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Introduction: The study objective was to investigate the effects of electroacupuncture performed at the he-sea and front-mu
acupoints on the intestinal microflora and intestinal barrier in db/db mice and to explore the related mechanism in type 2 diabetes
mellitus.

Methods: Db/m mice in the normal control group (NOC), electroacupuncture group (EA), metformin group (MET) and T2DM group
(T2DM) were used as model controls, and db/db mice were used in all three groups, with 8 mice in each group. The treatment period
was 2 weeks. Fasting blood glucose (FBG) and triglyceride (TG) levels were measured. Lipopolysaccharide (LPS) and tumor necrosis
factor-a (TNF-a) levels were detected by enzyme-linked immune sorbent assay (ELISA). The ileal tissue was stained with
hematoxylin-eosin staining (H&E), and histopathological changes were observed under a light microscope. Illumina sequencing
was used to analyze the V4 region of the 16S rRNA gene to evaluate the effect of EA on the intestinal flora.

Results: Our results suggest that EA treatment can reduce the expression of diabetes-related markers, with an effect similar to that of
metformin. After EA intervention, the abundance of Firmicutes and the ratio of Firmicutes to Bacteroidetes increased, while the
abundances of Bacteroidetes and Eubacterium decreased. In addition, the serum levels of LPS and TNF-a in the electroacupuncture
group were downregulated, and ileal tissue damage was alleviated under an electron microscope.

Conclusion: EA combined with acupoints can restore the intestinal flora structure, decrease the blood LPS level, reduce levels of
inflammation, maintain the integrity of the intestinal barrier, and play a therapeutic role in the treatment of T2DM, mainly by
increasing the abundance of Firmicutes and the ratio of Firmicutes to Bacteroidetes and decreasing the abundances of Bacteroidetes
and Eubacterium.
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Introduction

Diabetes mellitus (DM) is a metabolic clinical syndrome characterized by long-term hyperglycemia, and its development
is mainly due to two factors: insulin deficiency in pancreatic beta cells and insulin resistance.'” Type 2 diabetes mellitus
(T2DM) patients account for the majority of the total number of people with diabetes with a proportion of over 95%.> It
is estimated that by 2045, the number of people living with diabetes will reach 700 million, posing a global health risk.*
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The gut microbiome is a complex system of trillions of bacteria, fungi and viruses.” The intestinal microbiota plays
a variety of roles in host metabolism, such as promoting immunity® and maintaining lipid metabolism homeostasis,’
which contribute to the occurrence and development of diabetes.® The human intestine is an important barrier, and the
intestinal flora, as a relatively complete ecosystem, can affect the function of the intestinal mucosal barrier.”'® When the
metabolic status of T2DM patients is abnormal, the intestinal microbiota is unbalanced, the intestinal epithelial cell
structure is destroyed, intestinal mucosal permeability is increased, the release of LPS is promoted, and inflammatory
factors enter the circulation, ultimately leading to a weak inflammatory state.'' A low-grade inflammatory state is an
important factor causing insulin resistance.'? The prevention of inflammatory diseases may be an effective way to
improve insulin resistance.'® Therefore, reducing levels of inflammation and maintaining the integrity of the intestinal
microflora and intestinal mucosal barrier are very important in improving insulin resistance and T2DM treatment.'*

Studies have shown that acupuncture not only promotes weight loss and hypoglycemia in patients with T2DM but
also improves insulin resistance and regulates the levels of metabolic indicators, thus improving and treating type 2
diabetes.'>'® ST36 (Zusanli) is the lower he-sea acupoint of the gastric meridian. RN12 (Zhongwan) is the gastric
meridian point; this point has a large number of Zang qi collections and is used for the treatment of fu disease. Acupoint
compatibility refers to the fact that in acupuncture treatment, when two or more acupoints are used simultaneously, the
curative effect can be enhanced. ST36 and RN12 are good targets for the treatment of fu disease.'” Our research
grouplg’lg has confirmed that electricity can regulate inflammation and insulin resistance and that electroacupuncture can
regulate the function of Zang-Fu organs. In this experiment, the effect of electrical treatment on the composition of the
intestinal microflora in db/db mice was studied, and H&E staining of the ileum was performed to detect serum LPS and
TNF-a levels with the aim of studying the effects of combined electroacupuncture and acupoints on the intestinal
microflora, intestinal barrier and inflammation in type 2 diabetes mellitus and to further explore the potential mechanism.

Materials and Methods

Animals

Twenty-four male db/db mice and eight db/m mice (1823 g, 67 weeks) with specific pathogen-free (SPF) status were
selected for this study. The mice were provided by Changzhou Kavins Experimental Animal Co., Ltd. (License No. SCXK
(Su) 2016-0010). The mice were raised in the animal room of the Chuangshi Building at Changchun University of Chinese
Medicine. The temperature was maintained at 22 + 2 °C, and the relative humidity was 50-60%. Sterilized food and water
were provided ad libitum. The cage and cushion materials were autoclaved, and the cage and animal room were cleaned and
disinfected regularly for adaptive feeding for 1 week. Twenty-four db/db mice were randomly divided into the electroacu-
puncture group (EA) (n=8) for electroacupuncture treatment, the metformin drug group (MET) (n=8) for drug therapy, and the
type 2 diabetes mellitus group (T2DM) (n=8) as the model control group, and 8 db/m mice were used as the normal control
group (NOC) (n=8). All animal experiments were conducted in accordance with China’s Animal Care Guidelines and
internationally recognized standards for the use of experimental animals, and they were reviewed and approved by the
Ethics Committee of Animal Experiments of Changchun University of Chinese Medicine (Ethics Code: 2021206).

Animal Treatment

In the EA group, the ST36 (bilateral) and RN 12 acupuncture points were identified according to the experimental acupuncture
point map.*® Acupuncture needles were obtained from Andy Medical Equipment Co., Ltd. (Guizhou, China). After anesthesia
was administered with 1% isoflurane (Shenzhen Rayward Life Technology Co., Ltd., Shenzhen), electroacupuncture at ST36
and RN12 was performed 3 mm deep. A Huatuo SDZ-V electroacupuncture apparatus (Suzhou Medical Device Factory,
China) was used to connect the same side of the acupuncture point with a 3 Hz (frequency ratio 1:5) expansion wave, with
a current of 1 mA. The amount of stimulation was measured according to the endurance of the mice. Each electroacupuncture
treatment lasted 20 minutes. In the MET group, metformin (Sino-American Shanghai Squibb Pharmaceutical Ltd., National
Batch Number: H20023370) was administered orally at 200 mg/kg/d." Animals in the T2DM group and NOC group were not
treated. The experimental treatment was administered 6 days a week with 1 rest day for 2 consecutive weeks. Before treatment
and on rest days after treatment, the mice were weighed, and FBG levels were measured with a glucose meter (OneTouchTwo,
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Roche, Germany). Stool samples from 4 randomly selected mice were collected in sterile cryopreservation tubes on the second
rest day (7 am to 11 am) after 2 weeks of treatment. The samples were placed in a —80 °C freezer for analysis. After the feces
were collected, the mice were fasted for 12 hours beginning at 8 p.m. on the same day, and the oral glucose tolerance test
(OGTT) was performed at 8 a.m. the next day. Glucose levels in caudal vein blood samples were measured immediately after
oral disinfection of glucose solution (2 g/kg, Sigma—Aldrich, USA) and then at 0, 0.5, 1, 1.5, and 2 hours. The area under the
curve (AUC) that was achieved using the OGTT values was calculated from the measured values. After the above tests were
completed, the mice were anesthetized, blood was collected, and ileum tissues from 4 mice were randomly collected
(Figure 1).

Determination of Diabetes-Related Indices and Detection of LPS and TNF-a Levels by
ELISA

Serum insulin, serum total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-
density lipoprotein cholesterol (HDL-C) levels were determined. A mouse TNF-o ELISA Kit (Beyotime) was used to
determine the serum concentrations of TNF-a (Huangshi Yanke Biotechnology Co., Ltd., Product number: CK-E20852)
and LPS (Huangshi Yanke Biotechnology Co., Ltd., Product number: CK-E31044). The insulin resistance (HOMA IR)
index was calculated as (FBG value x FINS value)/22.5.

6S rDNA Sequencing

Primers 515F (5'-GTGYCAGCMGCCGCGGTAA-3") and 806R (5-GGACTACHVGGGTWTCTAAT-3') were used to
amplify a slightly modified version of the V4 region of the gene for the bacterial small subunit (16S) rRNA. The 5’
primer ends were affixed with a specific barcode for each sample and a universal sequencing primer. After PCR
amplification, the purified amplicon was collected for normalization and peer sequencing (2 x 250) using a standard

Illumina HiSeq 2500 platform protocol.
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Histopathological Examination
The fixed ileal tissue was removed, dehydrated using conventional methods, embedded in paraffin, and sliced at
a thickness of 5 pum. Observation was performed under an optical microscope (Nikon, Nikon Eclipse E100, Japan).

Statistical Analysis

Data are expressed as the mean + standard error (SD) for each group. ANOVA was used to detect differences in each
group, and the LSD test was used for multiple groups. Results with P values of < 0.05 were considered statistically
significant.

Results
Diabetes-Related Indicators in db/db Mice

We evaluated the effect of electrotherapy on insulin resistance and dyslipidemia. After 2 weeks of intervention, food
intake and water intake, body weight and blood glucose levels were lower in the EA and MET groups than in the model
group (Figure 2A-D). The OGTT curve showed that fasting glucose levels were lower in the EA and MET groups than in
the T2DM group at different time points (Figure 2E). In addition, the AUC in the T2DM group was higher than that in
the EA group and MET group (Figure 2F). There was no significant difference between the EA group and MET group.
These results suggest that EA can improve abnormal glucose tolerance in db/db mice, similar to the effect of MET.

After 2 weeks of intervention, the fasting insulin level and Homeostatic Model Assessment for Insulin Resistance
(HOMA-IR) index values in the EA group and MET group were lower than those in the T2DM group (Figure 3A and B).
TC and TG levels decreased (Figure 3C and D), HDL-C levels significantly increased (Figure 3E), and LDL-C levels
significantly decreased (Figure 3F). The effects were similar in the EA group and the MET group. These findings
suggested that dyslipidemia and islet resistance in T2DM can be improved after EA and MET treatment. There was no
difference in improvement between the two groups.

Regulation of the Intestinal Microflora by Electroacupuncture

Obvious clustering for each group was shown by principal component analysis (PCA) based on the Bray—Curtis distance
(Figure 4A). The relative abundances of the first two primary phyla (Firmicutes and Bacteroidetes) in each group
changed significantly (Figure 4B and C). The Firmicutes abundance was lower in the T2DM group than in the NOC
group, while the Bacteroidetes abundance was higher (Figure 4D). After EA and MET treatment for 2 weeks, Firmicutes
abundance was higher and Bacteroidetes abundance was lower in the EA and MET groups than in the T2DM group
(Figure 4E and F); in addition, the ratio of Firmicutes to Bacteroidetes increased after EA and MET treatment for 2
weeks (Figure 4G). We also found specific changes at the genus level in the intestinal microbiome. We found changes in
a variety of bacteria, especially Eubacterium (Figure 5A). The abundances of Eubacterium in the T2DM groups were
significantly higher than that in the NOC group. After EA treatment for 2 weeks, Eubacterium abundance was lower in
the EA groups than in the T2DM group, while there was no significant difference in the abundance of Eubacterium
between the T2DM groups after MET treatment (Figure 5B). In conclusion, taxonomic analysis suggests that EA
treatment can modulate the structure of the dysregulated intestinal flora in T2DM mice and restore it to a normal state.

lleal Tissue Damage Was Repaired by Electroacupuncture, and Serum LPS and TNF-a

Levels Were Downregulated

In the NOC group, the villi of the colon tissue were arranged neatly and exhibited a normal structure. Unlike those in the
NOC group, the villi in the T2DM group were disordered, with marked mucosal inflammation, goblet cell and epithelial
damage, and marked inflammatory cell infiltration (red arrow). Unlike in the T2DM group, the integrity of the intestinal
barrier was significantly improved in the EA group and MET group, and levels of inflammatory cell infiltration were
reduced (Figure 6A). In addition, serum LPS and TNF-a levels were measured to assess systemic inflammation. Serum
LPS and TNF-a concentrations in the T2DM group were significantly higher than those in the NOC group, but after 2
weeks of treatment with EA and MET, LPS and TNF-a concentrations were significantly lower, with no significant
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Figure 2 General indicators of diabetes in each group. (A) Food intake. (B) Water intake. (C) Body weight. (D) FBG levels. (E) OGTT. And (F) AUC. Data are shown as
the mean * SD values. *P < 0.05, **P < 0.0l (n = 8).

difference between the two groups, suggesting that EA and MET reduce the levels of systemic inflammation and repair
intestinal wall damage (Figure 6B and C).

Correlations Between the Gut Microbiota and Metabolic Parameters in T2DM
Correlation heatmap analysis was used to evaluate the correlations between intestinal microbiota and T2DM-related
indexes, including body weight, FBG levels, FINS, HOMA-IR, TC levels, TG levels, LDL-C levels, HDL-C levels, LPS
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Figure 3 Related indicators of diabetes mellitus in each group. (A) FINS. (B) HOMA-IR. (C) TC levels. (D) TG levels. (E) HDL-C levels. (F) LDL-C levels. Data are shown
as the mean * SD values. *P < 0.05, **P < 0.0l (n = 8).

levels, and TNF-a levels (Figure 7). According to the heatmap, Firmicutes abundance and F/B were negatively correlated
with T2DM-related indices (contrary to HDL-C), while Bacteroidetes abundance was positively correlated with T2DM-
related indices (contrary to HDL-C) (contrary to HDL-C).
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Discussion

The basic pathogenic mechanism underlying DM is dryness-heat due to yin deficiency.?* In recent years, there has been
research progress on the therapeutic effect of acupuncture on T2DM and insulin resistance (IR). ST36 is the lower he-sea
acupoint of the gastric meridian, which can regulate the function of meridians and eliminate pathogens. RN12 is the
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Figure 5 Differences in the composition of the gut microbiota at the genus level among each group. (A) Stacked bar chart. (B) Eubacterium. Data are shown as the mean +
SD values, **P < 0.01 (n = 4).

front-mu acupoint, with the effects of nourishing Yin, nourishing blood, and nourishing blood function. In this study, the
combination of the lower he-sea and front-mu acupoints, which is one of the commonly used acupoint selection methods
in acupuncture treatment, was mainly used for the treatment of corresponding fu diseases. Therefore, the combination of
the lower he-sea and front-mu acupoints were selected in this study as targets for treating type 2 diabetes.*

Db/db mice exhibit the characteristics of T2DM and are ideal animal models for the experimental study of T2DM.
They are widely used in animal experiments.** Therefore, we observed the effects of electroacupuncture performed at the
lower he-sea and front-mu acupoints on the intestinal flora and intestinal barrier of db/db mice and explored the
mechanism of action related to T2DM treatment. Previous studies have shown that after db/db mouse feces were
transplanted into germ-free mice, the body weight and blood glucose levels of the mice increased, and the blood lipids
were abnormal.? In this study, the body weight and blood glucose levels of the mice in the T2DM group increased, and
the blood lipids were abnormal, which was consistent with the results of previous studies. In this experiment, after EA
and MET treatment, all the above indicators were alleviated (Figure 2A-D), and glucose tolerance and dyslipidemia were
improved (Figure 3C—F). In addition, decreased serum insulin levels and improved insulin resistance were observed
(Figure 3A and B). Insulin resistance is one of the main pathologies underlying T2DM. Due to excessive levels of
proinflammatory cytokines, insulin resistance leads to impaired glucose transport and increased fat decomposition. Due
to the activation of the insulin response or insufficient insulin production, the body reacts by inappropriately increasing
glucagon levels, which further leads to hyperglycemia.”® Metformin is currently the most commonly used treatment for
T2DM. Patients with diabetes or who are obese or overweight can effectively reduce blood glucose levels, lose weight
and improve insulin resistance, which has a good therapeutic effect in patients with diabetes or obese diabetes.?’ In this
study, the efficacy of electroacupuncture performed at the lower he-sea and front-mu acupoints was similar to that of
MET in terms of weight loss, hypoglycemia, and improvement of insulin resistance, suggesting that electroacupuncture
performed at the lower he-sea and front-mu acupoints had a good ability to provide mechanical therapy for T2DM, which
was consistent with the results of previous studies.?*

The intestinal flora is located on the surface of the intestinal mucosa, and it is indispensable for human growth and
development, physiological processes and even disease states. The gut microbiota consists of approximately 500—1000
species of bacteria.’® The healthy intestinal flora mainly includes Firmicutes, Bacteroidetes, Proteobacteria and
Actinobacteria at the phylum level. The intestinal flora is involved in the occurrence and development of insulin
resistance and T2DM.?" It was found that the abundance of Firmicutes in the T2DM group was significantly lower
than that in normal controls, and the abundance of Bacteroidetes was higher. The study also found that in T2DM patients,
the ratio of Bacteroidetes to Firmicutes was significantly positively correlated with blood glucose concentration.* In this
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Figure 6 Pathological images of the ileum and serum inflammatory factors in each group. (A) H&E staining (n=4). Serum LPS (B) and TNF-a (C) levels were detected with
ELISA kits. Data are shown as the mean + SEM. *p < 0.0] (n = 8).

study, assessments of the composition of the intestinal flora showed that, at the phylum level, Firmicutes abundance was
higher and Bacteroides abundance was lower in the EA groups than in the T2DM group, (Figures 4E and F), and the ratio
of Firmicutes/Bacteroides was higher (Figure 4G). At the genus level, Eubacterium abundances in the T2DM groups
were significantly higher and lower after EA treatment than those in the T2DM group, while there was no significant
difference in the Eubacterium abundance between the T2DM groups after MET treatment (Figure 5B). At the phylum
level and genus level, the intestinal flora of db/db mice in the EA group was more similar to that in the NOC group than
the intestinal flora in the T2DM group. In conclusion, electroacupuncture performed at the lower he-sea and front-mu
acupoints can be used to regulate the composition of the intestinal microflora in T2DM mice and make it close to its
normal state.

LPS is an endotoxin that is present in the cell wall of gram-negative bacteria. T2DM under the condition of abnormal
glucose metabolism in patients with imbalances in the intestinal microflora and specifically in intestinal epithelial cells can
damage the intestinal structure; increase the permeability of the intestinal mucosa; impair the intestinal barrier; promote the
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release of LPS and the production of a large number of inflammatory cytokines, such as TNF-q, cause intestinal inflammation;
induce the entry of inflammatory factors into the circulatory system, leading to a systemic low-grade inflammatory state; and
decrease insulin sensitivity.** > In addition, LPS, when present in excess, binds to the CD14 protein as a ligand and binds
Toll-like receptor 4 (TLR-4) to activate transcription factors, such as nuclear transcription factor-kB, to generate immune
responses and induce inflammatory responses.*® Furthermore, CD14/TLR4 knockout mice were found to be more sensitive to
insulin than wild-type control mice.’’ Fei et al*® induced insulin resistance via subcutaneous injection of endotoxin in mice
and transplanted endotoxin-containing bacteria from the intestinal tract of obese mice into the intestinal tract of sterile mice,

resulting in insulin resistance in sterile mice. Huang et al*®

found that increased intestinal mucosal permeability leads to more
endotoxin entering the blood, which is one of the causes of diabetes in mice. Therefore, increased LPS levels trigger an
inflammatory response, increase intestinal mucosal permeability, cause insulin resistance, and ultimately lead to the occur-
rence and development of diabetes. In our study, ileal tissue from T2DM mice was severely damaged, as indicated by electron
microscopy. After EA treatment, ileal tissue damage was improved, as indicated by electron microscopy (Figure 6A). In
addition, LPS and TNF-a levels in the circulation were decreased in the EA groups (Figures 6B and C). Firmicutes abundance
and F/B were negatively correlated with LPS and TNF-a levels, while Bacteroidetes abundance was positively correlated with
LPS and TNF-a levels (Figure 7). These results suggest that EA can reduce inflammation, repair the integrity of the intestinal
barrier and regulate the structure of the intestinal flora, thus alleviating diabetes. These findings are consistent with those
observed in previous studies.***

A literature review showed that acupuncture performed at specific acupoints, including ST36, showed anti-inflammatory
properties.*' Another study showed that EA performed at the Zusanli point protects the intestinal barrier by regulating the gut
microbiome.** RN12 plays a benign role in weight loss and gastrointestinal motility.** According to our experimental results,
we believe that electroacupuncture performed at lower he-sea and front-mu acupoints, probably by regulating the intestinal
flora, repaired the intestinal structure of intestinal epithelial cells and reduced the permeability of the intestinal mucosa to
prevent a large number of lipopolysaccharides from entering the body circulation, thus improving the general, low-grade

inflammatory state and eventually improving insulin resistance.
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In the future, we hope to target the intestinal flora to provide more therapeutic options for acupuncture in the treatment of
diabetes. Thus far, the clinical treatment of diabetes mainly involves hypoglycemic drugs, but they have side effects, such as low
blood sugar levels and nausea. Traditional Chinese medicine acupuncture treatment exhibits very good control of blood sugar
levels, with few side effects, and it is inexpensive and easily accepted by patients. In the future, we hope that more in-depth
studies from the perspective of the intestinal flora will provide more targets for the treatment of T2DM with acupuncture.

Conclusions

Electroacupuncture performed at the lower he-sea and front-mu acupoints mainly targets the thick cell wall of bacteria (with
effects on gram-negative and gram-positive bacterial abundance) by upregulating the abundance of Firmicutes (gram-positive)
and downregulating the abundance of Bacteroidetes (gram-negative) to restore the structure of the intestinal flora, reduce the
circulating level of LPS, and reduce levels of inflammation to maintain the integrity of the intestinal barrier for the treatment of
T2DM. Therefore, in this study, EA technology was used in the treatment of T2DM, confirming that it has a similar therapeutic
effect to that achieved using metformin. Furthermore, the intestinal flora was targeted to elucidate the mechanism of action
underlying the effects of electroacupuncture performed at the lower he-sea and front-mu acupoints in the treatment of T2DM.
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