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Background: Obesity is a highly prevalent metabolic disorder that significantly increases the risk of cardiovascular and cerebrovas-
cular diseases. Acupuncture has demonstrated remarkable efficacy in treating obesity, offering substantial societal health benefits.
Objective: Electroacupuncture has shown promise in the treatment of obesity (OB). The development of obesity is directly linked to
the gut microbiota. Therefore, we aimed to explore the mechanism by which electroacupuncture alleviates obesity induced by a high-
fat diet (HFD) by modulating the gut microbiota.

Methods: Fifty specific pathogen-free Sprague—Dawley (male) rats were obtained, and 44 rats were randomly selected and subjected
to an HFD. The remaining six rats were used as controls and subjected to a basic diet. The successfully-induced-obese rats were
randomly divided into four groups: the obese group (n=6), the obesetelectroacupuncture group (n=6), the obesetantibiotic group
(n=6), and the obese+antibiotict+electroacupuncture group (n=6). Furthermore, the weight-reducing effect of electroacupuncture was
investigated in HFD-induced obese rats by monitoring their body weight, food consumption, Lee’s index, blood fat, and liver steatosis.
The levels of 5-hydroxytryptamine (5-HT), gut microbiota composition, and short-chain fatty acid content were measured and
characterized.

Results: Electroacupuncture significantly reduced body weight in obese rats and alleviated lipid metabolism disorders. Furthermore, it
also improved the number, abundance, and structure of the gut microbiota in obese rats and increased acetic acid and 5-HT content.
Moreover, Lactobacillus faecis (L. faecis) and Bacteroides fragilis (B. fragilis) were correlated with obesity-related indicators, acetic
acid levels, and 5-HT content.

Conclusion: Electroacupuncture may exert anti-obesity effects by modulating acetic acid levels and 5-HT release by intestinal
enterochromaffin cells. L. faecis and B. fragilis in the gut microbiota may be potential targets for the treatment of obesity in the future.
Keywords: obesity, electroacupuncture, gut microbiota, acetic acid, 5-HT

Introduction

Obesity (OB) is a highly prevalent clinical metabolic disorder characterized by long-term weight gain and an increased
body fat percentage.' The latest epidemiological surveys indicate a rise in the prevalence of obesity across most countries
since 1980, with more than 200 million individuals now categorized as obese or overweight, constituting approximately
30% of the global population.”® According to relevant statistics, about half of Chinese adults and one-fifth of Chinese
children are overweight or obese, establishing China as the country with the highest population of overweight or obese
individuals globally.* Excessive weight, or obesity, is associated with an increased risk of cardiovascular and cerebro-
vascular diseases, gastroesophageal reflux disease, kidney disease, sleep apnea, cancer, and various other diseases.’
A few observational studies have shown that individuals with obesity may experience a decline in their quality of life and
an increase in the utilization and associated costs of healthcare services.®’ Currently, the World Health Organization
identifies obesity as the foremost health issue globally.® The treatment and management of obesity is a notable medical
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concern that is currently of great social concern. Modern medicine continues to lack a treatment modality for obesity that
is both satisfactory and effective. Reports regarding adverse reactions and side effects associated with weight loss drugs,
such as rimonabant, phentermine, topiramate, liraglutide, orlistat, and sermaglutide, have gradually garnered increased
attention from the medical community. Therefore, there is an immediate need to explore safe and effective treatment
strategies for the treatment of obesity.

In recent years, adjunctive therapies have increasingly gained prominence for the treatment and management of
obesity, one of which is acupuncture. Several clinical studies have demonstrated its efficacy in the treatment of obesity,
alongside its minimal toxicity, long-lasting effects, and favorable patient compliance and satisfaction.” The clinical effect
of acupuncture on obesity is remarkable. However, its underlying mechanism of action remains unclear, posing a notable
barrier to its widespread clinical application. An increasing number of studies have shown that the intestinal flora is
closely associated with obesity. Patients with obesity exhibit gut dysfunction and gut ecological dysregulation, while
intestinal microbial disorders are associated with increased accumulation of adipose tissue in the host.'®!' Many studies
have demonstrated a reduction in the diversity and richness of the gut microbiome in individuals with obesity.'*'*
Moreover, short-chain fatty acids (SCFAs), the primary metabolites of dietary fiber and anaerobic fermentation by
intestinal bacteria, hold significant therapeutic promise in the management of obesity, as SCFAs are key microbial
metabolites that maintain intestinal barrier function, including providing energy to the host epithelium and increasing the
expression of tight junction proteins in the intestinal barrier.'®'> Additionally, SCFAs are thought to be the primary
signaling molecules that mediate host-microbe communication through enterochromaffin cells (ECC). Ninety-five
percent of 5-hydroxytryptamine (5-HT) is stored within ECC and enteric neurons. Gut-derived 5-HT has been shown
to play a role in the regulation of gastric emptying and pancreatic secretion, as well as in activating intestinal hormones
such as glucagon-like peptide-1 (GLP-1).'®!” Acupuncture targeting the intestinal flora for the treatment of diseases has
emerged as a prominent area of research, and a growing body of research on acupuncture has demonstrated the
importance of the intestinal flora.'® Therefore, in this study, we investigated the improvement of intestinal flora, SCFA
levels, and 5-HT content while providing supporting research on the potential mechanism underlying the anti-obesity
effect of electroacupuncture in obese rats.

Materials and Methods

Animals and Groups

Fifty specific pathogen-free Sprague—Dawley (male) rats were obtained from Chengdu Dasuo Experimental Animal Co.,
Ltd. (License No. SCXK-Chuan-2020-030). The rats were maintained at room temperature (25°C+2°C), a 12-h light-dark
cycle, and 40-70% humidity. Throughout the duration of the experiments, rats had ad libitum access to food and drinking
water. Following 1 week of adaptive feeding, 44 rats were randomly selected and subjected to a high-fat diet (HFD; 4.43
kcal/g, 20% protein, 35% carbohydrate, and 45% fat). The remaining six rats were used as controls and subjected to
a basic diet (1.36 kcal/g, 55% protein, 10% carbohydrate, and 35% fat), with ad libitum access to water. After 6 weeks,
obesity was considered induced if the average body weight of rats that were fed an HFD was 20% higher than that of the
control group.'® The obese rats were randomly divided into four groups, namely the obese group (DIO; n=6), the obese
+electroacupuncture group (DIO+EA; n=6), the obese+antibiotic group (DIO+Ab; n=6), and the obesetantibiotic
+electroacupuncture group (DIO+Ab+EA; n=6). Rats in all the groups continued to be fed an HFD. Body weight was
measured once a week, and the experiment was concluded after 4 weeks. Samples of fecal matter, liver tissue, blood,
colon tissue, and other tissues were obtained from the rats. All animal experiments were approved by the Animal Ethics
Committee of Chengdu University of Traditional Chinese Medicine (No. 2019-06). All experiments were treated by the
Regulations of Animal Administration issued by the State Committee of Science and Technology of the People’s
Republic of China. The experimental procedure is illustrated in Figure 1.

Electroacupuncture Therapy and Antibiotic Intervention
Rats in the DIO+EA and DIO+Ab+EA groups were immobilized and subjected to electroacupuncture treatment, starting
from the 6th week of the animal experiments. Rats in the control, DIO, and DIO+Ab groups were immobilized in a similar
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Figure | Groups and experimental procedure.

manner but did not receive acupuncture. The selected points were bilateral Tianshu and Fenglong (refer to the animal
acupuncture point atlas in Chinese Veterinary Acupuncture, Experimental Acupuncture for the positioning of the points). The
Fenglong acupoint (ST40) is situated 1 mm below the Housanli acupoint (the Housanli being on the posterior lateral aspect of
the knee, approximately 5 mm below the fibular tuberosity) (Figure 2). The Tianshu acupoint (ST25) lies in the transverse
section of the navel, 5 mm from the navel (Figure 2). The standard operating procedure (SOP) for the acupuncture treatment
was as follows: Rats in each treatment group were immobilized on a rat platform, and their abdomen and hind limbs were
exposed. A 2-cm area surrounding the treatment acupoints was shaved, and the skin at the acupoint area was disinfected
using an alcohol-soaked cotton ball. The acupuncture depth was approximately 3 mm at ST25 and 6 mm at ST40, and the
shank was connected to electricity after the needle was inserted. Intermittent needle treatment was conducted using
a frequency of 2/15 Hz, a voltage of 1.5 V, and a retention duration of 30 min. The acupuncture tool was a 0.18 mmx13 mm
milli-needle connected to the SDZ-II type Electro Stimulation Device (Suzhou Medical Supplies Factory Co., Ltd., Suzhou,
China). Electroacupuncture was performed once daily for 6 days, encompassing a total of four treatment cycles and 1 day of
rest between treatments. Rats in the DIO+Ab and DIO+Ab+EA groups were treated with an aqueous solution of antibiotics
(1 g/L each of ampicillin, neomycin, and metronidazole).”® The rats were provided unrestricted access to the antibiotic
solution instead of regular drinking water, starting in the 6th week of the animal experiments.

Measurements

Body Weight and Lee’s Index

The body hair and activity of the rats were observed daily. Subsequently, the body weight (g) and length (cm; the length
from the incisors to the anus) were used to calculate Lee’s index according to the following formula:

Lee's index = +/(body weight (g) * 1000/nose to anus length (cm))

Serum Biochemical Testing

Four weeks after intervention, all rats were fasted overnight for 8 h. Subsequently, rats were anesthetized with 2%
sodium pentobarbital (50 mg/kg). Blood samples were obtained from the abdominal aorta and centrifuged at 2000 rpm
for 10 min. Then, the supernatant was collected and stored at 4°C until biochemical analysis. The concentrations of total
cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), and low-density lipoprotein (LDL) in the serum
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Figure 2 Mouse acupoint diagram.

were determined using commercial kits purchased from Mindray (No. 141621008, 141,721,007, 142122006, and
142022005). All experiments were performed according to the manufacturer’s instructions.

Enzyme-Linked Immunosorbent Assay (ELISA)

Colon tissue samples were homogenized using 9x homogenate media, followed by centrifugation at 3000—4000 rpm for
10 min. Then, the supernatant was collected to prepare a 10% tissue homogenate. The homogenates of colon tissue were
used to perform ELISA to determine the concentration of 5-HT in colon tissues and of inducible nitric oxide synthase
(iNOS), tumor necrosis factor-o. (TNF-a), interleukin-10 (IL-10), interleukin-6 (IL-6), and interleukin-1f (IL-1p) in the
serum. ELISA kits were purchased from Elabscience (No. gxNLCPY8HO, oFdZgbC024, aFdZgbD026, 9hSfs5QL06,
ShUfs8QLO07, Jq4Gr5tr40, Hq4Ar8tr49, DRzhBy74HY, DUzjOy76HP, FZAtokjDF2, and TZNtmkjDY?9).

Liver and Colon Histopathology

Liver tissues were fixed using 4% paraformaldehyde, trimmed, dehydrated, paraffin-embedded, stained with hematoxylin
and eosin (HE), sliced, and subsequently sealed, adhering strictly to the SOP. A blinded pathologist evaluated the liver
histological sections under 100% and 200% magnification. Paraffin-embedded sections of colon tissue were dewaxed,
stained with hexamidine silver (G1059; Servicebio Co., Ltd), and subjected to tissue acidification, incubation, color
development, dehydration, and sealing. A blinded pathologist evaluated the histological tissue sections under 200x

magnification.
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16S rRNA Metagenomic Sequencing

Total genomic DNA was obtained from each group. Fresh fecal pellets were collected from each group both prior to
electroacupuncture treatment and euthanasia. Amplification was performed using specific primers with a barcode (16S
V3+V4). Libraries were constructed using the Illumina TruSeq DNA PCR-Free Library Preparation Kit. The constructed
libraries were subjected to Qubit quantification, library detection, and sequencing using NovaSeq 6000. The raw
sequencing data (raw data) exhibits a certain proportion of interference data (dirty data). To ensure the accuracy and
reliability of the analysis, we subjected the raw data to assembly and filtering to obtain valid data (clean data).
Subsequently, the valid data was subjected to noise reduction using DADA 2 or deblur (DADA 2 by default), and the
sequences with an abundance of <5 were excluded to obtain the final set of amplicon sequence variants (ASVs). For the
resultant ASVs, one approach involved annotating the representative sequence of each ASV to acquire the corresponding
species information and the abundance distribution of said species. Simultaneously, species relative abundance analysis,
alpha diversity computation, principal co-ordinate analysis (PcoA) based on Bray—Curtis distance, Venn diagram, and
species abundance clustering heat map analysis were conducted to determine species richness and evenness within
individual samples as well as the differences in community structure between different samples or groups.

High-Performance Liquid Chromatography (HPLC)

Fresh fecal pellets were collected from each group before euthanasia. The pellets were resuspended in 0.5% phosphoric acid,
followed by centrifugation for 10 min. Subsequently, an equal volume of ethyl acetate was added for extraction. The extracted
solution was centrifuged for 10 min, and 4-methyl valeric acid was added as the internal standard, mixed in a sample bottle,
and subjected to gas chromatography-mass spectrometry (GC-MS) for detection. The samples were separated using an
Agilent DB-WAX capillary column (30 m, 0.25 mm ID, 0.25 pum) in a gas chromatography system (Agilent 7890A/5975C
GC-MS). MSD ChemStation software was used to determine the peak area, retention time, curve, and SCFA content (acetic
acid, butyric acid, propionic acid, isobutyric acid, isovaleric acid, and capric acid) in the samples.

Statistical Analysis

GraphPad Prism 9.0 software was used for statistical analysis and the generation of statistical maps. Measurements were tested
for normality and chi-square, and the normal distribution was expressed as mean + standard deviation (x + s). Following the
confirmation of normality and homogeneity through variance analysis for each group’s data, analysis of variance (ANOVA)
was used for comparison between groups. In cases where homogeneity of variance and the normality assumption were
violated, a non-parametric test (Kruskal-Wallis) was employed. The Pearson correlation coefficient was applied for correla-
tion analysis conforming to the normal distribution, and the Spearman correlation coefficient was employed for correlation
analysis not conforming to the normal distribution. P<0.05 was considered to indicate statistically significant differences.

Results
Electroacupuncture Treatment Reduces Body Weight, Lipid Accumulation, and

Inflammatory Factor Levels in Obese Rats

Electroacupuncture Treatment Reduces Body Weight, Lee’s Index, and Appetite in Obese Rats

Throughout the experiment, rats in all groups displayed similar behavior and engaged in typical grooming activities. To
determine the effect of electroacupuncture on obesity, we measured the body weight of the rats before the commence-
ment of the experiments and subsequently on a weekly basis following the initiation of the experiments, amounting to
a total of 11 measurements. After 6 weeks, rats subjected to an HFD exhibited significantly higher body weight than rats
in the control group (Figure 3A). In detail, 24 rats (46.4%) gained 20% or more weight compared to the mean weight of
the rats in the control group. These 24 rats exhibiting high body weight were randomly assigned to the DIO or DIO+EA
groups (n=6). After 3 weeks of electroacupuncture treatment, the body weight of the rats in the DIO+EA group was
significantly lower than that of rats in the DIO group (P<0.05); however, their body weights were higher than that of rats
in the control group (P<0.05). After 4 weeks of electroacupuncture treatment, the body weight of rats in the DIO+EA
group exhibited a continued decrease compared with rats in the DIO group (P<0.05), and no statistically significant
difference was observed compared with the body weight of rats in the control group (Figure 3A). As shown in Figure 3B,
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Figure 3 Electroacupuncture treatment reduced body weight, Lee’s index, and appetite in obese rats.
Notes: (A) Weight change. (B) Lee’s index. (C) Comparison of body weight between the DIO and DIO+EA groups at weeks 6 and 10. (D) Comparison of Lee’s index between the
DIO and DIO+EA groups at weeks 6 and 10. (E) The mean feed intake during the experiment. Data are expressed as mean * standard deviation. “a” indicates control group vs DIO

group; “b” indicates control group vs DIO+EA group; and “c” indicates DIO group vs DIO+EA group with statistically significant differences (P<0.05, **P<0.01; n=6).

before the commencement of electroacupuncture treatment, rats in the DIO+EA and DIO groups exhibited a higher Lee’s
index than the rats in the control group (P<0.05), and no statistically significant difference was observed between the
DIO+EA and DIO groups. After 4 weeks of electroacupuncture treatment, Lee’s index of the rats in the DIO+EA group
was lower than that of the rats in the DIO group (P<0.05), and no statistically significant difference was observed
between the DIO+EA and control groups (Table 1-3). By comparing body weight and Lee’s index at the beginning of
electroacupuncture treatment (week 6) and at the end of electroacupuncture treatment (week 10), we found that both the
body weight and Lee’s index in the DIO group were higher at week 10 than at week 6 (P<0.01). Furthermore, no
statistically significant difference was observed between any of the groups (Figure 3C and D). As shown in Figure 3E, all
groups of rats had ad libitum access to food and water. After the commencement of electroacupuncture treatment, rats in
the DIO+EA group exhibited reduced food intake compared with the rats in the control group; therefore, the rats in the
DIO+EA group exhibited reduced appetite.

Table | Lee’s Index of Control Group

Week Control Group

0.00 1878 | 1832 | 17.62 | 17.79 | 17.57 | 18.03
1.00 1920 | 19.13 | 1891 | 19.12 | 18.69 | 19.18
2.00 19.94 | 20.12 | 20.10 | 19.75 | 19.80 | 20.15

3.00 21.25 | 20.99 | 20.58 | 20.07 | 20.61 | 20.36
4.00 21.90 | 21.53 | 22.04 | 20.73 | 21.50 | 21.57
5.00 2225 | 22.08 | 22.47 | 21.06 | 22.27 | 22.43
6.00 22.81 | 2222 | 23.32 | 21.34 | 22.59 | 23.12
7.00 23.11 | 22.53 | 23.29 | 21.23 | 22.53 | 23.49
8.00 23.12 | 23.05 | 23.62 | 21.61 | 22.66 | 23.34
9.00 2399 | 23.76 | 23.88 | 21.73 | 22.96 | 23.63
10.00 24.82 | 24.13 | 24.56 | 22.30 | 23.09 | 23.27
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Table 2 Lee’s Index of DIO Group

Week DIO Group
0.00 1727 | 1834 | 18.67 | 1833 | 17.86 | 18.04
1.00 19.24 | 19.98 | 20.48 | 20.05 | 19.67 | 20.03

2.00 20.16 | 21.39 | 22.00 | 20.83 | 20.54 | 20.61
3.00 21.43 | 22.62 | 22.77 | 21.44 | 22.00 | 21.69
4.00 2246 | 2426 | 23.66 | 22.48 | 22.40 | 22.63
5.00 21.99 | 2461 | 23.99 | 2431 | 23.18 | 23.18
6.00 2324 | 2493 | 24.52 | 24.83 | 23.90 | 24.00
7.00 2390 | 2530 | 25.17 | 24.92 | 2449 | 24.18
8.00 2443 | 25.61 | 25.78 | 24.95 | 24.55 | 25.01
9.00 24.64 | 25.76 | 25.87 | 25.52 | 25.39 | 25.38
10.00 25.17 | 26.03 | 26.13 | 26.05 | 26.04 | 25.59

Table 3 Lee’s Index of DIO+EA Group

Week DIO+EA Group

0.00 18.01 | 1857 | 1797 | 17.72 | 17.22 | 17.92
1.00 20.23 | 20.55 | 19.70 | 19.38 | 19.65 | 20.14
2.00 20.65 | 21.04 | 19.99 | 20.28 | 20.51 | 20.66
3.00 21.67 | 22.04 | 21.22 | 22.22 | 20.67 | 21.53
4.00 23.09 | 22.84 | 22.07 | 23.49 | 21.67 | 22.25
5.00 23.30 | 23.53 | 23.03 | 23.83 | 2296 | 23.26
6.00 2344 | 2429 | 2421 | 25.54 | 23.78 | 2442
7.00 23.60 | 24.51 | 24.00 | 25.44 | 23.85 | 24.56
8.00 23.94 | 2492 | 2446 | 2548 | 24.01 | 24.84
9.00 23.99 | 24.85 | 24.85 | 25.50 | 23.62 | 24.68
10.00 2401 | 24.68 | 2494 | 25.26 | 23.43 | 24.39

Electroacupuncture Treatment Reduces Serum TC and LDL Levels and Hepatic Lipid Accumulation in Obese Rats
The serum total cholesterol (TC) and low-density lipoprotein (LDL) levels were markedly increased in obese rats
compared with those in the control group (P < 0.01). After electroacupuncture treatment, the DIO+EA group showed
a reduction in both TC and LDL levels; however, these values remained significantly higher than those in the control
group (Figure 4B and C). In contrast, high-density lipoprotein (HDL) levels were significantly lower in the control group
than in the DIO and DIO+EA groups (P < 0.01). No statistically significant difference in HDL levels was observed
between the DIO and DIO+EA groups (Figure 4D). Furthermore, no statistically significant differences in the serum TG
levels were observed among the groups (Figure 4A). These results suggest that obesity in rats induced by an HFD results
in lipid accumulation in the serum, and electroacupuncture treatment reduces blood lipid levels in obese rats. HE staining
of liver tissues showed that the liver structure in the control group was normal with clear sinusoids. However, the liver
sections from the DIO group exhibited obvious hepatocyte steatosis and substantial vacuolation in the cytoplasm.
Following electroacupuncture treatment, we observed microbubble steatosis in the liver and minimal circular vacuoles
in the cytoplasm (Figure 4E). The liver histopathological changes demonstrated that electroacupuncture treatment
reduces hepatic lipid accumulation in obese rats.

Electroacupuncture Treatment Reduces the Levels of the Serum Inflammatory Factors TNF-a and IL-1f in
Obese Rats

Currently, obesity is recognized as a chronic state characterized by low-grade inflammation. Inflammation is one of the
key processes in the development of diseases associated with insulin resistance, diabetes, and obesity.”' As shown in
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Figure 4 Electroacupuncture treatment reduces lipid accumulation in obese rats.
Notes: (A) TG. (B) TC. (C) LDL. (D) HDL. (E) HE-stained liver pathological tissues under 100% and 200x magnification. Data are expressed as mean * standard deviation
(**P<0.01; n=6).

Figure 5, an analysis of serum pro-inflammatory factors, namely TNF-a, IL-1p, IL-6, and iNOS, showed that the levels of
TNF-a and IL-1p were significantly higher in the DIO group than those in the control group (P<0.01). Conversely, TNF-
a levels in the DIO+EA group were lower than those in the DIO group subsequent to electroacupuncture treatment
(P<0.05). IL-1PB levels in the DIO+EA group were also lower than those in the DIO group (P<0.01). No statistically
significant differences were observed in the IL-6 and iNOS levels between the groups (Figure SA-D). As shown in
Figure 5E, the serum levels of the anti-inflammatory factor IL-10 were significantly higher in the control group than
those in the DIO group (P<0.05). These results suggest that the levels of certain inflammatory factors are elevated in
obese rats and that electroacupuncture reduces their levels.
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Figure 5 Electroacupuncture treatment reduces the serum levels of inflammatory factors in obese rats.
Notes: (A) Serum TNF-o. (B) Serum IL-6. (C) Serum iNOS. (D) Serum IL-1 B. (E) Serum IL-10. Data are expressed as mean # standard deviation (**P<0.01, *P<0.05; n=6).

3002 s Diabetes, Metabolic Syndrome and Obesity 2025:18



Zhang et al

Number, Abundance, and Structure of Intestinal Flora are Altered in Obese Rats, and

Electroacupuncture Treatment Regulates Intestinal Flora Changes in Obese Rats

As shown in Figure 6D, the Venn diagram comparing the number of ASVs in each group showed 3784 ASVs in the control
group, 1624 ASVs in the DIO group, and 3890 ASVs in the DIO+EA group. The number of bacterial gene sequences in the DIO
group was significantly reduced. Moreover, as shown in Figure 6A and B, the microbial diversity was reduced in the DIO group.
However, the microbial diversity in the DIO+EA group was restored following electroacupuncture treatment, with a statistically
significant difference in the Chaol index of alpha diversity (P<0.05), although no statistically significant difference was observed
in the Shannon index. To determine the differences in intestinal flora between the groups, we conducted a PcoA based on Bray—
Curtis distance. The microbial community structure in the control and DIO groups, respectively, exhibited obvious clustering,
whereas the microbial community structure in the DIO+EA group was similar to that in the control and DIO groups (Figure 6C).
The relative abundance of microbial species was analyzed in each group, and the predominant species at the phylum level were
determined to be Firmicutes and Bacteroides. The six most prevalent groups in terms of relative abundance were Firmicutes,
Bacteroidota, Verrucomicrobiota, Proteobacteria, Euryarchaeota, and Actinobacteriota, and no statistically significant differ-
ences were observed between the groups. The top six consortia at the order level in terms of relative abundance were
Bacteroidales, Lachnospirales, Lactobacillales, Verrucomicrobiales, Peptostreptococcales-Tissierellales, and Oscillospirales.
The six most prevalent families in terms of relative abundance were Lachnospiraceae, Lactobacillaceae, Akkermansiaceae,
Peptostreptococcaceae, Succinivibrionaceae, and Bacteroidaceae. The six most prevalent genera in terms of relative abundance
were Lactobacillus, Akkermansia, Romboutsia, Anaerobiospirillum, Clostridium sen_ssu_stricto I, and Bacteroides. The six
most prevalent species-level consortia in terms of relative abundance were Lactobacillus faecis (L. faecis), archaeon_enrichment,
Prevotellaceae_bacterium, Prevotella_copri, wallaby gut, and Bacteroides fragilis (B. fragilis). We further analyzed the changes
at each level. The DIO group exhibited a decreased abundance of Lactobacillales, Lactobacillaceae, Lactobacillus, and L. faecis
at the order, family, genus, and species levels (P<0.05); however, microbes were increased following electroacupuncture
treatment in the DIO+EA group at the family and genus levels. The DIO group exhibited a significantly increased abundance
of Bacteroidaceae and Bacteroides (P<0.01). However, their abundance was significantly downregulated after electroacupunc-
ture treatment (P<0.01) (Figure 6E-O).

Electroacupuncture Affects L. faecis and B. fragilis and Improves Acetic Acid Levels
and 5-HT Secretion by Colonic ECC to Exert Anti-Obesity Effects

Electroacupuncture Affects the Levels of L. faecis, B. fragilis, and Acetic Acid

To analyze the intestinal flora that may be associated with obesity, we performed Spearman analysis to determine the
correlation between the percentage of the six most abundant species and obesity-related indicators. The results showed that
L. faecis was negatively correlated with TC, LDL, HDL, IL-1B, and body weight (P<0.05). B. fragilis was positively
correlated with TC, HDL, IL-1f, and TNF-a (P<0.05) (Figure 7A). L. faecis and B. fragilis were among the top six species
in terms of relative abundance in each group. The abundance of L. faecis in the DIO group was lower than that in the control
group but was restored in the DIO+EA group. Conversely, the abundance of B. fragilis was increased in the DIO group
(Figure 7B). Thus, L. faecis may be beneficial for weight loss, whereas B. fragilis exhibits stable abundance in obese rats.
Several studies have validated that the effect of intestinal flora on obesity may be mediated via microflora metabolites, ie,
SCFAs.?** As shown in Figure 7B, the SCFAs in each group were analyzed and compared with those in the control group. In
both the DIO and DIO+EA groups, SCFAs significantly decreased (P<0.01). Following electroacupuncture treatment, SCFAs
in the DIO+EA group increased compared with those in the DIO group. As shown in Figure 7C—H, analysis of the levels of the
SCFA acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, and hexanoic acid in each group revealed that
the control and the DIO+EA groups both exhibited acetic acid levels significantly higher than those in the DIO group
(P<0.01), whereas propionic acid, isobutyric acid, butyric acid, isovaleric acid, and hexanoic acid were not statistically
significantly different among the groups. Furthermore, we determined the correlation of acetic acid, propionate, isobutyrate,
butyrate, isovaleric acid, and caproate with body weight and found that only acetic acid was negatively correlated with body
weight (P<0.05) (Figure 71). Therefore, the anti-obesity effect of electroacupuncture may be associated with L. faecis,
B. fragilis, and the microflora metabolite acetic acid.
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Figure 6 Electroacupuncture treatment regulates the number, abundance, and structural changes of the intestinal microflora in obese rats.

Notes: (A) Chaol index of alpha diversity and beta diversity based on Bray—Curtis distance. (B) Shannon index of alpha diversity and beta diversity based on Bray—Curtis
distance. (C) PcoA analysis. (D) Number of ASVs in rats. (E) Relative abundance of microbes at the phylum level. (F) Relative abundance of microbes at the order level. (G):
Lactobacillales at the order level. (H) Relative abundance of microbes at the family level. (I) Lactobacillaceae at the family level. (J) Bacteroidaceae at the family level. (K)
Relative abundance of microbes at the genus level. (L) Lactobacillus at the genus level. (M) Bacteroides at the genus level. (N) Relative abundance of microbes at the species
level. (O) L. faecis at the species level. Data are presented as mean *
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Anti-Obesity Effect of Electroacupuncture May Be Closely Associated with L. faecis, B. fragilis, Acetic Acid,
and 5-HT Secreted by Colonic ECC

5-HT, a neurotransmitter and hormone, regulates intestinal movement and the intestinal endocrine system and is
closely associated with obesity. Colonic ECC primarily secretes 5-HT. In this study, the mean ECC counts in colonic
tissue sections in three fields of view at 200x magnification showed no statistically significant differences. However,
the ECC count showed a tendency to decrease in the DIO and DIO+EA groups (Figure 8A). Figure 8B depicts ECC in
colonic tissue sections of each group. As shown in Figure 8C, the DIO group exhibited lower 5-HT levels in the colon
compared to the control group, whereas the DIO+EA group demonstrated significantly higher 5-HT levels compared
to the DIO group (P<0.01). According to the findings of relevant studies, the gut microbiota stimulates 5-HT
production by ECC through SCFAs.>* Figure 8D illustrates the correlation between the contents of acetic acid,
isobutyric acid, butyrate acid, propionic acid, isovaleric acid, caproic acid, and 5-HT. We found that 5-HT was
positively correlated with acetic acid (P<0.05). This suggests that the anti-obesity effect of electroacupuncture may be
closely associated with 5-HT. We subsequently explored the correlation among the gut microbes, the microflora
metabolite acetate acid, and the enteroendocrine hormone 5-HT (Figure 8E). Correlation analysis of the relative
abundance of L. faecis and B. fragilis with acetic acid, 5-HT, and body weight showed that body weight was
negatively associated with L. faecis, acetic acid, and 5-HT, whereas L. faecis was positively correlated with 5-HT
(P<0.05). Moreover, B. fragilis was negatively correlated with 5-HT (P<0.05). These results suggest that electro-
acupuncture may exert anti-obesity effects by modulating L. faecis and B. fragilis and by upregulating acetic acid and
5-HT levels.

Antibiotics Inhibit the Anti-Obesity Effect of Electroacupuncture by Affecting the

Intestinal Microflora and Downregulating Acetic Acid and 5-HT

Antibiotics Inhibit the Anti-Obesity Effect of Electroacupuncture

To determine the effect of antibiotics on obese rats, we administered antibiotics to deplete the intestinal micro-
organisms in obese rats. Changes in body weight and lipid levels were monitored in the DIO, DIO+EA, DIO+Ab,
and DIO+Ab+EA groups. No statistically significant differences in body weight and Lee’s index were observed at
the beginning (week 6) among the DIO, DIO+Ab, and DIO+Ab+EA groups. However, by the end of the experiment
(week 10), body weight and Lee’s index in the DIO+EA group were lower than those in other groups (P<0.05)
(Figure 9A and B). Serum levels of TC, HDL, and LDL in the DIO+Ab and DIO+Ab+EA groups were not
significantly different from those in the DIO group. Serum levels of LDL in the DIO+Ab group were significantly
higher than those in the DIO+EA group (P<0.05) (Figure 8C-E). No statistically significant differences in serum
levels of TG were observed among all the groups (Figure 9F). As shown in Figure 9G, hepatocytes in the DIO+Ab
and DIO+Ab+EA groups exhibited steatosis, with several vacuolated fat-like cells visible in the cytoplasm, similar
to the changes in the liver of rats in the DIO group. As shown in Figure 9H and I, no statistically significant
differences in the inflammation indicators TNF-a and IL-13 were observed among the DIO, DIO+Ab, and DIO+Ab
+EA groups. However, TNF-a levels in the DIO+EA group were significantly lower than those in the DIO and DIO
+Ab groups, and IL-1B levels in the DIO+EA group were significantly lower than those in the other three groups
(P<0.05).

Antibiotics Inhibit the Anti-Obesity Effect of Electroacupuncture by Affecting the Intestinal Microflora and
Downregulating Acetic Acid and 5-HT

As shown in Figure 10, the Wayn diagram of the number of ASVs in the DIO, DIO+EA, DIO+Ab, and DIO+Ab+EA
groups showed a total of 1256 ASVs in the DIO group, 3890 ASVs in the DIO+EA group, 573 ASVs in the DIO+Ab
group, and 807 ASVs in the DIO+Ab+EA group. The number of gene sequences pertaining to microbial flora was
significantly reduced in obese rats following antibiotic intervention. Alpha diversity in both the DIO+Ab and DIO+Ab
+EA groups was lower than that in the DIO+EA group, with statistically significant differences in the Chaol index and
Shannon index (P<0.05). Moreover, the Shannon index of alpha diversity in the DIO+Ab and DIO+Ab+EA groups was
lower than that in the DIO group (P<0.05) (Figure 10B and C). To assess the differences in intestinal flora structure
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Figure 10 Antibiotics inhibit the anti-obesity effect of electroacupuncture by affecting intestinal flora and downregulating acetic acid and 5-HT levels.

Notes: (A) Venn diagram of ASVs in obese rats. (B) Chaol index of alpha diversity. (C) Shannon index of alpha diversity. (D) PcoA of beta diversity based on Bray—Curtis
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across the groups, we performed PcoA utilizing the weighted unifrac distance for beta diversity. The intestinal flora
structure in the DIO and DIO+EA groups was similar, as was that in the DIO+Ab and DIO+Ab+EA groups (Figure 10D).
The results showed that the administration of antibiotics to obese rats significantly reduced the number, structure, and
abundance of the intestinal flora. As shown in Figure 10E-G, at the species level, the relative abundance of L. faecis in
the DIO+Ab and DIO+Ab+EA groups was statistically significantly reduced (P<0.05). The analysis of acetic acid and
5-HT content in each group showed that the DIO+Ab and DIO+Ab+EA groups exhibited decreased levels of acetic acid
and 5-HT compared with the other groups (P<0.05) (Figure 10H and I). Spearman correlation analysis was performed to
compare the correlation of L. faecis and B. fragilis with acetic acid, 5-HT, and body weight across the control, DIO, DIO
+EA, DIO+Ab, and DIO+Ab+EA groups. The results showed that L. faecis was positively correlated with acetic acid and
5-HT and negatively correlated with body weight (P<0.05). Furthermore, B. fragilis was negatively correlated with acetic
acid and 5-HT while displaying a positive correlation with body weight (P<0.05). Moreover, the results also indicated
a positive correlation between acetic acid and 5-HT as well as a negative correlation between acetic acid and body weight
(P<0.05) (Figure 10J). The anti-obesity effect of electroacupuncture was inhibited by antibiotic intervention, and changes
in intestinal flora and the levels of acetic acid and 5-HT were diminished following antibiotic intervention, suggesting
that antibiotics may inhibit the anti-obesity effect of electroacupuncture by affecting the intestinal flora and down-
regulating acetic acid and colonic 5-HT content in obese rats.

Discussion

In this study, we demonstrated that electroacupuncture treatment affects the food intake of rats and effectively reduces the
intake of HFD and liver steatosis. Obesity is considered a chronic condition characterized by low-grade inflammation,
potentially associated with intestinal flora dysbiosis and impaired barrier function in obese rats.? In this study, obese rats
exhibited increased levels of TNF-a and IL-1B inflammatory factors alongside decreased levels of the anti-inflammatory
factor IL-10, which improved following electroacupuncture treatment. Our findings are consistent with prior research that
reported increased levels of IL-6, TNF-o, and IL-1pB in insulin-resistant obese rats.”®

Several animal experiments and clinical trials have validated that obesity and gut microflora are closely associated.?’
Recently, related studies have shown that individuals with obesity exhibit a higher proportion of Firmicutes and that the
proportion of Firmicutes/Bacteroides tends to increase as the body mass index increases.”® However, our study showed
no significant differences in the abundance of Firmicutes and Bacteroidetes between obese and normal rats. Consistent
with the findings of most trials, the number, diversity, and richness of the gut microbiota in obese rats in this study were
reduced.”> Most studies suggest that Lactobacillus acidophilus, a member of the Lactobacillus genus, can alleviate
obesity, reverse intestinal dysbiosis induced by an HFD, maintain intestinal barrier integrity, and reduce chronic low-
grade inflammation associated with obesity.>>*® While limited research has been conducted on L. faecis, the results of
this study might provide novel therapeutic targets for subsequent investigations into the effects of this species on obesity.

Analysis of the relative abundance of Bacteroidaceae and Bacteroides at the family and genus levels in this study and
relevant clinical studies have shown that B. fragilis is positively correlated with obesity.>' A fixed dietary pattern might
lead to a lack of competition for other intestinal symbioses, thereby leading to the overgrowth of Bacteroides.’
Moreover, B. fragilis, a commensal gram-negative obligate anaerobic bacterium, might cause a range of diseases
involving a permeable intestinal barrier.®* Disorders associated with intestinal permeability and increased inflammation
could contribute to the advancement of obesity.>* We found that the correlations among B. fragilis, body weight, and
inflammatory factors were consistent with the findings of the aforementioned study.

Antibiotics are often used to assess the effects of gut microbes on the host.*> In this study, antibiotic intervention inhibited
the anti-obesity effect of electroacupuncture in the DIO and DIO+EA groups. Moreover, the anti-obesity effect was validated
by the improvement in the structure, quantity, and abundance of microbes in the obese rats, characterized by an increased
number of probiotic microbes and decreased colonization. These findings provide support for further exploration into the
specific mechanisms by which electroacupuncture exerts its anti-obesity effect via the gut microbiota.

The metabolite SCFAs exerts notable beneficial effects on energy metabolism, intestinal homeostasis, and the regulation of
immune responses. In obesity and metabolic diseases, aberrant production of SCFAs has been observed.*® Relevant studies have
shown that acetic acid, an SCFA, can mitigate obesity and obesity-related type 2 diabetes.’” Supplementation of exogenous acetate

3010 https: Diabetes, Metabolic Syndrome and Obesity 2025:18



Zhang et al

in the diet has been suggested as a promising novel strategy for the prevention and management of obesity.>® A study on obesity
elucidated that Bifidobacterium fragilis in the gut might contribute to obesity progression, in part by lowering acetic acid levels.*’
In this study, the levels of SCFAs and acetic acid were significantly decreased in obese rats, and electroacupuncture treatment
upregulated the levels of SCFAs and acetic acid, indicating that the mechanism underlying the anti-obesity effects of electro-
acupuncture may involve acetic acid. SCFAs are the primary signaling molecules that mediate microbial communication through
ECC. Moreover, the gut microflora metabolite SCFAs maintains a balance between the synthesis and secretion of 5-HT by
ECC.1639

5-HT, a neurotransmitter and hormone, regulates intestinal endocrine secretion and intestinal motility. This intestinal
peptide, associated with intestinal motility and the enteroendocrine system, is closely associated with obesity.***' The
majority of 5-HT (>90%) is produced by ECC in the gut.** Nevertheless, the correlation of the SCFA acetic acid with
5-HT has received less research attention. This study showed that electroacupuncture treatment influences the intestinal flora
and that acetic acid, 5-HT, and body weight are strongly correlated. Investigations into acetic acid highlight that Lactobacillus
sp. produces acetic acid.** Consistent results were observed in the present study, ie, electroacupuncture treatment increased the
abundance of Lactobacillus sp. and the levels of acetic acid in obese rats. Therefore, this study is the first to demonstrate that
electroacupuncture may regulate body weight by affecting the abundance of L. faecis and B. fragilis, as well as the levels of
acetic acid and 5-HT secretion by colonic ECC. Further validation of these findings is warranted.

Conclusion

Through examination of the intestinal flora and the primary metabolites associated with obesity, we found that
electroacupuncture treatment exerts anti-obesity effects by modulating the intestinal flora and influencing acetic acid
levels and the secretion of 5-HT by colonic ECC cells. L. faecis and B. fragilis in the intestinal flora hold promise as
potential targets for the treatment of obesity in the future.
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