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Background: Electroacupuncture (EA) is a promising treatment for gastrointestinal disorders, yet the efficacy of different acupoint
combinations remains mechanistically undefined. We evaluated the therapeutic effects of different acupoint combinations on mucosal
inflammatory injury induced in a rat model of gastric ulcer (GU) and dissected its molecular mechanisms through transcriptomic profiling.
Methods: A GU rat model was established using hypothermic restrained water immersion stress. EA therapy was administered to the
He-Mu (ST36-CV12), Shu-Mu (BL21-CV12), and Yuan-Luo (ST42- ST40) acupoint combinations for 5 days. EA therapeutic effects
were evaluated by coat score, fecal moisture percentage, pain threshold, body mass, organ index, histopathological changes, serum
level of oxidative stress, and inflammatory cytokine levels in gastric tissue. A transcriptome analysis identified the related differentially
expressed genes (DEGs) and central signaling pathway. Real-time quantitative PCR and Western blot were performed to verify the
mRNA and protein expression levels of the main genes in the central pathway.

Results: EA using different acupoint combinations differentially alleviated gastric mucosal injury in GU rats, with the He-Mu group
exhibiting superior tissue damage alleviation, as well as inflammation and oxidative stress reductions. A Venn diagram transcriptome
analysis revealed a shared central pathway among the three groups, corresponding to focal adhesion. Quantitative validation confirmed
that the mRNA, protein, and phosphorylated protein expression of FAK, VCL, and EGFR—the core signal transduction factors of the
focal adhesion pathway activated in gastric tissue after EA treatment—were upregulated, consistent with their therapeutic efficacy.
Conclusion: Our results demonstrated that the He-Mu acupoint combination exhibited superior therapeutic efficacy among the three
acupoint combinations. EA using different acupoint combinations improved gastric mucosal injury to varying degrees, and was related
to the focal adhesion pathway. The FAK, VCL, and EGFR are promising targets, and further studies are needed to elucidate their
functional consequences in GU.
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Introduction

Gastric ulcer (GU) is a peptic ulcer caused by deep mucosal tissue injury in the gastric mucosa stimulated by gastric acid
and pepsin.' It is one of the most common gastrointestinal inflammatory diseases, and it has a high incidence and
recurrence risk.” According to statistics, the global prevalence of GU is approximately 10%,* with an annual incidence
rate of more than 2.5%." The incidence of GU among patients with gastrointestinal symptoms is as high as 22.5%.
Within two years after the diagnosis of GU, the risk of gastric cancer increases ten-fold compared with that of the general
population,® which imposes a tremendous health and economic burden on society. The pathogenesis of GU is relatively
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complex and is generally believed to be closely related to an imbalance between mucosal defense factors and gastric
invasion factors.® Long-term ulceration aggravates gastric mucosal injury and causes chronic inflammation, leading to
abnormal repair and remodeling of the damaged area, which further stimulates the inflammatory response and promotes
disease progression. Therefore, early repair of the damaged gastric may help prevent and treat benign and malignant
digestive system diseases.

GU treatment and management has received increasing attention worldwide. The current clinical treatment
options are mainly based on pharmacological treatments, including symptomatic treatment with gastric acid
inhibitors, gastric mucosal protectants, and antibiotics.” However, the adverse reactions caused by long-term use
of these drugs, such as hepatorenal toxicity, gastrointestinal reactions, cardiovascular risks, drug resistance, and drug
dependence, limit their use, and there is an urgent need for safer and more effective complementary and alternative
therapies.® Acupuncture therapy, a non-drug traditional Chinese medicine technique, has been applied in clinical
practice in more than 160 countries and has become a mainstream complementary and alternative therapy
worldwide.’ Acupuncture therapy is widely used to treat various gastrointestinal diseases to improve gastrointestinal
function, and is known for its efficacy and safety.'®'" Acupuncture is a complex intervention method that involves
specific techniques. Clinical studies have demonstrated that electroacupuncture (EA) is superior to manual acupunc-
ture for improving the outcome of ulcerative diseases.'> EA combines traditional acupoint stimulation with modern
electrical stimulation, which both stimulates acupoints and regulates neuroelectrophysiology. It is a potential
treatment for inflammatory pain and has received increasing attention in clinical practice.'* '

The selection of acupoints affects the efficacy of acupuncture. Acupoint combinations are a key aspect of the theory and
clinical efficacy of acupuncture. Studies on the effects and mechanisms of different combinations have always been a focus
of acupuncture.'” GU is a disease affecting the meridian, visceral, and abdominal systems. Because of these three types of
symptoms, three pairs of classic acupoint combinations were used in this study: “Yuan-Luo acupoint combination treatment

of meridian pain disease”,'® “Hu-Mu acupoint combination treatment of visceral disease”'**°

and “Shu-Mu acupoint
combination treatment of lumbo-abdominal disease”.>' There are differences in the clinical therapeutic efficacy of these
acupoint combinations, but the mechanism underlying these difference is unclear. To determine these mechanisms, we must
consider both the macro basis of traditional Chinese medicine, and the micro focus of modern research.

Transcriptome sequencing technology is a research method used to reveal the common and distinct regulatory
mechanisms of molecular interactions by measuring gene expression levels and identifying DEGs and related
signaling pathways.?? This study was performed to further increase the clinical efficacy of acupuncture treatment
for GU. Specifically, the optimal acupoint combination was determined by analyzing the extent to which EA with
different acupoint combinations alleviated mucosal inflammatory injury in a rat model of GU. The mechanism of
this difference was analyzed based on the differential expression of genes under the action of different factors.

This study aimed to provide data support and decision-making references for modern clinical treatment of GU.

Materials and Methods

Main Reagents and Instruments

Primary antibodies against FAK (BS-20735R) and p-FAK (BS-3159R) were purchased from BIOSS (Beijing, China),
and antibodies against VCL (GB111328), EGFR (GB11084), p-EGFR (GB13213-1), and GAPDH (GB15004) were
purchased from Servicebio (Wuhan, China). ELISA kits of IL-4 (MM-0191R1), IL-6 (MM-0190R1), IL-10 (MM-
0195R1), IFN-y (MM-0198R1) were provided by MEIMIAN (Jiangsu, China). Biochemical kits of SOD (A001-1),
NO (A013-2), and MDA (A003-1) were provided by Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Hematoxylin-eosin (HE; G1076) and alcian blue-periodate Schiff (AB-PAS; G1049) staining kits were purchased from
Servicebio (Wuhan, China). The main instruments included a Novaseq 6000 sequencer (Illumina, USA), an Enspire
multimode microplate reader (PerkinElmer, USA), an ST16R high-speed refrigerated centrifuge (Thermo Fisher
Scientific, USA), an SPX70BIII biochemical incubator (Fesford Instruments, Hebei, China), Hwato aseptic acupuncture
needles, and a Hwato SDZ-II electroacupuncture instrument (Suzhou Medical Instruments, Suzhou, China).
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Animal Ethics and Study

All procedures were approved by the Animal Ethics Committee of Changchun University of Chinese Medicine (approval
#2022422) and were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Specific
pathogen-free healthy male Wistar rats aged 10-12 weeks, weighing 220-240 g, were purchased from Changsheng
Biotechnology Co., Ltd. (SCXK (Liao) 2020-0001, Liaoning, China). The rats were housed in the Animal Experimental
Center of Changchun University of Chinese Medicine (SYXK (Ji) 2018-0014, Jilin, China) and had access to a standard
diet and water ad libitum. The housing environment was maintained at a constant temperature of 25°C+3°C and relative
humidity of 55%+5%, with a standard 12-hour light/dark cycle. Before commencing the experiment, rats were acclimated
to the conditions of the experimental facility for 5 days. The rats were then randomly divided into five groups (n=7 per
group, n=35 total): normal control group (control), GU group (model), GU+He-Mu acupoint combination group (H-M),
GU+Shu-Mu acupoint combination group (S-M), and GU+Yuan-Luo acupoint combination group (Y-L).

Generation of the GU Rat Model

The hypothermic restrained water immersion stress (HRWIS) method was used to prepare the GU rat model.>*** The rats
underwent 24 hours of fasting, with access to water provided. After anesthesia with 3% isoflurane was administered via
inhalation, the rats were quickly fixed in a vertical rat fixator, with their heads facing upward. They were then placed
vertically in cold water at 4°C, ensuring that the water level was even with the rat’s xiphoid process. The rats were then
placed in a 4°C constant temperature refrigerator for 4 hours.

EA Treatment

GU has a certain ability for self-healing, with recovery typically taking more than 7 days.**® The analgesic effect of acupuncture
is affected by the duration of the needle retention. During the 30-minute acupuncture cycle, the analgesic effect of acupuncture
initially increased, then decreased, followed by another increasing before finally declining. The greatest change in pain threshold
occurred when the needles were retained for 15-20 minutes, indicating that the analgesic effect reached the maximum effect.?’*
Based on these results, EA treatment was started the day after modeling and continued daily for 5 days, with each session lasting
20 minutes. Prior to EA, the rats were anesthetized with 2% isoflurane for maintenance. The H-M group was treated with
a combination of ST36 (Zusanli, located 3 mm below and lateral to the fibular head on the posterolateral knee joint of the
posterior lower extremity) and CV12 (Zhongwan, 20 mm above the umbilicus). The S-M group was treated with a combination
of BL21 (Weishu, on the lower sides of the 12th thoracic vertebra, 6 mm lateral to the dorsal median line) and CV12. The
Y-L group was treated with a combination of ST42 (Chongyang, the highest point between the second and third metatarsals in the
instep) and ST40 (Fenglong, lateral to the posteroinferior aspect of the leg, at the midpoint of the line between the lateral
malleolus and the lateral depression of the patellar ligament). Conventional acupoint selection methods, according to location,
included near and far acupoints, local acupoints, and distal acupoints. Previous studies showed that the He-Mu, Shu-Mu, and
Yuan-Luo acupoint combinations, which were representative of traditional acupoint methods and commonly used classic
acupoint pairs in clinical practice, had significant effects in treating gastrointestinal diseases.'®*’ Additionally, both

clinical’®®®! and animal studies®>**

confirmed the effectiveness of these combinations in treating GU. Previous studies also
showed that there was a linear relationship between the intensity of electrical stimulation and the distance of treatment, with the
minimum safe distance determined at the lowest current electrical stimulation intensity of 1 mA.>* Frequencies between 1 and
100 hz can stimulate a nerve tissue response. In clinical practice, a 2/100 hz sparse-dense wave is often selected to maximize an
analgesic effect.*>® Based on these characteristics, along with the rats’ tolerance and the demand for a sustained analgesic effect,
the following EA parameters were selected for this study: sparse-dense wave, 2/20 hz vibration frequency, and 1 mA intensity. To
avoid current passing through the heart, an auxiliary acupuncture needle was placed 2—3 mm proximal to the CV12 in the
H-M and S-M groups. Acupuncture needles were inserted into both sides of the acupoints to a depth of 1-3 mm. Subsequently,
the needle handles were connected to the EA device, with the two acupoints on the same side connected to the positive and
negative poles of the EA instrument—upper and lower poles—respectively. The sparse-dense wave was then applied. All groups
were maintained under consistent anesthesia and fixation during this intervention. After the treatment concluded (day 12), the rats

were sacrificed using a 5% isoflurane overdose, and tissue samples were collected.
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Behavioral Assessment
After the intervention, the coat score, fecal moisture percentage, and pain threshold (using a hot plate) of the rats in each
group were obtained.

Coat Score Test

The rat coat score of the rats was obtained by dividing the coat into six sections (head, neck, trunk back, abdomen,
forelimb, and hindlimb) and scoring each section. The filth, molt, and knots in each section were observed. The scores
were recorded from 0—1 point per section, with a high score of 6 points.

Fecal Moisture Percentage Test
The rat feces were collected and weighed to obtain the wet weight of the feces. After drying in an oven at 60°C for 4 h,
the dry weight of the feces was obtained. The fecal moisture percentage was calculated as follows:

(wet weight of feces — dry weight of feces)

Fecal Moisture Percentage = x 100%

wet weight of feces

Hot Plate Pain Threshold Test

Rats were placed on a smooth test bench, with their tails flat on the test bed of the photothermal tail pain instrument. The
distal one-third of the tail was positioned at the luminescent point of the instrument. The thermal stimulation light source
was activated, and the photothermal stimulation was stopped when the rats showed strong tail flick behavior. Each test
was separated by a 10 minute interval, and the average of three tests was used as the result. The photothermal intensity

was maintained at a constant level, with a power of 30% and an upper time limit of 10s.

Body Weight and Organ Indices

The body weight of each rat was measured before and after modeling, as well as during the treatment period. The
stomach, liver, spleen, and thymus tissues were rinsed with saline solution (0.9% sodium chloride) and then weighed.
The organ indices were calculated according to the organ and body weights of the rats.

Macroscopic Assessment of Gastric Ulcers

The degree of gastric mucosal injury was determined based on a published procedure.?” Briefly, the gastric tissue was incised

along the greater curvature, and the mucosa was turned inside out and perform macroscopic observations of gastric mucosal

damage. Gastric tissue photographs were analyzed using Image J software. The Guth grading criteria were applied to obtain

macro scores, which were obtained to determine the ulcer index (UI) and the ulcer inhibition ratio (UIR) of the animals.
The UI was calculated as follows:

UI = spot erosion score + erosion length score + erosion width score

The UIR rate was calculated as follows:

model UI — treatment UI)

(
UIR =
model UI

x 100%

Histopathological Analysis of Gastric Tissue

Gastric tissue was submerged in a 4% paraformaldehyde solution for 24 hours, then removed for ethanol gradient
dehydration, xylene treatment for transparency, paraffin embedding, and sectioning. Following this, HE and AB-PAS
staining were performed. The histopathological morphology of the gastric mucosa and the secretion of mucus substances

in each group of rats were observed under a microscope.
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Level of Inflammatory Factors and Oxidative Stress

ELISA kits were used to determine the gastric tissue levels of inflammatory mediators, including IL-4, IL-6, IL-10, and
INF-y. Biochemical kits were used to measure the levels of SOD, NO, and MDA in serum as surrogate markers of
oxidative stress. The specific procedures strictly adhered to the manufacturer’s instructions.

RNA-Seq Data Analysis

RNA Extraction From Gastric Tissue and Preparation for Sequencing

Gastric tissue (n = 5 per group) was excised,’® and total RNA was isolated using Trizol reagent according to the
manufacturer’s instructions. The concentration, purity, and integrity of the total RNA were evaluated by spectrophoto-
metry, fluorescence analysis, and agarose electrophoresis, respectively. After passing the quality control check, 3 pg of
total RNA was used to construct the transcriptome sequencing library. The final cDNA library was constructed by mRNA
enrichment, purification, fragmentation of mRNA, synthesis of the first and second strands of cDNA, end-repair, and
fragment enrichment by polymerase chain reaction (PCR) amplification.

Processing of Sequencing Data

Next-generation sequencing using paired-end sequencing was performed on an Illumina sequencing platform to generate
raw data. The raw data were subsequently saved and filtered to obtain clean data. The quality of the sequencing data was
assessed using FastQC. HISAT?2 software was used to align clean reads to the reference genome and determine gene
expression levels based on fragments per kilobase of transcripts per million mapped read (FPKM) values.

DEGs and Their Functional Enrichment Analysis

DESeq2 software was used to analyze the differences in gene expression, and the DEGs were screened using [log2 fold
change| > 1, and p < 0.05 to define the significance threshold. Gene Ontology (GO) annotation and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were used to identify DEGs from the
previous step, with p < 0.05 as the significant enrichment criterion. Venn diagram analysis was performed to identify
the core pathway of the co-interactions.

Determination of Gene Expression Using Real-Time Quantitative Polymerase Chain

Reaction (RT-qPCR)

The mRNA expression of key genes (FAK, VCL, and EGFR) in the DEGs core pathways were examined by RT-qPCR. Total
RNA was extracted from the gastric tissue of each group using TRIzol reagent. cDNA was synthesized using a HiScript™ I Q RT
SuperMix for qPCR (+gDNA wiper) reverse transcription kit. RT-qPCR reactions were performed with SYBR Green master mix
on an ABI Step One system. The reaction conditions were as follows: an initial denaturation step at 95°C for 10 minutes,
followed by 40 cycles of denaturation at 95°C for 15 seconds, annealing at 60°C for 60 seconds, and elongation at 72°C for
30 seconds. GAPDH was used as the internal control, and the relative expression of the target gene was calculated using the
2722 method. The primer sequences (5'-3) were as follows: FAK forward: GCTTAATCTGGCCAGGACGG, reverse:
TGAAGCACGGTTTGAGAGGT; VCL forward: GGTGCTGCCAATAAATCG, reverse: CCTTACACTTGTCCAGGTCTT;
EGFR forward: TACGCCTTAGCCGTCCTGTC, reverse: GTTCTCCTCTCCTCTTCCCC; and GAPDH forward:
ACAGCAACAGGGTGGTGGAC, reverse: TTTGAGGGTGCAGCGAACTT.

Protein Expression Determination Using Western Blot (VWB)

Protein expression levels (FAK, p-FAK, VCL, EGFR, and p-EGFR) of key genes in the DEGs core pathways were
determined by WB. Gastric tissue was lysed using RIPA lysis buffer and homogenized at 4°C. The supernatant was
collected, and a bicinchoninic acid assay was performed to determine the protein concentration. Subsequently, poly-
acrylamide gel electrophoresis was performed, followed by membrane transfer and blocking with 5% skim milk. The
membrane was incubated overnight at 4°C with antibodies against FAK, p-FAK, VCL, EGFR, p-EGFR, and the internal
reference GAPDH individually. After washing with Tris buffered saline with Tween, a horseradish peroxidase-labeled
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secondary antibody was added, and the membrane was incubated on a shaker at room temperature for 2 hours, followed
by ECL luminescence color development. The optical density of the target band was analyzed using a gel image analyzer.

Statistical Analysis

Data are presented as mean + standard deviation (SD). Statistical analysis and graph creation were performed using
GraphPad Prism 9.0 (San Diego, CA, US). Normality and variance chi-square tests were initially performed on all data.
ANOVA was carried out between groups using one-way ANOVA, and post-hoc multiple comparisons were performed
using the LSD test, with p < 0.05 considered statistically significant.

Results
Effects of Different Acupoint Combinations of EA on Rats With GU

Daily Behavioral Observations and Organ Indices

The GU rat model was established, and daily observations of the rats’ appearance and behavior in the different acupoint
combination groups during EA treatment were recorded. A schematic diagram of the experimental timeline is illustrated
in Figure 1A. The rats in the control group exhibited good mental condition, were active and agile, and had glossy coats,
maintaining a healthy diet and normal excretion. As shown in Figure 1B-E, after modeling, the rats in the model group
exhibited low energy levels, weight loss, accompanied by noticeable signs of gastrointestinal dysfunction, including
messy fur, thin and soft stools, and behaviors reflecting internal organ pain. These symptoms confirmed the successful
establishment of the GU model induced by low-temperature restrained water immersion stress method. In contrast, rats in
the acupoint combination groups showed varying degrees of improvement in mental condition, body weight, and
gastrointestinal function compared to the model group. In particular, the gastrointestinal dysfunction characteristics of
rats in the H-M group were significantly reduced compared with those of the model group. Visceral pain caused by
gastric mucosal injury generates an inflammatory response, leading to swelling of target organ tissue and abnormal
immune function, and thus increasing the organ indices.”” In the present study, the liver, spleen, thymus, and stomach
organ indices were lowest in the control group and highest in the model group (p < 0.001) (Figure 1F and G), indicating
that gastric mucosal injury caused by GU resulted in congestion and swelling of gastric tissue and immune organs in rats.
Notably, the increased organ indices in the model group indicated the presence of inflammatory pathological changes,
such as congestion and edema of the tissue structure. The decreased organ indices in the different acupoint combination
groups suggested that EA improved the inflammation and edema in the gastric and immune organs of GU rats, and that it
had exerted a certain immunomodulatory effect on systemic oxidative damage and inflammatory response.

Gastric Histopathological Changes

In this study, histopathological observations of gastric tissue were performed to assess the degree of damage to the tissue. The
effects of EA on the morphology of the gastric tissue in rats in the different acupoint combination groups are shown in
Figure 2A. The UI was evaluated by observing the morphological changes in the gastric tissue, and the UIR was calculated
(Figure 2B) to analyze intragastric ulceration in rats from a macroscopic perspective. The surface of the gastric tissue in the
control group was not damaged, had a clear structure with a ruddy color, and remained in a healthy state. Gastric tissue from
rats in the model group exhibited multiple large linear and lamellar ulcerated surfaces, accompanied by mucosal edema. After
treatment with EA, the congestion and swelling of the gastric mucosa and the area of ulceration were reduced to varying
degrees, with the lowest degree of damage in the H-M group, in which ulcers were sporadically distributed. As shown in
Figure 2B, compared to the control group, the UI was significantly increased in the model group, but was significantly reduced
by EA in the different acupoint combination groups compared with the model group, particularly the H-M group (p <0.001).
The average UIR of the H-M, S-M, and Y-L groups were 78.60%, 56.03%, and 21.52%, respectively.

We performed a gastric histological analysis using two different stains (Figure 2C and D) to reveal the
microstructure and functional changes in the intragastric ulcerated tissue and cells at the microscopic level. The
pathological changes in the gastric mucosa were observed by HE staining, while the synthesis and secretion of
mucin in gastric mucosal epithelial cells were detected by AB-PAS staining to determine the degree of damage to
the gastrointestinal mucus layer. HE staining (Figure 2C) showed that the structure of the gastric mucosa in the
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Figure | Effects of duration and EA using different acupoint combinations on body weight and organ indices. (A) Schematic showing the establishment of the GU rat model and
the EA treatment schedule. (B) Coat score test (n=7 per group). (C) Fecal moisture percentage test (n=7 per group). (D) Hot plate pain threshold test (n=7 per group). (E)
Trends in body weight change (n=7 per group). (F) Gastric organ indices (n=7 per group). (G) Immune organ indices (liver, spleen, and thymus) (n=7 per group). **p < 0.01 and
#¥ip < 0.001 vs control group; *p < 0.05, *p < 0.01, and *#p < 0.001 vs model group.

control group was intact, flat, and smooth, with the glands evenly arranged. In the model group, severe
congestion, edema, and inflammatory cell infiltration were observed in the submucosa of the gastric tissue. Rats
in the EA groups with different acupoint combinations showed fewer signs of capillary dilatation, congestion, and
inflammation, with partially repaired mucosa. AB-PAS staining (Figure 2D) showed that neutral mucins present in
the gastric mucosa of the control group stained red, whereas in the model group, large amounts of blue-stained
acidic mucin and violet-stained mixed mucin were observed. Compared with the model group, the area and depth
of blue and violet staining decreased visibly in the different acupoint combination groups, and the H-M group
showed significant regression. These results demonstrated that EA with different acupoint combinations effectively
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mucin. ¥¥p < 0,001 vs control group; *#p < 0.001 vs model group.

improved the general state and macroscopic characteristics of gastric tissue in GU rats and reversed the
pathological state of the gastric mucosa, with the most significant therapeutic effect observed with the
H-M acupoint combination.

Inflammatory Cytokines and Oxidative Stress

Because an inflammatory reaction and increased oxidative stress were key drivers of GU pathophysiology,* changes in these
factors were measured after EA treatment using different acupoint combinations. Regulating the imbalance of pro-inflammatory
and anti-inflammatory cytokines in the body is an important means of preventing and treating GU.*' Gastric mucosal injury
induced a notable increase in the concentrations of gastric pro-inflammatory cytokines (p <0.001), including IL-6 and INF-y, and
significantly reduced the gastric concentrations of anti-inflammatory cytokines (p < 0.001), including IL-4 and IL-10. However,
compared with the model group, the levels of IL-6 and INF-y significantly decreased (p < 0.001), and the levels of IL-4 and IL-10
significantly increased (p < 0.01) in the different EA acupoint combination groups, with the H-M group demonstrating the best
results (p < 0.001) (Figure 3A).

The levels of the antioxidant enzyme SOD, oxygen free radical NO, and lipid peroxidation-produce MDA are
important indicators of oxidative stress injury in the body.** As shown in Figure 3B, gastric mucosal injury induced in
the model group decreased SOD activity and the NO level (p < 0.001), and increased the MDA level in serum compared
with the control group (p < 0.001). Compared with the model group, the changes in these levels in the different acupoint
combination groups were attenuated, with the most significant result in the H-M group (p < 0.05).

Collectively, EA intervention with all three acupoint combinations was able to repair the gastric mucosal damage and
improve the anti-inflammatory and antioxidant capacity in GU rats, with the H-M group showing the greatest protective effect.

Transcriptome Profiling Revealed Gene Expression Changes

Quality Control of RNA Samples and Sequencing Data

We performed transcriptome profiling on 25 gastric tissue samples (n=5 per group) to characterize the gene expression
changes regulated by EA in the different acupoint combination groups. Sequencing of the samples yielded high-quality
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Figure 3 Effects of EA using different acupoint combinations on inflammatory cytokines and oxidative stress markers. (A) Effects of EA using different acupoint combinations
on inflammatory cytokines (IL-10, IL-6, IL-4, and INF-y) in gastric tissue, measured by ELISA assays (n=5 per group). (B) Effects of EA using different acupoint combinations on
oxidative stress markers (SOD, NO, and MDA) in serum (n=7 per group). **p < 0.001 vs control group; *p < 0.05, ™p < 0.01, and *p < 0.001 vs model group.

clean reads. As detailed in Supplementary Table S1 and Figure S1, we obtained a total of 175.77 GB of clean data, with
each sample containing as much as 7.03 GB of high-quality data. The clean ratio of all samples was > 98.19%.
Additionally, the proportion of bases with a sequencing error rate below 1% (Q20) was > 97.92%, while the proportion
with a sequencing error rate below 0.1% (Q30) was > 95.61%, and the GC content was approximately 48.45%—51.78%.
These results indicated that the sequencing data and assembly quality met the stringent criteria established for this study,

thus ensuring the reliability and accuracy of the findings.

Transcriptome Analysis Identified Significant DEGs
The correlation coefficients from a Pearson correlation analysis ranged from 0.4192 to 1.000, with principal component
classifications > 0.8 among all the biological replicates (Figure 4A). Principal component analysis (PCA) showed that the
first and second principal components accounted for 54.2% and 33.4% of the variance, respectively, and that sample
clustering was distinct (Figure 4B). These results indicated that the groups of samples were highly reproducible and that
the RNA-seq data met the stringent criteria required for this study, thus ensuring reliability and accuracy of the findings.
DEGs were using the expression difference multiplicity |log2 fold change[>1 and corrected significance of p < 0.05,
resulting in a total of 23,096 DEGs. The expression levels of 5,311 significant DEGs were shown using a genome circle
diagram, and both upregulated and downregulated genes were primarily distributed on Chr. 1 and Chr. 2 (Figure 4C). To
further reveal the functions of these DEGs in GU, relevant bioinformatics analyses of the DEGs were carried out. The
functions of Chr. 1 and Chr. 2 differed, with Chr. 1 focused on cellular processes and Chr. 2 on metabolic processes.
A cluster analysis was performed on the DEGs based on the similarity of the gene expression profiles among the samples,
and a hierarchical cluster heatmap of genes with shared differences was generated (Figure 4D). Compared with the
control group, the model group had 591 upregulated and 653 downregulated DEGs. After EA intervention using different
acupoint combinations, there were 1044 upregulated and 253 downregulated DEGs in the H-M group, 379 upregulated
and 27 downregulated DEGs in the S-M group, and 128 upregulated and 156 downregulated DEGs in the Y-L group
compared with the model group (Figure 4E).
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plot of DEGs.

Functional Enrichment Analysis of DEGs

To comprehensively elucidate the functions and pathways of DEGs in the pathogenesis of GU and the therapeutic effects
of EA in the different acupoint combination groups, a pairwise comparison method was used for GO function and KEGG
pathway enrichment analysis. The top 20 enriched pathways with the number of genes annotated in each pathway are
summarized in Figure 5A. The DEGs in the model group vs control group were mainly enriched in immune-
inflammatory processes (including cytokine-cytokine receptor interaction and inflammatory bowel disease), cell adhesion
processes (including cell adhesion molecules and focal adhesion), and inflammatory pathways (including MAPK, NF-
kappa B, IL-17, and TNF signaling pathways), which had been implicated in the pathophysiology of GU. These
pathways were also partially enriched by EA in the different acupoint combination groups vs the model group,
suggesting that they were strongly correlated with GU. GO functions included three categories, which were biological
processes (green), cellular components (orange), and molecular functions (yellow), as shown in Figure 5B.

To delineate the molecular mechanism of the effects on GU of EA with different acupoint combinations, an overlap
analysis was performed on the GO functions and KEGG pathways of the DEGs in the model group and the different acupoint
combination groups (Figure 5C and D). To identify co-regulated biological pathways and molecular functions, a Venn diagram
analysis was used to identify the intersection of the functional modules associated with pathways and processes regulated by
DEGs, using KEGG enrichment and GO annotation datasets as reference gene sets, to systematically reveal key candidate
clusters of biological pathways and functions coordinating the regulatory mechanisms of EA in GU. The results revealed that
the molecular mechanisms responsible for the different effects were involved in three intersecting biological pathways: focal
adhesion, Inflammatory bowel disease, and hypertrophic cardiomyopathy (Figure 5C). DEGs in these pathways were mainly
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involved in 158 biological processes, 16 cellular components, and 13 molecular functions (Figure 5D), and a polar coordinate
bar chart diagram of the GO function enrichment was generated (Figure 5E). GO enrichment analysis showed that the
biological processes involved in the intersecting DEGs mainly included developmental processes, responses to external
stimulus, inflammatory responses, and regulation of phosphorylation; the cellular components were mainly enriched in the
extracellular region, extracellular space, plasma membrane, actin cytoskeleton, and other regions; and molecular functions
mainly included a variety of binding functions (protein binding, cytoskeletal protein binding, cell adhesion molecule binding),
and regulatory functions (receptor ligand activity, molecular function regulator activity). These results indicated that cell
adhesion molecule-related pathways and gene expression had a core role and broad impact on the differential effects of GU
treatment by EA in the different acupoint combination groups.

Verification of DEGs and Proteins Related to the Focal Adhesion Pathway

Using the transcriptomic data, we found that the focal adhesion pathway was the core pathway of the overlapping DEGs
among the three treatment groups and the model group, which was involved in physiological and pathological processes such
as the inflammatory response, phosphorylation regulation, and stimulus responses. To confirm this result, we examined the
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DEGs (Figure 6A) and proteins (Figure 6B) of the core signal transduction factors in the focal adhesion pathway for further
validation. The gastric tissue FAK, VCL, and EGFR mRNA expression levels in rats from the model group were markedly
decreased compared to those of the control group (p < 0.001), and the protein expression levels of p-FAK/FAK (p < 0.01),
p-EGFR/EGFR (p <0.001), VCL (p < 0.001) were downregulated in the model group. Compared with the model group, the
same levels in the EA groups with different acupoint combinations showed varying degrees of attenuation, with the most
significant differential expression observed in the H-M group. To summarize, the molecular mechanism underlying the
different effects on GU by EA treatment with different acupoint combinations was involved in regulating the expression of
core genes and proteins in focal adhesion. The H-M acupoint combination had the greatest upregulation of the core focal
adhesion gene and protein expression levels, which increased the strength of cell adhesion, thereby increasing the resistance
to mucosal damage caused by oxidative stress and inflammatory reactions.

Discussion
Gastric ulcer is an condition characterized by the destruction of gastric epithelial cells and intercellular connections due
to reverse osmosis of gastric acid or pepsin, which leads to gastric mucosal injury and invasion of the muscularis
mucosa.*® Previous studies convincingly demonstrated the unique advantages of EA in early prevention and clinical
therapy.** ¢ However, the specificity and synergistic effect of acupoint selection required further clarification and
confirmation through research on the underlying biological mechanisms. In this study, we objectively evaluated the
differences in the therapeutic efficacy of the stomach meridian He-Mu, Shu-Mu, Yuan-Luo acupoint combinations on
gastric mucosal injury using a GU rat model. We then selected the optimal acupoint combination group among the three,
and explored the specific regulatory effects and its mechanism that provided the superior efficacy.

The GU animal model has gained international recognition for its high symptom similarity and model stability.”* The
HRWIS model specifically replicates the pathophysiological features of visceral hypersensitivity and gastrointestinal
inflammation.*’” Physical restraint-induced restriction of behavioral activities induces physiological stress, while
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hypothermic water immersion elicits psychological distress through the activation of tension and pressure responses in
the body, which collectively contribute to immune disorder and systemic multi-organ pathological alterations.**>° The
stomach is the most sensitive organ of the human body to stress, and stress injury has been identified as an important
factor driving the pathological process of GU.>!>? The coat appearance, fecal consistency, and visceral pain threshold of
the rats serve as behavioral indicators to evaluate the severity of pathophysiological alterations in experimental models.
This study demonstrated that EA intervention using different acupoint combinations ameliorated stress-induced patho-
phenotypes according to macroscopic indicators to varying degrees.

The gastric mucosal barrier is the first protection against gastric mucosal injury, and gastric histomorphology is
a visual indicator for evaluating the integrity of the gastric mucosal barrier.”® The UI and UIR are direct parameters
reflecting gastric mucosal damage and repair.>* Patients with GU often experience insufficient food intake owing to
gastrointestinal discomfort, which results in weight loss and immune dysfunction in the short term.>> The volume and
quality of immune organs are important nonspecific indicators of the body’s immune system status.’® The liver, spleen,
and thymus play important roles in the systemic innate immune response.’’ These organs have a unique immune
microenvironment that controls the release of cytokines from the peripheral immune system, serving as a second line
of defense against gastrointestinal barrier disruption and the escape of inflammatory factors.”® The results of GU
modeling showed that the body weight of the rats was significantly reduced, with pathological damage causing local
gastric tissue congestion and edema, increasing the Ul, gastric organ indices, and immune organ indices of the rats, thus
confirming the consistency of the GU model with clinical manifestations. The pathological evaluations using HE and
AB-PAS staining further verified the degree of damage to the mucosal and mucous layers of the gastric mucosal tissue.
Levels of the inflammatory cytokines IL-10, IL-6, IL-4, and INF-y, along with oxidative stress markers SOD, NO, and
MDA, also increased. These findings collectively indicated oxidative stress damage and severe inflammatory responses
in gastric tissue, confirming the efficacy of the GU model for clinical research at the molecular level. The application of
EA at the He-Mu, Shu-Mu, and Yuan-Luo acupoint combinations regulated oxidative stress to normal levels, reduced
inflammatory cell infiltration into gastric tissue, which subsequently improved gastric mucosal injury. The dynamic
alterations in these biomarker levels reflected graded tissue restoration within the gastric mucosa, with a therapeutic
effect in the following order: He-Mu > Shu-Mu > Yuan-Luo.

Next, to explore the possible molecular mechanisms underlying the differences in the therapeutic efficacy at the gene
level, we performed transcriptome sequencing and obtained 23,096 DEGs. To reveal the pathways and biological
processes associated with the differences among the acupoint combinations, we conducted GO functional and KEGG
pathway enrichment analyses on the DEGs in each group. We found that EA using different acupoint combination groups
to treat GU mainly included the following related functions and pathways: immune-inflammatory processes, cell
adhesion processes, and inflammatory pathways. A correlation analysis was conducted on the differential pathways
common to the three acupoint combination groups based on a Venn diagram. After excluding disease-associated
signaling pathways, the focal adhesion pathway emerged as the enriched mechanistic pathway. Additionally, the
intersection of the GO function annotation analysis of the EA acupoint combination groups identified relevant molecular
functions (such as cell adhesion molecule binding and cytoskeletal protein binding located in the actin cytoskeleton) and
biological processes (such as inflammatory responses and regulation of phosphorylation). Accordingly, we inferred that
focal adhesion was the core pathway that produced differences in the therapeutic efficacy of EA treatment of GU with
different acupoint combination groups, and that EA could have regulated the structure and function of the gastric mucosal
barrier by affecting the adhesion strength and shape of gastric mucosal epithelial cells. It has been reported that applying
electrical stimulation to these cells causes enlargement of focal adhesions and thickening of stress fibers.’>*° By
regulating cell proliferation and differentiation, tyrosine phosphorylation of focal adhesions and stress fibers in the
cells changed the morphology of cytoskeleton components.®' It was shown that activated and phosphorylated EGFR/Src/
FAK pathways regulated the expression of tight junction proteins, which accelerated the recovery of epithelial cells.®*
One study also showed that genes and metabolites related to the focal adhesion pathway were potential diagnostic and
therapeutic targets for gastric cancer.®® However, there are few reports on the involvement of the focal adhesion pathway
in the EA treatment of GU at specific acupoints. Our results provide evidence for the first time that EA applied using
different acupoint combinations ameliorates gastric mucosal injury by regulating the focal adhesion pathways.
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Subsequently, we selected the DEGs FAK, VCL, and EGFR, which were core signal transduction factors in the focal
adhesion pathway, for verification. Focal adhesion kinase (FAK) is a key locus of genes in the focal adhesion pathway, and its

1.%* FAK has been reported to promote

autophosphorylation promotes signal transduction and adhesion-dependent cell surviva
epithelial restitution by regulating focal adhesion assembly, disassembly, and cell migration.®> Additionally, FAK activation
in vivo and in vitro promotes the healing of gastric mucosal injury and has certain anti-inflammatory properties.®® Vinculin
(VCL) is an adaptor protein that participates in the formation of focal adhesion regulating cell adhesion.®” The inactivation of
VCL is a key step in the mechanism by which gastric epithelial injury is induced, and is an essential step in the development of
GU.®® Epidermal growth factor receptor (EGFR) is a transmembrane receptor tyrosine kinase widespread in barrier tissues that
directly affects intercellular junction homeostasis.®” Our results showed that EA with different acupoint combinations was able
to reverse the expression of FAK, VCL, EGFR genes, proteins, and phosphorylated proteins after GU modeling, and it
enhanced the structure and function of adherens junctions, thus providing a stable microenvironment for the reconstruction
and repair of the gastric mucosal barrier. Among the three acupoint combinations, He-Mu exerted the greatest attenuating
effect, which was consistent with the behavior, histopathology, and molecular biology results in this study. It was confirmed
that the mechanism of different acupoint combinations of EA enhanced the core signal transduction factors of focal adhesions

to potentially reduce the systemic oxidative stress response and reduce inflammatory injury of the gastric mucosa.
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In light of these results, we summarized the pathogenesis of gastric mucosal injury caused by GU and the
involvement of focal adhesions EA-mediated repair (Figure 7).798% We demonstrated that EA with different acupoint
combinations effectively promoted the proliferation, adhesion, and migration of gastric epithelial cells and reshaped the
defense barrier structure, which significantly ameliorated oxidative stress and inflammatory damage, restored the gastric
mucosal barrier, and maintained gastrointestinal homeostasis. The key to its different effects were closely related to the
activation state of the focal adhesion pathway.

In summary, this study provides new insights into the molecular and physiological mechanisms underlying the
specificity and synergistic effects of acupoint selection and identifies a candidate target for genetically based repair of
gastric mucosal injury. Nevertheless, we acknowledge several limitations of our study. First, the study focused solely on
the correlation between signaling pathways that exhibited significant expression of the DEGs also found in GU, without
analyzing the potential factors or mechanisms underlying the expression of these DEGs. Future studies should explore
these additional molecular mechanisms to gain a more comprehensive understanding of GU treated with EA using
different acupoint combinations. Second, this study concentrated on comparing the efficacy and mechanisms of
established acupoint combinations in treating GU rats; however, future studies should explore sham EA efficacy to
disentangle placebo contributions, and further investigate a broader range of stimulation parameters and types to explore
the appropriate dose-effect relationship between acupoint specificity and EA. Third, differences between animal experi-
ments and clinical trials remain, and corroboration between in vivo and in vitro animal studies and clinical trials has yet
to be achieved. Therefore, additional experimental studies are needed in the future to clarify the interrelationships
between the mechanistic pathways, and to validate these mechanisms in clinical human subjects.

Conclusion

Our present study demonstrated that all three acupoint combinations of EA improved gastric mucosal injury in GU model
rats. The He-Mu acupoint combination had the greatest effect in reducing the GU-induced inflammatory response and
oxidative stress damage in gastric tissues. Transcriptome sequencing revealed that the focal adhesion pathway played an
important role in EA’s regulation of different acupoint combinations. In addition, we validated the differential expression
of genes and proteins related to the focal adhesion pathway based on the transcriptional analysis results, and found that
the He-Mu acupoint combination could positively regulate the adhesion ability of normal gastric mucosal epithelial cells
on the gastric mucosa. This was associated with increased expression of the core signal transduction factors FAK, VCL,
and EGFR, generating a high-adhesion phenotype and promoting gastric mucosal repair. Our study provided evidence
and novel perspectives on the potential mechanism underlying the differential effects of EA in repairing GU tissue
through different acupoint combinations, supported by initial in vitro experiments. However, the precise underlying
mechanisms need additional validation and refinement through broader and more comprehensive research in the future.
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