (20). DAMPs
activate downstream signaling cascades by binding to receptors,
regulating key biological processes including cell proliferation,
differentiation, migration, and inflammation (21). Furthermore,
HMGBI, as one of the important molecules in DAMP, has been
described as a key cytokine involved in cell activation and
proinflammation in recent years (22, 23). On the one hand, the
negative regulatory effect of HMGBI on regulatory T cells makes it
play an important role in adaptive immunity (24, 25). On the other
hand, HMGBI released into the extracellular space mediates the
activation of innate immune responses. It binds to various
extracellular receptors (RAGE, TLR2, TLR4 and others) and activates
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the release of inflammatory cytokines from macrophages and
dendritic cells, causing the rupture of macrophage lysosomes and the
release of calcium antagonist peptides into the cytoplasm, and
further triggering immune and inflammatory responses in the body
and exacerbating tissue damage (26, 27). Recent experimental
studies have demonstrated that EA can inhibit the expression of
HMGBI (28, 29). However, the specific regulatory mechanism of EA
inhibiting HMGBI to reduce the ocular surface inflammation of
DED is not fully understood. Therefore, the aim of this study was to
elucidate the mechanism by which EA inhibits DED surface
inflammation through the HMGBI-related signaling pathway by
assessing the expression levels of HMGBI and its receptors in DED
mice tissues (Figure 1), and to provide a basis for the beneficial role
of EA in the pathogenesis of DED.

2 Materials and methods
2.1 Experimental animals

Forty specific pathogen free-grade male C57BL/6 ] mice, weighing
18-20 g, were provided by Beijing Vital River Laboratory Animal
Technology Co., Ltd., and reared in the Animal Experiment Center of
Nanjing University of Chinese Medicine (Animal Qualification
Certificate No: 110011231108729257). Before the experiment began,
all mice were given adaptive feeding for one week. Feeding
environment: room temperature 20-26 °C, relative humidity 40-70%,
12 hlight/dark cycles and free diet. Only mice with normal eye surface
function were used for the experiment. All animal experiments were
conducted in accordance with the guiding principles and ethical
standards of the Animal Ethics Committee of Nanjing University of
Chinese Medicine (Ethics No. 202306A035).

2.2 Instruments and reagents

Instruments and reagents used in this study: LYL-S handheld slit
lamp microscope inspection instrument (Shangrao Rixin Optical
Instrument Components Co., Ltd., China); acupuncture needle
(¢0.18 x 13 mm, Huatuo brand, Suzhou Medical Supplies Factory Co.,
Ltd., China); SDZ-II electroacupuncture therapy device (Huatuo
brand, Suzhou Medical Supplies Factory Co., Ltd., China); Confocal
Microscopy (HRT III RCM, Heidelberg Company, Germany);
RM2016 pathological slicer (LEICA, Germany); optical microscope
(Nikon, Japan); fluorometholone eye drops (0.1%, Shentian Pharma,
China); scopolamine hydrobromide (Chengdu Pufeide Biotech Co.,
Ltd., China); tear detection phenol red thread (Tianjin Jingming New
Technology Development Co., Ltd., China); fluorescein sodium
ophthalmic strips (Tianjin Yino Xinkang Medical Equipment
Technology Co., Ltd., China); IL-6 ELISA Kit (BMS603-2HS,
Invitrogen, America); IL-10 ELISA Kit (CSB-E04594m-IS, CUSABIO,
China); SuperMix for qPCR (gDNA digester plus) (Yisheng
Biotechnology Co., Ltd., China); qPCR SYBR Green Master Mix
(Yisheng Biotechnology Co., Ltd., China); HRP-conjugated goat anti-
rabbit IgG (GB23303, Servicebio, China); HMGB1 (GB11103-100,
Servicebio, China); RAGE (PA1-075, Invitrogen, America); TLR2
(PA1-41045, Invitrogen, America); TLR4 (MA5-16216, Invitrogen,
America).
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(A) Different operations on mice at different time points; (B) Experimental strategies and main indicators in mice.

2.3 Experimental design

Forty healthy male C57BL/6 ] mice were randomly divided into
control (Con), model (Mod), sham EA (Sham), fluorometholone
(Flu), and EA groups, with 8 mice in each group. The experiment was
designed for a total of 35 days, of which the DED mouse models were
established for the first 21 days and the treatments were carried out
for 14 days starting from the 22nd day. We established mouse models
of DED induced by scopolamine hydrobromide, following our
previous study (18). In the first 21 days, the Con group received
subcutaneous injection of 200 p L of physiological saline, while the
other 4 groups received subcutaneous injection of 200 pL of
scopolamine hydrobromide (0.5 mg of scopolamine hydrobromide
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dissolved in 0.2 mL of sterile physiological saline) to establish DED
models, 4 times a day (8:00, 11:00, 14:00, 18:00). Treatment was
started after completing the DED model on the 22nd day. The Con
and Mod groups were treated as in the first 21 days. Sham group: sham
EA treatment (Jingming BL1, Taiyang EX-HNS5), which is blunt needle
acupuncture without skin penetration, was administered once daily
for 14 consecutive days. Flu group: fluorometholone eye drops were
performed to both eyes 3 times a day (8:00, 13:00, and 18:00) for
14 days. EA group: EA treatment was performed on the same
acupoints as the Sham group, with sparse wave, frequency of
2 Hz/20 Hz and current intensity of 1 mA, retaining the needle for
15 min, once a day, for 14 days. The Sham, Flu, and EA groups
continued to receive subcutaneous injections of scopolamine
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hydrobromide during treatment to maintain the DED model. At 1, 7,
14, 21, 28, and 35 days, tear production (Phenol Red Thread Test,
PRT) and fluorescein staining score (FL) were measured. Moreover,
confocal microscope examination was performed on day 35. All mice
were then euthanized by rapid cervical dislocation after being
anesthetized. According to the double-blind principle, without
knowing the grouping, data collection was conducted by one person
and analysis was conducted by another person throughout
the experiment.

2.4 PRT

The end of a phenol red thread was put into the conjunctival sac
outside one third of the lower eyelid of the mouse. After 20 s, the
phenol red thread was taken out for measuring the length of
red-colored thread. The tear volume was determined by the length of
red-colored thread.

2.5 Corneal fluorescein staining score

Strips of corneal staining filter paper were moistened with
physiological saline and placed into the fornix of the lower eyelid of
the mouse. Mice distributed fluorescein quickly and evenly across the
cornea by blinking. The epithelial corneal injury was evaluated by slit-
lamp examination of corneal epithelium stained with fluorescein
sodium and grading with cobalt blue. According to the corneal lesion
classification method, the cornea was divided into four quadrants
(30). The scoring criteria for each quadrant were as follows: no
staining is worth 0 points, less than 5 stains is worth 1 point, 5 or more
stains is worth 2 points, and the presence of patchy staining or
filaments is worth 3 points. The total score for a single eye was the sum
of scores from four quadrants, with a maximum possible score of
12 points.

2.6 In vivo confocal microscopy

Mice were surface anesthetized with 0.4% obucaine hydrochloride
eye drops after the head was fixed under a confocal corneal
microscope. After the eyelid fixator was secured, Vidisci clear gel was
applied to the surface of the conical objective lens with a 40x water
immersion objective, which was then slowly advanced. When the
corneal endothelial cells were clearly centered in the display, the
record button was pressed to save the images of each layer of
the cornea.

2.7 Hematoxylin and eosin staining

A portion of the corneal and lacrimal gland tissues was excised,
immersed in 4% paraformaldehyde, and fixed for 24h after
euthanizing the mice on day 35 of the experiment. Then, paraffin
embedding, sectioning, gradient ethanol hydration, HE staining,
dehydration and sealing were performed. After staining, the
morphological changes in mouse cornea and lacrimal gland were
observed under an upright optical microscope.
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2.8 Enzyme-linked immunosorbent assay

The whole blood of mice was placed at room temperature for 2 h
followed by centrifugation at 3,000 rpm for 10 min at 4 °C, and the
supernatant was collected for analysis. The levels of IL-6 and IL-10
were determined by enzyme-linked immunosorbent

(ELISA) kits.

assay

2.9 Immunohistochemistry

Four percentage paraformaldehyde was used to fix mouse cornea
and lacrimal gland tissues. Antigen repair was performed with EDTA
antigen repair solution [pH = 9.0 after paraffin sectioning, dewaxing,
and hydration. 3% bovine serum albuminutes (BSA) was used to close
for 30 min at room temperature]. Primary antibody HMGBI (1:300),
RAGE (1:50), TLR2 (1:100), and TLR4 (1:100) were added dropwise.
After incubated at 4 °C overnight, the sections were reacted with
HRP-conjugated secondary antibody (1:200) at room temperature for
50 min. Diaminutesobenzidine (DAB) solution was used to develop
the staining. The positive expression rate was analyzed and calculated
using Image-Pro Plus 6.0 software.

2.10 Reverse transcription real-time
quantitative polymerase chain reaction

Trizol method was used to extract total RNA from mice lacrimal
glands, which was then converted to ¢cDNA with a reverse
transcription kit. RT-PCR was performed in a 10 pL reaction system
containing cDNA SYBR Green Master Mix and specific primers
according to the manufacturer’s instructions, with the following
specific reaction process: pre-denaturation at 95 °C for 5 min,
denaturation at 95 °C for 10 s, and annealing at 60 °C for 30 s in 40
consecutive cycles. The primers were designed for GAPDH, HMGBI,
RAGE, TLR2 and TLR4, with GAPDH used as the internal reference.
The sequencing information for each primer pair is shown in Table 1.
Finally, the 2722 method was used to determine the relative
expression level of the mRNAs.

2.11 Western blot

The mouse lacrimal gland tissue was grounded and treated with
Radio-Immunoprecipitation buffer (RIPA) containing protease
inhibitor, and lysed for 20 min on ice. The supernatant was collected
by centrifugation at 12,000 rpm for 10 min at 4 °C. The concentration
of the protein in the supernatant was determined according to the
Bicinchoninic Acid (BCA) Protein Quantification Kit instructions and
adjusted to 2 pg/pL by adding new lysis buffer. A total of 15 pL of
30 pug of each sample of protein was sampled for SDS-PAGE (10%)
electrophoresis. The proteins were then transferred to polyvinylidene
fluoride (PVDF) membranes. Following closing with quick blocking
buffer for 15min at room temperature, the membranes were
immersed in 5% bovine serum albumin (BSA) containing primary
antibodies against HMGB1 (1:500), RAGE (1:500) or GAPDH
(1:1000), for overnight incubated at 4 °C. Next, the membranes were
incubated with goat anti-rabbit IgG antibody (diluted with 5%BSA
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TABLE 1 Primer sequences for RT-qPCR.

10.3389/fmed.2025.1664376

Product length

Forward primer (5’-3)

Reverse primer (5-3')

HMGB1 TGGCAAAGCAAGGAGTG AATGGCGGTTAAAGGAGAG 135 bp
RAGE TGGAGAGCCACTTGTGCTAA CCCTCATCGACAATTCCAGT 191 bp
TLR2 TGCTCCTGCGAACTCCTATC CAGACTCCAGACACCAGTGC 175 bp
TLR4 AAACGGCAACTTGGACCTG TACTTCCTTCTGCCCGGTAA 164 bp
GAPDH CACCCCATTTGATGTTAGTG CCATTTGCAGTGGCAAAG 220 bp

1:15000) for 1 h at room temperature after washing 6 times with Tris-
buffered saline and Tween 20 (TBST) for 5 min each. After washing
again, the membrane was soaked in the super enhanced
chemiluminescence (ECL) detection reagent and then placed in a
chemiluminescence imager for development. For difference analysis,
each group of proteins was quantified by WB using Image]J software.

2.12 Statistical analyses

Data analysis was performed using the statistical software SPSS 26.0.
The measurement data was expressed as mean + standard deviation
(x £ 5) and followed a normal distribution and homogeneity of variance.
One-way ANOVA followed by multiple pairwise comparisons with the
Bonferroni correction was used to analyze the differences between
multiple groups. Differences between two groups were compared using
LSD-t test. Statistical significance was defined as p < 0.05.

3 Results

3.1 EA treatment increases tear flow in DED
mice

The PRT results showed that, compared with the same group
before the experiment, the tear volume of the Mod, Sham, Flu and EA
groups was significantly reduced on day 21 (all p < 0.01), and the tear
volume of the Mod group on days 28 and 35 was also reduced
compared with before the experiment (both p < 0.01), proving that the
modeling was effective (Figure 2A). Tear volume was significantly
lower in the Mod and Sham groups compared to the Con group and
continued to decline from day 14 (Figure 2A). Tear volume was
significantly increased in the EA group compared to the Mod and
Sham groups after 14 days of treatment (Day 35:4.38 + 1.06 vs.
0.88 +0.84 mm, p <0.01; 4.38 + 1.06 vs. 1.00 + 0.76 mm, p < 0.01,
Figure 2B). Tear volume was also significantly increased in the Flu
group compared to the Mod and Sham groups (both p <0.01,
Figure 2). There was no statistically significant difference in tear
volume between the EA and Flu groups on day 35 (p > 0.05). The
above results demonstrate that EA treatment promotes tear secretion
and increases tear flow in DED mice.

3.2 EA treatment reduces corneal epithelial
damage in DED mice

FL allows the most visualization of the extent of corneal epithelial
damage in DED. The FL scores in this study showed a statistically
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significant increase in the Mod, Sham, Flu and EA groups on day 21
compared to the same group before the experiment (all p < 0.01), and
the scores of the Mod group on days 28 and 35 were statistically higher
than in the pre-experimental period (both p < 0.01), proving that the
modeling was effective (Figure 3A). The FL score was significantly
lower in the EA group compared to the Mod and Sham groups on day
35 (6.13 + 1.46 vs. 10.88 + 1.13 points, 6.13 + 1.46 vs. 10.75 £ 1.28
points, p < 0.01, Figure 3B). In addition, the FL was significantly lower
in the Flu group than in the Mod and sham groups (both p < 0.01,
Figure 3B). The FL scores of the EA and Flu groups on day 35 showed
no significant difference (p > 0.05). Figure 3C shows the corneal
fluorescence staining on day 35. The corneal epithelium of mice in the
Con group was barely stained, while the corneal epithelium of mice in
the Mod and Sham groups had marked staining. The staining of the
ocular surface in the EA and Flu groups was reduced after the
treatment, and the staining was scattered in spots.

3.3 EA treatment inhibits corneal stromal
inflammation in DED mice

The corneal epithelium was observed under the corneal confocal
microscopy, which is difficult to see using C57BL/6] mouse as an
animal model (Figure 4). The Con group showed normal levels of
stromal cells and nerve fiber distribution. The Mod group and the
Sham group showed irregularly sized activated stromal cells, and
intermittently thinner nerve fibers with a high degree of tortuosity.
Compared with these two groups, the EA and Flu groups showed that
the morphology and size of stromal cells gradually returned to normal
except mild activation of partial cells, and there were no obvious
abnormalities in the distribution of nerve fibers which indicate a
significant reduction in corneal stromal inflammation.

3.4 EA treatment improves the
morphological structure of the cornea and
lacrimal gland in DED mice

The results of HE staining showed that the corneal tissue surface
of the Mod and Sham groups were found to have reduced corneal cell
layers, detached surface epithelial cells, disordered arrangement and
swelling of collagen fibers in the matrix layer, and swelling.
Additionally, obvious atrophy of lacrimal gland epithelial cells,
expanded glandular cavity, and focal lymphocyte infiltration were also
seen in the Mod and Sham groups. In comparison to these two groups,
the EA and Flu groups had basically normal numbers of corneal
epithelium layers, no apparent epithelium cell sloughing, well-arranged
collagen fibers in the stromal layer, and slight swelling. In addition, the
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epithelial cells of the lacrimal gland tissue in the EA and Flu groups
were partially atrophied, and the lumen of the gland was partially
dilated, with a small amount of lymphocyte infiltration (Figure 5).

3.5 EA treatment modulates HMGB1
expression to inhibit ocular surface
inflammation in DED mice

Our study analyzed the expression level of HMGBI in DED Mice
to investigate whether EA treatment can inhibit dry eye surface
inflammation by regulating the expression of HMGBI. Protein levels
of HMGBI in corneal and lacrimal gland tissues were detected by
immunohistochemistry, and mRNA levels of HMGBI in lacrimal
gland tissues were detected by real-time quantitative polymerase chain
reaction (RT-qPCR) (Figures 6A,B). We found that HMGBI
expression levels were significantly increased in the Mod and Sham
groups, compared with the Con group (both p < 0.05). Meanwhile, the
expression levels of HMGBI were significantly downregulated in the
EA and Flu groups compared with the Mod and Sham groups (all
p <0.05) while there was no significant difference in HMGBI1
expression levels between the EA and Flu groups (p >0.05).
Additionally, the protein expression levels of HMGBI in lacrimal
gland tissues were analyzed by WB (Figure 6C). The protein expression
levels of HMGBI1were significantly higher in the Mod and Sham
groups than in the Con group (both p <0.01). Additionally, the
protein expression levels of HMGBIlin the EA and Flu groups were
significantly reduced compared to those in the Mod and Sham groups
(all p <0.01), but no significant difference in HMGBI1 expression
levels was observed between the EA and Flu groups (p > 0.05).

3.6 EA treatment inhibits the
HMGB1-related signaling pathways in dry
eye mice

In this study, we determined whether the anti-inflammatory effect
of EA treatment on ocular surface inflammation in DED mice was
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associated with the HMGBI-related signaling pathways by further
detecting the expression of HMGBI receptors and downstream related
factors. Protein levels of HMGBI receptors and downstream related
factors in corneal and lacrimal gland tissues were detected by
immunohistochemistry, and mRNA levels of these indicators in
lacrimal gland tissues were detected by RT-qPCR (Figures 7A,B).
We found that RAGE (both p < 0.01), TLR2 (both p < 0.01), and TLR4
(both p < 0.01) expression levels were significantly increased in the
Mod and Sham groups, compared with the Con group. Meanwhile,
the expression levels of RAGE (all p < 0.05), TLR2 (all p < 0.01), and
TLR4 (all p < 0.01) were significantly downregulated in the EA and
Flu groups compared with the Mod and Sham groups. However, there
was no significant difference in the expression levels of these indicators
between the EA and Flu groups (all p > 0.05). Additionally, the protein
expression levels of RAGE in lacrimal gland tissues were analyzed by
WB (Figure 7C). The protein expression levels of RAGE were
significantly higher in the Mod and Sham groups than in the Con
group (both p < 0.01), and the protein expression levels of RAGE in
the EA and Flu groups were significantly reduced compared to those
in the Mod and Sham groups (all p < 0.01). There was no statistically
significant difference in the protein expression levels of RAGE
between the EA and Flu groups (p > 0.05). Meanwhile, the ELISA
results in the serum showed that the levels of IL-6 (both p < 0.01) were
significantly increased, and the levels of IL-10 (both p < 0.01) were
significantly decreased in the Mod and Sham groups, compared with
the Con group (Figure 7D). Compared with the Mod and Sham
groups, the levels of IL-6 (all p<0.01) were significantly
downregulated and the levels of IL-10 (all p < 0.01) were significantly
increased in the EA and Flu groups (Figure 7D). However, there was
no significant difference in the levels of IL-6 and IL-10 between the
EA and Flu groups (all p > 0.05).

These results showed that the trend of EA decreasing the
expression of HMGBI and its receptors was consistent in both the
protein and transcriptional levels, and EA could downregulate the
level of pro-inflammatory cytokine IL-6 and promote the production
of anti-inflammatory cytokine IL-10, indicating that EA may inhibit
ocular surface inflammation in DED mice by suppressing the
HMGBI -related signaling pathways.
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4 Discussion

DED is characterized by an imbalance of tear film homeostasis,
which can be accompanied by ocular surface inflammation, tissue
damage, and neurosensory abnormalities (31). The main clinical
manifestations of DED are dry eyes, eye distension, photophobia, eye
pain, and fluctuating visual acuity. In severe cases, DED can lead to
irreversible visual impairment due to corneal epithelial defects, ulcers,
and even scar formation (32). Although the pathogenesis of DED
remains incompletely understood, inflammation, resulting from early
innate immune and adaptive responses, has been identified as a key
factor that may trigger a DED vicious cycle (33, 34). Related studies
have indicated that EA has anti-inflammatory effects, but its
mechanism of action is not completely understood (17, 18, 35). EA
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treatment is the process of inserting needles into specific acupoints
and then combining the needles with electrical stimulation, causing
local muscles to continuously beat at a certain frequency. This
sustained physical stimulation can activate cell activity and promote
the regeneration of cells and glands. Today, EA is widely used in the
treatment of various ophthalmic diseases, including myopia,
ophthalmoplegia, glaucoma, and nystagmus (36, 37). EA has been
recognized and applied by many countries due to its effectiveness and
safety. According to numerous clinical reports, EA can be used to treat
DED and improve patient midterm outcomes such as DED symptoms,
tear secretion and tear film stability (11-13). Consequently, exploring
therapeutic mechanism of EA on DED is of great significance. In this
study, the evaluation was done using a scopolamine hydrobromide
induced mouse model of DED. Our study found that the DED mice

frontiersin.org


https://doi.org/10.3389/fmed.2025.1664376
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Wu etal. 10.3389/fmed.2025.1664376

Stromal layer cell Stromal nerve

Con

Sham

FIGURE 4
Effect of EA on corneal stromal inflammation in scopolamine-hydrobromide-induced DED mice. The IVCM images of the anterior and posterior
stromal layers under the cornea on the 35th day (x800).
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FIGURE 5
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MRNA expression in lacrimal gland tissues of DED mice (n = 3). (C) WB detection of HMGBL1 protein expression in lacrimal gland tissues of DED mice
(n = 3). Compared with the Con group, *p < 0.05, *p < 0.01; compared with the Mod group, *p < 0.05, **p < 0.01; compared with the Sham group,
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model exhibited reduced tear flow, corneal and lacrimal gland
epithelial damage, corneal stromal cell activation, and abnormal
corneal nerve morphology, indicating successful model preparation,
which has strong similarities to the inflammation and damage arouse
from human DED (38). We provided new evidence for the use of EA
in the treatment of DED in the present study by showing that EA
could alleviate the degree of damage to corneal and lacrimal gland
tissues in DED mice.

HMGBI was initially recognized as a highly conserved DNA-
binding protein in the nucleus, and across multiple species, involved
in gene transcription, maintenance of nucleosome structure, and
tissue degeneration (39). HMGBI is an important late-stage
inflammatory factor that is actively secreted by monocytes or
macrophages stimulated by inflammatory factors or passively released
from necrotic cells. It can also serve as a molecule for extracellular
DAMPs, promoting inflammation, cell differentiation, and cell
migration (40). HMGBI released into the extracellular space mediates
the activation of innate immune responses. It binds differentially to
the receptor, which in turn induces inflammatory and immune

Frontiers in Medicine

responses in the body and exacerbates tissue damage (41, 42). In
almost all types of inflammation, research has found that HMGBI is
overexpressed, and targeting HMGBI represents a new target for
inflammation therapy (43-45). Experimental results have shown that
inhibiting HMGBI can significantly reduce the production of
pro-inflammatory cytokines interleukin-1p (IL-1f), interleukin-6
(IL-6) and interleukin-8 (IL-8) (46). Our study detected the expression
of HMGBI, and the results showed that the expression trends of
HMGBI in the cornea of the Mod and Sham groups were the same,
and both of them were significantly higher than that of the Con group.
Similarly, the expression results of HMGBI detected in lacrimal gland
tissues were consistent with those detected in corneal tissues,
indicating that the DED model activated the expression of HMGBI. It
was found that EA significantly reduced the expression of HMGBI,
similar to the effect of fluorometholone. The above results indicated
that EA treatment for DED may be achieved by the downregulation
of HMGBI.

Current research indicates that HMGBI plays an important
role in activating ocular surface inflammatory factors, and it can
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FIGURE 7
Effect of EA on expression of RAGE, TLR2, and TLR4 in corneal and lacrimal gland tissues of scopolamine-hydrobromide-induced DED mice.

(A) Immunohistochemical detection of RAGE, TLR2, and TLR4 expression in corneal and lacrimal gland tissues of DED mice (n = 3). (B) RT-qPCR
detection of RAGE, TLR2, and TLR4 mRNA expression in lacrimal gland tissues of DED mice (n = 3). (C) WB detection of RAGE protein expression in
lacrimal gland tissues of DED mice (n = 3). (D) ELISA detection of IL-6 and IL-10 levels in serum of DED mice (n = 6). Compared with the Con group,
*p < 0.01; compared with the Mod group, #p < 0.05, #*p < 0.01; compared with the Sham group, ®p < 0.05, #*p < 0.01.
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stimulate downstream signaling pathways, which is key to dry eye
formation (47). RAGE, one of the earliest discovered HMGBI
receptors, is the primary pathway for immune signaling in
inflammatory diseases. It has been demonstrated that corneal
inflammation activates the expression of HMGBI and RAGE (438).
The combination of HMGBI and RAGE can activate the
phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) and
mitogen-activated protein kinase (MAPK) pathways, leading to
the activation of nuclear factor kappa-B (NF-kB) (49).
Furthermore, TLRs are also the main receptors involved in DAMP
recognition, especially TLR2 and TLR4 (50, 51). HMGBI can also
activate the NF-kB inflammatory pathway by binding to TLRs,
leading to an inflammatory response (40, 52, 53). IL-6, as a typical
pro-inflammatory cytokine, is a classic target gene of NF-xB,
participating in initiating inflammatory signals, while IL-10 is a
key anti-inflammatory cytokine. When NF-xB is strongly
activated, it consumes a large amount of limited transcription
in the cell to drive the
pro-inflammatory genes such as IL-6 and TNF-a, resulting in a

coactivators transcription of
severe shortage of coactivators available for IL-10 gene
transcription, indirectly inhibiting the expression of IL-10 (54,
55). Previous studies have shown that HMGBI antagonists
effectively reduce mortality in a mouse sepsis model by blocking
the HMGBI1-RAGE signaling pathway (56, 57). Also, studies have
found that the HMGBI-TLR2 signaling pathway promotes
neutrophil programmed death ligand 1 (PD-L1) expression and
mediates T-lymphocyte apoptosis, leading to immunosuppression
in sepsis (58). Meanwhile, the HMGBI1-TLR4 pathway has been
found to play an important role in the neurotoxic inflammatory
response (59, 60). Thus, HMGBI initiates complex signaling
pathways such as NF-«kB pathways by binding to RAGE, TLR2, or
TLR4, which can promote the production of pro-inflammatory
cytokines and inhibit the production of anti-inflammatory
cytokines, leading to the occurrence and development of ocular
surface inflammation. However, whether EA inhibits DED surface
inflammation by modulating the HMGBI-related signaling
pathways is still unclear. Our study investigated the effects of EA
on HMGBI-related signaling pathways by detecting the expression
of RAGE, TLR2, TLR4, IL-6, and IL-10 in DED mice. The results
showed that the expression of RAGE, TLR2, and TLR4 was
significantly higher in the Mod and Sham groups than in the Con
group, both in the corneal and lacrimal tissues. But the expression
of RAGE, TLR2, and TLR4 was significantly reduced after EA
treatment, which was similar to the effect of fluorometholone.
Meanwhile, the level of pro-inflammatory cytokine IL-6
decreased, and the level of anti-inflammatory cytokine IL-10
increased after EA treatment. Therefore, we suggest that EA may
inhibit ocular surface inflammation in DED mice by modulating
the HMGBI-related signaling pathways. Overall, it can be seen
that EA has a clear therapeutic effect on inhibiting ocular surface
inflammation in DED mice, and its mechanism may be related to
the regulation of HMGBI-related signaling pathways by EA,
providing a basis for the beneficial role of EA in the pathogenesis
of DED. Although this study shows that the inhibition of ocular
surface inflammation in DED by EA may be related to the
HMGBI-related signaling pathways, it has not been further
verified. We intend to use pathway agonists to further explore
HMGBI-related signaling pathways in future studies.
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5 Conclusion

We investigated the effects of EA on DED mice induced by
scopolamine hydrobromide and the underlying mechanisms of this
process. Our results suggest that EA may inhibit ocular surface
inflammation in DED mice by regulating the HMGBI-related
signaling pathways. This study provides a theoretical basis for anti-
inflammatory mechanism of EA in DED, and also offers a novel
potential therapeutic target for treating DED.
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