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Objective: This study aimed to investigate the impact of electroacupuncture (EA) on blood glucose levels, gut microbiota, short-chain fatty acids (SCFAs), and glucagon-like peptide-1 (GLP-1) in a rat model of type 2 diabetes mellitus (T2DM).

Methods: Forty Sprague–Dawley (SD) rats were randomly assigned to five groups (n = 8/group) using a random number table: normal control, T2DM model, electroacupuncture (EA), EA + antibiotics (EA + A), and antibiotics (A). The normal rats received a standard diet and saline gavage, while the other groups were fed a high-fat diet and emulsion. The EA + A and A groups received additional antibiotic solution gavage. The normal, model, and A groups were immobilized and restrained for 30 min, six times per week, for 4 weeks. The EA and EA + A groups received EA treatment at specific acupoints for 30 min, six times per week, for 4 weeks. EA parameters were continuous waves at 10 Hz and 1–2 mA. During the intervention, water and food consumption, body weight, fasting blood glucose (FBG), and oral glucose tolerance test (OGTT) were monitored. Pancreatic tissue was examined using hematoxylin and eosin (H&E) staining. Fecal microbial communities were analyzed by 16S rDNA sequencing, and short-chain fatty acids (SCFAs) were measured using gas chromatography–mass spectrometry (GC–MS). Serum levels of fasting insulin (FINS), glycated hemoglobin (HbA1c), and glucagon-like peptide-1 (GLP-1) were determined using enzyme-linked immunosorbent assay (ELISA).

Results: EA significantly improved daily water intake, food consumption, and body weight in T2DM rats (p < 0.01). EA also reduced FBG, the area under the curve of the OGTT, FINS, and homeostasis model assessment of insulin resistance (HOMA-IR) in T2DM rats (p < 0.05). The ELISA results showed a lower concentration of HbA1c in the EA group (p < 0.05). EA improved the overall morphology and area of pancreatic islets, increased the number of β-cell nuclei, and alleviated β-cell hypertrophy. The abundance of operational taxonomic units (OTUs) in the EA group increased than the model group (p < 0.05), and EA upregulated the Shannon, Chao1, and Ace indices (p < 0.05). EA increased the concentrations of acetic acid, butyric acid, and GLP-1 (p < 0.05). Correlation analysis revealed negative associations between Lactobacillaceae (R = −0.81, p = 0.015) and Lactobacillus (R = −0.759, p = 0.029) with FBG. Peptostreptococcaceae and Romboutsia were negatively correlated with HbA1c (R = −0.81, p = 0.015), while Enterobacteriaceae was positively correlated with OGTT (R = 0.762, p = 0.028). GLP-1 was positively correlated with acetic acid (R = 0.487, p = 0.001), butyric acid (R = 0.586, p = 0.000), isovaleric acid (R = 0.374, p = 0.017), valeric acid (R = 0.535, p = 0.000), and caproic acid (R = 0.371, p = 0.018). Antibiotics disrupted the intestinal microbiota structure and weakened the therapeutic effects of EA.

Conclusion: EA effectively improved glucose metabolism in T2DM rats. The hypoglycemic effects of EA were associated with the regulation of gut microbiota, SCFAs, and GLP-1.
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1 Introduction

Diabetes is characterized by hyperglycemia, resulting from insulin resistance (IR) and impaired insulin secretion by pancreatic beta cells. Due to unhealthy lifestyles and accelerated aging, the number of individuals with diabetes is increasing globally. According to the International Diabetes Federation, in 2021, 537 million adults (20–79 years old) worldwide had diabetes (10.5% prevalence), and this number is projected to rise to 643 million (11.3%) by 2030 and 783 million (12.2%) by 2045 (Sun et al., 2022). Among these, 90% of cases are type 2 diabetes mellitus (T2DM). In 2021, global diabetes-related healthcare expenditures reached US$966 billion (Sun et al., 2022). In China, age-standardized incidence, prevalence, and mortality rates for T2DM are 4,496.4/100,000, 201.1/100,000, and 9.2/100,000, respectively (Cheng et al., 2023). Currently, the primary clinical treatment for T2DM relies on oral hypoglycemic drugs and insulin injections (American Diabetes Association Professional Practice Committee, 2024). However, the efficacy of oral hypoglycemic drugs is limited due to drug tolerance (Díaz-Perdigones et al., 2022; Foretz et al., 2023), hepatic and renal toxicity (Kohler et al., 2017), and gastrointestinal side effects (Tong et al., 2023). Insulin injections are associated with hypoglycemia and weight gain (Satirapoj et al., 2020). Therefore, non-pharmacological therapies have received more attention.

Acupuncture has been shown to lower blood glucose levels, improve IR, reduce the need for hypoglycemic drugs/insulin, and alleviate adverse drug reactions. There is an increasing consensus suggesting that acupuncture can reduce blood glucose levels in T2DM by improving insulin sensitivity, ameliorating insulin resistance, inhibiting pancreatic β-cell apoptosis, and modulating insulin signaling pathways (Yingjie et al., 2020; Zhuang et al., 2022; Xu et al., 2022; Zhang et al., 2024). Meta-analyses have also demonstrated the effectiveness of acupuncture in reducing FBG and improving IR (Li et al., 2022). In addition, acupuncture can be used as an adjunctive therapy for hypoglycemic agents (Juntao et al., 2023). However, the hypoglycemic mechanism of EA remains unclear.

The intestinal microbiota plays a crucial role in various physiological processes, including metabolism, energy homeostasis, and immunity (Sanna et al., 2019; Zhernakova et al., 2016). Recent studies have demonstrated a strong association between the intestinal microbiota and the development and progression of T2DM (Sanna et al., 2019; Que et al., 2021). Clinical studies have shown that Lactobacillus is linked to low-density lipoprotein cholesterol in individuals with T2DM, and dietary interventions to modulate the intestinal Lactobacillus population can benefit diabetes, hyperlipidemia, and other metabolic disorders (Tingting and Dehong, 2012). Tong (2022). reported that fecal microbiota transplantation from T2DM mice increased the relative abundance of Bifidobacterium, Phascolarctobacterium, and Collisella while decreasing the relative abundance of Muribaculum, Ruminiclostridium_5, and Lachnospiraceae_FCS020_group. These changes were associated with reduced FBG and FINS, suggesting that the intestinal microbiota may be a potential therapeutic target for the prevention and treatment of T2DM.

Short-chain fatty acids (SCFAs) are the end products of dietary fiber and host glycan fermentation by the gut microbiota, essential for host physiology and health. Notably, a decrease in butyrate-producing bacteria is strongly associated with insulin resistance and the development of T2DM. As an important incretin, glucagon-like peptide-1 (GLP-1) regulates insulin secretion in a glucose-dependent manner, effectively reducing blood glucose and improving glucose metabolism disorders (Costes et al., 2021). GLP-1 receptor agonists have emerged as important drugs for managing obesity and T2DM (American Diabetes Association Professional Practice Committee, 2024). In addition, SCFAs combine with G protein-coupled receptors to promote GLP-1 secretion, which directly acts on pancreatic islet cells to maintain blood glucose stability (Tolhurst et al., 2012). SCFA supplementation has been reported to affect the satiety response mediated by GLP-1 and peptide YY (PYY) and promote insulin secretion, contributing to glucose homeostasis maintenance (Tolhurst et al., 2012; Christiansen et al., 2018). Zhao et al. found that diets rich in dietary fiber modulated the gut microbiota of T2DM patients, promoted butyric acid production, increased GLP-1 secretion, and ultimately improved glycated hemoglobin (Zhao et al., 2018). Probiotics increased SCFA-producing bacteria and SCFA levels, which enhanced insulin secretion through glucose-triggered GLP-1 secretion by upregulating G protein-coupled receptor 43/41 (GPR43/41), proglucagon, and proconvertase 1/3 activity (Wang et al., 2020). Han et al. documented that fecal microbiota transplantation (FMT) intervention increased the relative abundance of Bacteroides uniformis and Clostridium, decreased Mucispirillum schaedleri levels, and increased acetate and butyrate levels, GPR43 mRNA expression, and GLP-1 protein expression (Han et al., 2021). In summary, the intestinal microbiota metabolite SCFAs play a crucial role in connecting the gut microbiota to GLP-1.

Electroacupuncture (EA) has been shown to ameliorate metabolic disorders in obese rats by increasing beneficial bacteria and reducing harmful bacteria (Ding et al., 2023). Wang et al. (2022) observed that EA had a hypoglycemic effect and increased the abundance of Firmicutes and the ratio of Firmicutes to Bacteroidetes while decreasing the abundance of Bacteroidetes and Eubacterium. However, the mechanisms by which acupuncture affects SCFAs, regulates gut microbiota, affects SCFAs, stimulates GLP-1 secretion, and exerts a hypoglycemic effect remain unclear. Therefore, we hypothesized that EA reduces blood glucose by influencing gut microbiota, SCFAs, and GLP-1 in T2DM rats. To clarify the crucial role of gut microbiota and SCFAs in the hypoglycemic effect of EA treatment of T2DM, a pseudo-sterile model was established using antibiotic feeding.



2 Materials and methods


2.1 Reagents and consumables

Stainless acupuncture needles (25 mm × 0.25 mm) were purchased from Suzhou Medical Supplies Factory Co., Ltd., China. EA apparatuses (HANS-200) were obtained from Nanjing Jisheng Medical Technology Co., Ltd., China. A blood glucose meter and blood glucose test paper were provided by Sinocare Company, China. Cholesterol, sodium deoxycholate, Tween-80, propylene glycol, and sucrose were obtained from Beijing Solarbio Science & Technology Co., Ltd., and lard was mixed to prepare a high-fat emulsion. Citric acid and sodium citrate were purchased from Sigma-Aldrich, China. Streptomycin sulfate and penicillin were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. High-fat feeds were purchased from Chengdu Dossy Experimental Animal Co., Ltd. The enzyme-linked immunosorbent assay (ELISA) kits for fasting insulin (FINS), glycated hemoglobin (HbA1c), and GLP-1 were supplied by MEIMIAN, Jiangsu Feiya Biological Technology Co., Ltd.



2.2 Animal model

Forty male Sprague–Dawley (SD) rats, aged 8 weeks and weighing 200 ± 20 g, were purchased from Beijing Si Pei Fu Laboratory Animal Co., Ltd. (Production License: SCXK(Jing)2019–0008). All animal procedures were approved and supervised by the Animal Ethics Committee of Chengdu Senwell Experimental Animals Co., Ltd. (License No. DOSSYLL20220420001). The entire experimental process adhered to the Guide for the Care and Use of Laboratory Animals (8th Edition) published by the U.S. National Institutes of Health (NIH) (National Research Council Committee, 2011) and the Guideline for the Chinese Specifications in the Care and Use of Laboratory Animals. All animals were housed under controlled conditions: temperature (23 ± 1°C), relative humidity 50–60%, and a 12-h light/12-h dark cycle. Food and water were provided ad libitum.

After 1 week of adaptive feeding, the rats were randomly assigned to two groups: a normal group (n = 8) and a model group (n = 32) using a random number table. The normal group was fed a standard diet and received 3 mL/day of 0.9% sodium chloride solution. The model group was fed a high-fat diet and received 3 mL/day of a high-fat emulsion, 6 days/week for 4 weeks. In addition, the model group was intraperitoneally injected with 2% streptozotocin (STZ) at a dose of 30 mg/kg (Manaer et al., 2015). Seventy-two hours post-STZ injection, random blood glucose levels were measured from tail-tip blood samples, and an oral glucose tolerance test (OGTT) was performed. Three days later, random blood glucose levels were measured again. The model of T2DM was considered successfully established if both the previous two random blood glucose levels exceeded 16.7 mmol/L (Zhou et al., 2023) and the 2-h OGTT blood glucose level exceeded 11.1 mmol/L.



2.3 Animal grouping and intervention

Eight male SD rats were designated as the normal control group. T2DM model rats were randomly assigned to four groups (n = 8/group): model, electroacupuncture (EA), EA combined with antibiotic (EA + A), and antibiotic (A) groups, using a random number table. The rats in the EA + A and A groups received daily oral gavage of 2 mL antibiotic solution (containing 4.0 mg/mL streptomycin and 2.0 mg/mL penicillin) and continued to have ad libitum access to the antibiotic solution.

We selected bilateral acupoints Zusanli (ST36), Sanyinjiao (SP6), and Weiwanxiashu (EX-B3). Acupoint localization followed established methods (WHO Regional Office for the Western Pacific, 2022; Medicine NAoTC, 2021): Zusanli, 0.3 cm below the fibular head at the muscle gap, posterior lateral to the knee joint; Sanyinjiao, 10 mm superior to the medial malleolus tip; Weiwanxiashu, 1.5 inches lateral to the lower spinous process of the 8th thoracic vertebra. Disposable stainless-steel needles were inserted 2 mm deep and connected to an EA apparatus (continuous wave, 10 Hz, 1–2 mA). EA and EA + A groups received 30-min EA treatment six times weekly for 4 weeks. The control (normal, model, and A) groups underwent 30-min restraint with the same frequency and duration. Before and after the intervention, we measured FBG and body weight of rats in all groups. In addition, we monitored daily water and food intake.



2.4 Sample collection

Blood was collected from the abdominal aorta and left at room temperature for 2 h. Then, the blood was centrifuged (3,000 rpm, 4°C, 15 min), and the serum was carefully collected and kept in liquid nitrogen and stored at −80°C for further analysis. Alcohol was used to sterilize the perianal area of the rats and press the abdomen, and fresh fecal samples were collected into sterile tubes. After collection, the samples were frozen in liquid nitrogen and stored at −80°C. Pancreatic tissue was fixed and preserved using a 4% paraformaldehyde solution for hematoxylin and eosin (HE) staining.



2.5 OGTT measurement and area under the curve calculation

After an 8-h fast, FBG levels were measured in rats. Subsequently, they received a 20% glucose solution (1 mL/100 g body weight) via oral gavage. Blood glucose levels were then measured and recorded at 30, 60, 90, and 120 min post-gavage, and the AUC of the blood glucose response was calculated.



2.6 FINS, HbA1c, GLP-1 measurement, and homeostasis model assessment-insulin resistance calculation

The concentrations of FINS, HbA1c, and GLP-1 were determined using an ELISA kit according to the manufacturer’s protocol. Absorbance (OD) values were measured at 450 nm and plotted against standard curves to obtain analyte concentrations. Following the determination of FINS concentration, HOMA-IR was calculated using the formula (FBG × FINS)/22.5.



2.7 HE staining

The pancreatic tissue was fixed in 4% paraformaldehyde, dehydrated in graded ethanol, embedded in paraffin, sectioned at 4 μm, deparaffinized in xylene and graded ethanol, stained with hematoxylin for 3 min, differentiated, washed, counterstained with eosin for 2 min, dehydrated, cleared, mounted with neutral gum, and examined microscopically (Nikon, Tokyo, Japan).



2.8 16S rDNA sequencing

DNA library sequencing was performed on the Illumina HiSeq™ 2500/4000 platform by Gene Denovo Biotechnology Co., Ltd., China. Stool DNA was extracted using HiPure Stool DNA Kits, followed by a quality assessment. PCR amplification targeted the V4 region of the 16S rDNA gene using specific primers 341F (5’-CCTACGGGNGGC WGCAG-3′) and 806R (5’-GGACTACHVGGGTATCTAAT-3′). Amplicons were purified using the AxyPrep DNA Gel Extraction Kit and quantified using the ABI StepOnePlus Real-Time PCR System (Life Technologies, Foster City, United States). Purified amplicons were pooled in equimolar and paired-end sequenced (PE250) on an Illumina platform according to the standard protocols. Raw reads were filtered to remove low-quality sequences and spliced to generate high-quality reads. These reads were clustered into operational taxonomic units (OTUs) at a 97% similarity threshold using the UPARSE pipeline (version 9.2.64). Chimeric sequences were removed using UCHIME, and the remaining effective reads were further analyzed. Representative sequences were selected from each OTU based on abundance. Community composition, indicator species, alpha diversity (Chao1, Ace, Simpson, and Shannon indices), and beta diversity (principal coordinate analysis, PCoA) analyses were conducted. The Chao1 and Ace indices estimate richness, while the Shannon and Simpson indices reflect species diversity. Linear discriminant analysis effect size (LEfSe) was used to identify biomarker flora with statistically significant differences in abundance between groups.



2.9 Fecal SCFAs measurement by gas chromatography/mass spectrometry

SCFAs, including acetate, propionate, butyrate, isobutyrate, valeric acid, isovaleric acid, and hexanoic acid, were detected using a Thermo Trace 1,300 gas chromatograph-ISQ7000 mass spectrometer (Thermo Fisher Scientific, United States). The GC program began with an initial temperature of 90°C, followed by a ramp to 120°C by 10°C/min, then to 150°C by 5°C/min, and until to 250°C by 25°C/min, sustained for 2 min. Mass spectrometric detection of metabolites was performed in single ion monitoring (SIM) mode with an electron energy of 70 eV. The concentrations of SCFAs were calculated from a standard linear regression curve.



2.10 Statistical analysis

All data were expressed as means ± standard deviation (Mean ± SD). Statistical analyses were conducted using SPSS 25.0 for data analysis and GraphPad Prism 8 for figure generation. Paired t-tests were used to compare pre-and post-intervention data within each group. One-way analysis of variance (ANOVA) was employed to compare means between multiple groups, followed by LSD post-hoc tests to identify specific significant differences. Bioinformatics analysis of 16S rDNA library sequencing data was performed using the online platform Omicsmart.1 A p-value of less than 0.05 was considered statistically significant.




3 Results


3.1 Effect of EA on body weight and consumption of water and diet in T2DM rats

Figure 1A illustrates significant alterations in daily water and food consumption across the experimental groups. Compared to the normal group, the model, EA, EA + A, and A groups exhibited substantial increases in both drinking and eating behaviors (p < 0.01). Notably, the EA group demonstrated a reduction in consumption relative to the model group (p < 0.01). Furthermore, the EA group’s consumption levels were significantly lower than those of the EA + A and A groups (p < 0.05).
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FIGURE 1
 Effect of EA on the body weight and consumption of water and diet. (A: Daily water/food intake; B: body weight.) **p < 0.01, *p < 0.05, vs. before treatment; △△p < 0.01, vs. normal group; ▲▲p < 0.01, vs. model group; ○p < 0.05, ○○p < 0.01, vs. EA group.


As shown in Figure 1B, prior to the intervention, the body weight of the model, EA, EA + A, and A groups significantly increased compared to the normal group (p < 0.05). However, no significant differences were observed between the model, EA, EA + A, and A groups themselves (p > 0.05), suggesting that a high-fat diet is responsible for the elevated body weight in T2DM rats.

Following a 4-week intervention period, a significant difference in body weight was observed among the groups. The normal group exhibited a significant increase in body weight compared to pre-intervention levels (p < 0.01). In contrast, the EA + A group and A group experienced significant decreases in body weight compared to pre-intervention levels (p < 0.05). Moreover, the EA group demonstrated a significantly higher body weight than the model group (p < 0.01). The EA + A group and A group exhibited significantly lower body weights than the EA group (p < 0.01).



3.2 Effect of EA on the FBG, HbA1c, and the AUC of OGTT of T2DM rats

Figure 2 illustrates the outcomes of FBG (A), HbA1c (B), and OGTT AUC (C). Before the intervention, the FBG and OGTT AUC levels in the model, EA, EA + A, and A groups were significantly higher than those in the normal group (p < 0.01). However, no significant difference in FBG was observed among the model, EA, EA + A, and A groups (p > 0.05).
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FIGURE 2
 Effect of EA on the FBG, HbA1c, and AUC of OGTT. (A: FBG; B: HbA1c; C: AUC of OGTT.) *p < 0.05, vs. before treatment; △△p < 0.01, vs. normal group; ▲p < 0.05, ▲▲p < 0.01, vs. model group; ○p < 0.05, ○○p < 0.01, vs. EA group.


After 4 weeks of intervention, the AUC of OGTT in the EA group decreased significantly compared to pre-intervention (p < 0.05). The model group exhibited significantly higher FBG, HbA1c, and AUC of OGTT levels than the normal group (p < 0.01). In contrast, the EA group showed significantly lower FBG, HbA1c, and AUC of OGTT levels than the model group (p < 0.05). Following oral antibiotic treatment of T2DM rats, the hypoglycemic effect of EA attenuated, leading to significant increases in FBG and AUC of OGTT in the EA + A and A groups than the EA group (p < 0.05). In addition, the concentration of HbA1c was significantly higher in the A group than in the EA group (p < 0.05).



3.3 Effect of EA on FINS and HOMA-IR of T2DM rats

Figure 3 displays the results for FINS and HOMA-IR, which were significantly higher in the model group than the normal group (p < 0.01). The EA group exhibited significantly lower FINS and HOMA-IR values than the model group (p < 0.05). Following oral antibiotic intervention, both the EA + A and A groups showed significantly higher FINS and HOMA-IR levels than the EA group (p < 0.01). These findings suggest that EA may mitigate insulin resistance in T2DM rats, with this therapeutic effect being attenuated by oral antibiotics.
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FIGURE 3
 Effect of EA on the FINS and HOMA-IR. △△p < 0.01, vs. normal group; ▲p < 0.05, ▲▲p < 0.01, vs. model group; ○○p < 0.01, vs. EA group.




3.4 Effect of EA on islet morphology in T2DM rats

The results of HE staining are presented in Figure 4. In the normal group, pancreatic islets exhibited a complete, oval structure with distinct boundaries. β-cells and nuclei within the islets displayed regular morphology and uniform distribution. In contrast, the model group showed irregular islet morphology, reduced islet area, indistinct borders, decreased β-cell nuclei, and compensatory β-cell nuclear enlargement. EA treatment partially alleviated these pathological changes. However, in the EA + A and A groups, pancreatic islet morphology remained irregular, islet area was reduced, and β-cells were disorganized. These findings indicate that EA ameliorate islet damage, and antibiotics reverse this effect.

[image: Figure 4]

FIGURE 4
 Effect of EA on islet morphology. (A1,B1,C1,D1,E1: 100×; A2,B2,C2,D2,E2: 400×).




3.5 Effect of EA on the gut microbiota of T2DM rats


3.5.1 Effect of EA on the abundance of OTUs in T2DM rats

We grouped sequences with ≥97% similarity into OTUs, each representing a distinct microbial species. Prior to intervention, the OTU counts in the model, EA, EA + A, and A groups were significantly lower (p < 0.01) than the normal group. Furthermore, the OTU counts in the EA + A and A groups were significantly lower (p < 0.05) than those in the model and EA groups. The post-intervention OTU profiles are depicted in Figure 5. The unique OTU counts for the normal, model, EA, EA + A, and A groups were 476, 76, 121, 42, and 21, respectively. The number of shared OTUs among groups was 247, constituting 26.08, 42, 37.3, 52.22, and 58.12% of the total OTUs in the normal (n = 947), model (n = 588), EA (n = 662), EA + A (n = 473), and A (n = 425) groups, respectively. Compared to the normal group, the model group exhibited a significant decrease in OTU counts (p < 0.01). The EA group showed a significant increase in OTU counts compared to the model group (p < 0.05). In addition, the OTU counts in the EA + A and A groups were significantly lower than in the EA group (p < 0.01). These findings indicate that the intestinal microbiota of normal rats differs from that of T2DM rats, antibiotics reduce OTUs diversity, and EA treatment increases OTUs diversity in T2DM rats.
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FIGURE 5
 Effect of EA on the number of OTUs. △△p < 0.01, vs. normal group; ▲p < 0.05, vs. model group; ○○p < 0.01, vs. EA group.




3.5.2 Effect of EA on alpha diversity and beta diversity of T2DM rats

To assess sequencing depth, sample abundance, and homogeneity, rarefaction and rank abundance curves were employed. As depicted in Figures 6A,B, the plateauing of both curves indicates sufficient sequencing depth and suggests high sample abundance and homogeneity.
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FIGURE 6
 Effect of EA on the alpha diversity and beta diversity. △△p < 0.01, vs. normal group; ▲p < 0.05, ▲▲p < 0.01, vs. model group; ○p < 0.05,○○p < 0.01, vs. EA group. (A: Rarefaction curve; B: rank abundance; C: Chao 1 index; D: ACE index; E: Shannon index; F: Simpson index; G: beta diversity before intervention; H: beta diversity after intervention).


Before the intervention, the Shannon, Chao1, and Ace indices were significantly reduced in the model, EA, EA + A, and A groups compared to the normal group (p < 0.05), with the Shannon index in the EA + A and A groups being significantly lower than those in the model and EA groups (p < 0.05). The analysis of alpha diversity at post-intervention is shown in Figures 6C–F. After the intervention, Shannon, Chao1, and Ace indices decreased significantly in the model group compared to the normal group (p < 0.01), while they increased significantly in the EA group compared to the model group (p < 0.05). In contrast, the Shannon, Simpson, Chao1, and Ace indices in the EA + A and A groups remained significantly lower than those in the model and EA groups (p < 0.05). These findings indicate a decrease in the abundance and diversity of intestinal microorganisms in T2DM rats, an improvement in alpha diversity by EA, and a reduction in alpha diversity by antibiotics.

Figures 6G,H illustrate the results of beta diversity analysis, revealing distinct microbial community structures between the normal and other groups prior to intervention. Post-intervention, the samples from each group formed separate clusters, indicating significant variation in species beta diversity across groups.



3.5.3 Effect of EA on species composition of T2DM rats

Figures 7A–C illustrate the compositional changes in gut microbiota at the phylum, family, and genus levels. Prior to intervention, the dominant phyla in the normal group were Firmicutes, Bacteroidetes, and Proteobacteria, while in T2DM rats, Firmicutes, Proteobacteria, and Verrucomicrobia predominated. Post-intervention, the model group exhibited a decrease in Bacteroidetes and an increase in Proteobacteria and Actinobacteria compared to the normal group. The EA group displayed a higher proportion of Firmicutes and lower proportions of Actinobacteria and Proteobacteria than the model group. Conversely, the EA + A group showed a decrease in Firmicutes and an increase in Proteobacteria and Verrucomicrobia relative to the EA group. In addition, the EA + A group had a lower proportion of Bacteroidetes and a higher proportion of Proteobacteria than the A group.
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FIGURE 7
 Effect of EA on species composition of T2DM rats. (A: top five gut microorganisms at phylum level; B: top five gut microorganisms at family level; C: top five gut microorganisms at genus level; D: the evolutionary branch diagram of LEfSe analysis).


At baseline, Lachnospiraceae, Lactobacillaceae, and Peptostreptococcaceae were dominant in the normal group, while Lachnospiraceae, Lactobacillaceae, and Enterobacteriaceae were dominant in T2DM rats. Post-intervention, the model group exhibited increased Lachnospiraceae, Enterobacteriaceae, and Erysipelotrichaceae, with decreased Lactobacillaceae compared to the normal group. The EA group showed further increases in Lachnospiraceae, while Enterobacteriaceae and Erysipelotrichaceae decreased compared to the model group. In the EA + A group, Lactobacillaceae decreased, and Enterobacteriaceae and Akkermansiaceae increased compared to the EA group. In addition, Enterobacteriaceae increased in the EA + A group relative to the A group.

At the genus level, prior to intervention, Lactobacillus, Romboutsia, and Blautia were dominant in the normal group, while Blautia, Lactobacillus, and Escherichia–Shigella predominated in T2DM rats. Post-intervention, the model group exhibited decreased Lactobacillus and Romboutsia, along with increased Blautia and Escherichia–Shigella compared to the normal group. Conversely, the EA group showed increased Blautia and Romboutsia and decreased Escherichia–Shigella relative to the model group. In contrast to the EA group, the EA + A group displayed decreased Blautia, Lactobacillus, and Romboutsia and increased Escherichia–Shigella and Akkermansia. Furthermore, Escherichia–Shigella was more abundant in the EA + A group than in the A group. These findings indicate that EA intervention has positively influence the gut microbiota composition in T2DM rats.

As presented in Figures 7D, 53 characteristic flora changed significantly (LDA score > 4, p < 0.05). In T2DM rats, dominant bacterial groups included Actinobacteria, Erysipelotrichaceae, Bifidobacterium, Lactobacillus_gasseri, Turicibacter, Allobaculum, Ruminococcus_gauvreauii_group, and Weissella_sp_SXVIII3. EA treatment increased the abundance of Firmicutes, Lachnospiraceae, Bacilli, Lactobacillales, Clostridia, Clostridiales, and Blautia while decreasing Actinobacteria, Erysipelotrichaceae, Bifidobacterium, Lactobacillus_gasseri, Turicibacter, and Allobaculum. In the EA group, dominant bacteria included Firmicutes, Lachnospiraceae, Bacilli, Lactobacillales, Clostridia, Clostridiales, Blautia, Streptococcus, Lactobacillus_murinus, Eubacterium_coprostanoligenes_group, Enterococcus, and Fusicatenibacter. The EA + A group was dominated by Gammaproteobacteria, Proteobacteria, Enterobacteriales, Escherichia_Shigella, Verrucomicrobiales, and Akkermansia. In the A group, Candidatus_Stoquefichus, Atopobiaceae, Coribacteriaceae-UCG-002, Lachnoclostridium, Tannerellaceae, Parabacteroides, and Bacteroidaceae were dominant.




3.6 Correlation analysis between gut microbiota and glucose metabolism-related indicators

The correlation analysis revealed significant associations between specific gut microbiota and glucose metabolism-related indicators (FBG, OGTT, FINS, HOMA-IR, and HbA1c). Lactobacillaceae and Lactobacillus exhibited negative correlations with FBG (R = −0.81, p = 0.015 and R = −0.759, p = 0.029, respectively). Conversely, Peptostreptococcaceae and Romboutsia were negatively associated with HbA1c (R = −0.81, p = 0.015), while Enterobacteriaceae showed a positive correlation with the OGTT results (R = 0.762, p = 0.028).



3.7 Effect of EA on SCFAs in T2DM rats

Figure 8 presents the SCFA analysis results. The model group exhibited decreased levels of acetic acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid compared to the normal group, while propionic acid levels increased (p < 0.05). In contrast, the EA group showed elevated acetic acid and butyric acid concentrations and reduced propionic acid levels (p < 0.05) compared to the model group. Interestingly, the EA + A and A groups displayed decreased acetic acid, butyric acid, and valeric acid levels (p < 0.05) relative to the EA group. These findings suggest that EA upregulates SCFA content, while antibiotic administration downregulates it.
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FIGURE 8
 Effect of EA on the SCFAs. △p < 0.05, △△p < 0.01, vs. normal group; ▲p < 0.05, ▲▲p < 0.01, vs. model group; ○○p < 0.01, vs. EA group.




3.8 Effect of EA on GLP-1 of T2DM rats

Figure 9 illustrates the impact of GLP-1 on the studied groups. The model group exhibited significantly lower GLP-1 levels than the normal group (p < 0.01). While the EA group showed a significant increase in GLP-1 concentration relative to the model group (p < 0.05), the administration of antibiotics attenuated this effect.
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FIGURE 9
 Effect of EA on the GLP-1. △△p < 0.01, vs. normal group; ▲p < 0.05, vs. model group; ○p < 0.05, ○○p < 0.01, vs. EA group.




3.9 Correlation analysis between GLP-1 and SCFAs

The correlation analysis (Figure 10) revealed a positive association between GLP-1 levels and the concentrations of acetic acid (R = 0.487, p = 0.001), butyric acid (R = 0.586, p = 0.000), valeric acid (R = 0.535, p = 0.000), isovaleric acid (R = 0.374, p = 0.017), and caproic acid (R = 0.371, p = 0.018).
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FIGURE 10
 Correlation analysis between GLP-1 and SCFAs.





4 Discussion


4.1 EA could reduce blood glucose, ameliorate islet damage, and improve the symptoms of T2DM rats

The present study revealed that EA treatment significantly improved blood glucose levels and IR in rats with T2DM. Specifically, the EA group exhibited lower levels of FBG, HbA1c, FINS, AUC of OGTT, and HOMA-IR than the model group. These findings aligned with previous studies demonstrating the beneficial effects of EA on glycemic metabolism in T2DM. (Zhang et al., 2021). Xu et al. (2022) reported that EA reduced FBG and improved glucose tolerance. In addition, research has shown that EA at the “Weiwanxiashu”(EX B3) acupoint could effectively lower FBG levels by regulating pancreatic function and increasing the expression of the glucagon-like peptide-1 receptor (Cao et al., 2017). Furthermore, EA treatment has been observed to restore the overall morphology and area of pancreatic islets, increase the number of β-cell nuclei, and alleviate compensatory β-cell enlargement (Cao et al., 2017). Notably, our study also revealed that EA alleviated the symptoms of excessive drinking, excessive eating, and weight gain in T2DM rats. Ting et al. (2022) observed that EA ameliorated the symptoms of polydipsia and polyphagia, rough and lusterless hair, and urination in diabetic mice. Xu et al. (2016) reported that EA could effectively reduce blood glucose and FINS levels, improve insulin sensitivity and insulin resistance, and maintain the body mass of diabetic rats.

In summary, EA had the potential to improve glucose metabolism, as evidenced by reductions in FBG and HbA1c levels. In addition, EA appeared to alleviate insulin resistance, as indicated by the lower levels of FINS, AUC of OGTT, and HOMA-IR. Furthermore, EA treatment was associated with amelioration of islet damage and related symptoms such as polydipsia, polyphagia, and weight loss in T2DM rats.



4.2 The hypoglycemic effect of EA was associated with its regulation of the gut microbiota

The intestinal microbiota plays a crucial role in various physiological processes, including immune function enhancement, food digestion, intestinal endocrine regulation, metabolic modulation, and toxin elimination (Sanna et al., 2019). Accumulating evidence suggests a strong association between the intestinal microbiota and the development and progression of T2DM (Sanna et al., 2019; Zhernakova et al., 2016). In the present study, the number of OTUs and the indices of Chao1, ACE, Shannon, and Simpson decreased in the model group compared to the normal group. This finding aligned with previous research indicating a reduction in gut microbiota diversity in individuals with T2DM (Gong et al., 2021; Wang et al., 2020). Meanwhile, in contrast to the normal group, the proportion of Proteobacteria, Actinobacteria, Lachnospiraceae, Enterobacteriaceae, Erysipelotrichaceae, Blautia, and Escherichia–Shigella increased, while the proportion of Bacteroidetes, Lactobacillaceae, Lactobacillus, and Romboutsia decreased in the T2DM rats. The increased abundance of Actinobacteria in the T2DM group could potentially trigger increased intestinal permeability, leading to bacterial translocation into the bloodstream and tissues and subsequently contributing to IR and glucose metabolic disorders (Liu et al., 2023; Xiang et al., 2020). Allobaculum produces trimethylamine oxide (TMAO) (Zhu et al., 2016), which may promote fat production by inhibiting bile acid-mediated hepatic farnesoid X receptor signaling, inducing IR, thereby affecting blood glucose homeostasis and promoting the development of T2DM (Chen et al., 2022). Zhou et al. (2019) reported a positive correlation between Allobaculum abundance and random blood glucose levels in T2DM rats. Proteobacteria can generate large amounts of lipopolysaccharides, which contribute to diabetes by increasing pro-inflammatory cytokine levels and impairing pancreatic β-cell function (Wu et al., 2021; Zhang et al., 2022). Escherichia–Shigella and Enterobacteriales are Gram-negative bacteria, which are associated with inflammation, disruption of the intestinal barrier, and subsequent insulin resistance, hyperglycemia, and T2DM (Pinaud et al., 2018; Huang et al., 2021; Pedersen et al., 2018). In the present study, Enterobacteriaceae abundance was positively correlated with OGTT. Several studies have shown that antibiotic administration can reduce the abundance of fecal microbiota, disrupt the gut microbiota structure, and lead to microbial depletion (Josefsdottir et al., 2017; Liang et al., 2020). In our study, gut microbiota diversity decreased in both the EA + A and A groups, demonstrating a successful establishment of pseudo-sterile model. After antibiotic intervention, the therapeutic effects of EA on polyphagia, polydipsia, weight loss, hyperglycemia, glucose intolerance, insulin resistance, and dyslipidemia in T2DM rats were reversed, indicating that antibiotics can attenuate the beneficial effects of EA in T2DM.

Studies have documented that certain pathogenic bacteria, such as Proteobacteria, Actinobacteria (Rehman et al., 2022), Escherichia–Shigella (Deng et al., 2022), Enterobacteriales (Du et al., 2021), and Allobaculum (Yanling et al., 2022), are involved in the development of T2DM. EA can effectively improve intestinal microbial diversity, increase beneficial bacteria, reduce harmful bacteria, restore intestinal microecological balance, and improve disease conditions (Wang et al., 2022; Li et al., 2023). In the present study, EA increased microbial diversity and species richness and affected the microbial structure in T2DM rats. Pan et al. (2023) and An et al. (2022) reported that EA increased the Shannon index in T2DM rats. In addition, EA increased Firmicutes, Lachnospiraceae, Blautia, and Romboutsia while decreasing Actinobacteria, Proteobacteria, Enterobacteriaceae, Erysipelotrichaceae, and Escherichia–Shigella in T2DM rats. LEfSe analysis revealed that the dominant flora in T2DM rats included Actinobacteria, Erysipelotrichaceae, Bifidobacterium, Lactobacillus_gasseri, Turicibacter, and Allobaculum. In contrast, the dominant flora of rats after EA treatment included Firmicutes, Lachnospiraceae, Bacilli, Lactobacillales, Clostridia, Clostridiales, Blautia, and others. Chen et al. reported that Romboutsia could utilize glucose to produce butyric acid and acetic acid, which are beneficial for obesity (Chen et al., 2022). Butyric acid-producing bacteria, such as Peptostreptococcaceae, are inversely associated with insulin resistance or T2DM (Chen et al., 2021). Moreover, our findings demonstrated that Peptostreptococcaceae and Romboutsia were negatively correlated with HbA1c, which played a beneficial regulatory role in glucose metabolism for T2DM. Evidence suggests that Bacilli and Clostridiales can inhibit NF-κB activity, reduce the expression of pro-inflammatory factors, and exert anti-inflammatory effects (Zixin, 2019; Cunningham et al., 2021). Beneficial bacteria, such as Lactobacillales and Lactobacillus, can affect glucose absorption, regulate lipid metabolism, inhibit inflammation, reduce LPS content, and exert hypoglycemic and hypolipidemic effects (Tonucci et al., 2017; Ng et al., 2022; Chai et al., 2021). In the present study, Lactobacillaceae and Lactobacillus were negatively correlated with FBG. Lachnospiraceae can produce SCFAs, which are involved in the metabolism of multiple carbohydrates and fats (Chen et al., 2021; Zhang et al., 2021). SCFAs can enhance the acidic environment in the intestinal tract, inhibit the growth of harmful bacteria, and alleviate mucosal inflammation. In addition, SCFAs can combine with G protein-coupled receptors to exert hypoglycemic functions (Ma et al., 2019). The composition of the gut microbiota in the EA + A and A groups was similar to that of the T2DM group, indicating that both T2DM and long-term oral antibiotics can disrupt the gut microbiota structure. In summary, gut microbiota is closely related to T2DM, and EA can improve T2DM glucose metabolism by regulating gut microbiota. Gut microbiota plays an important role in the therapeutic effect of EA.



4.3 EA could regulate the production of SCFAs and stimulate the secretion of GLP-1, thereby exerting a hypoglycemic effect

The alteration of SCFAs caused by dysbiosis is a crucial mechanism underlying the involvement of gut microbiota in the pathogenesis of T2DM. Serena et al. discovered that an increase in intestinal production of the SCFA butyrate was linked to improved insulin response after oral glucose testing, while propionate was causally associated with an increased risk of T2DM (Sanna et al., 2019). Several studies have found that the abundance of butyrate-producing bacteria (such as Roseburia, Subdoligranulum, Ruminococcus, and Clostridiales spp.) in the intestines of patients with T2DM decreased, leading to increased abundance of pathogenic bacteria and subsequent insulin resistance and elevated blood glucose (Cunningham et al., 2021; Forslund et al., 2015). Meanwhile, we found that the levels of acetic acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid decreased, while propionic acid increased in T2DM rats. In contrast, EA increased the concentration of acetic acid and butyric acid and decreased the concentration of propionic acid. Patients with T2DM (An et al., 2023) and T2DM rats (Wang et al., 2022) exhibited lower acetic and butyric acid levels. Studies have documented that SCFAs, such as butyric acid, could increase the release of GLP-1, forming a feedback pathway for metabolic homeostasis, thereby lowering blood glucose and improving glucose metabolism (Tolhurst et al., 2012; Mazhar et al., 2023). Our study showed that GLP-1 was positively correlated with acetic acid (Cao et al., 2017), butyric acid, isovaleric acid, valeric acid, and caproic acid. Cao et al. found that EA could increase pancreatic GLP-1 receptor expression, partially restore islet morphology, and contribute to lowering blood glucose. Similarly, growing evidence suggests that EA can remodel the structure of the gut microbiota, increase intestinal SCFAs, affect circulating LPS levels, and reduce inflammatory responses (Zhang et al., 2021; An et al., 2022). In contrast to previous studies, we conducted in-depth research on the downstream effector GLP-1 of SCFAs. We also established pseudo-sterile rats to reversely verify that EA could regulate gut microbiota and SCFAs, affect GLP-1 secretion and lower blood glucose.



4.4 Limitations and implication for future studies

There are several limitations in the present study. First, our findings suggest that EA improves glucose metabolism in T2DM rats by modulating gut microbiota and SCFAs, while the specific role of individual bacteria in the therapeutic effect of EA has not been directly investigated. Techniques such as gut microbiota gene knockout, FMT, and metagenomic sequencing analysis could be employed to further identify specific bacteria or microbial products involved in the hypoglycemic efficacy of EA. Second, a sham EA group was not set as a comparison. A group without electrical stimulation or a sham acupoint group could serve as a control to elucidate the specific effects of EA. Third, antibiotics were used to deplete gut microbiota as a pseudo-sterile model. Although this approach reduced the majority of bacterial species, some bacteria may persist in the gut. A germ-free model could be used to eliminate the influence of gut microbiota, allowing for a direct validation of the relationship between the hypoglycemic efficacy of EA and gut microbiota. Fourth, we detected changes in gut microbiota and islet morphology and preliminarily investigated the hypoglycemic mechanism of EA, the existing evidence demonstrates a strong association between gut microbiota and impaired gut barrier function and inflammation during the progression of T2DM (Yao et al., 2022; Gurung et al., 2020). However, the specific regulatory mechanism of EA on gut microbiota-induced gut barrier damage or immune response remains unclear and warrants further exploration.




5 Conclusion

Our findings suggested that EA could improve glucose metabolism in T2DM rats. Its hypoglycemic effect was associated with the regulation of gut microbiota, SCFAs, and GLP-1.



Data availability statement

The authors acknowledge that the data presented in this study must be deposited and made publicly available in an acceptable repository, prior to publication. Frontiers cannot accept a manuscript that does not adhere to our open data policies.



Ethics statement

The animal study was approved by the Chengdu Senwei Animal Center Animal Ethics Committee. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

ZY: Writing – original draft. WX: Writing – original draft. DD: Writing – original draft. GY: Writing – original draft. CX: Writing – original draft. LJ: Writing – review & editing. HX: Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by the National Natural Science Foundation of China (No. 81973961, 82474665) and the Sichuan Science and Technology Department (No. 2022NSFSC0857).



Acknowledgments

We acknowledged Wan Li from Chengdu Sport University for his help and support in conducting this experiment.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations


EA, electroacupuncture; T2DM, type 2 diabetes; EA + A, EA + antibiotics; A, antibiotic; SCFAs, short-chain fatty acids; GLP-1, glucagon-like peptide-1; FBG, fasting blood glucose; OGTT, oral glucose tolerance test; HE, hematoxylin and eosin; FINS, fasting insulin; HbA1c, glycated hemoglobin; ELISA, enzyme-linked immunosorbent assay; HOMA-IR, homeostasis model assessment-insulin resistance; OTUs, operational taxonomic units; IR, insulin resistance; STZ, streptozotocin; AUC, area under the curve; PCoA, principal coordinate analysis



Footnotes

1   https://www.omicsmart.com/



References

 American Diabetes Association Professional Practice Committee (2024). Pharmacologic approaches to glycemic treatment: standards of Care in Diabetes-2024. Diabetes Care 47, S158–s178. doi: 10.2337/dc24-S009

 An, Y., Dai, H., Duan, Y., Cheng, L., Shi, L., He, C., et al. (2023). The relationship between gut microbiota and susceptibility to type 2 diabetes mellitus in rats. Chin. Med. 18:49. doi: 10.1186/s13020-023-00717-9 

 An, J., Wang, L., Song, S., Tian, L., Liu, Q., Mei, M., et al. (2022). Electroacupuncture reduces blood glucose by regulating intestinal flora in type 2 diabetic mice. J. Diabetes 14, 695–710. doi: 10.1111/1753-0407.13323

 Cao, B., Li, R., Tian, H., Jia, N., Hu, X., Ma, Y., et al. (2017). Effect of Electroacupuncture at "Weiwanxiashu"(ex-B 3) on islet morphology and the expression of pancreatic glucagon-like Peptide-1 receptor in type 2 diabetes rats. Acupunct. Res. 42, 107–113. doi: 10.13702/j.1000-0607.2017.02.003

 Chai, Y., Luo, J., and Bao, Y. (2021). Effects of Polygonatum sibiricum saponin on hyperglycemia, gut microbiota composition and metabolic profiles in type 2 diabetes mice. Biomed. Pharmacother. 143:112155. doi: 10.1016/j.biopha.2021.112155 

 Chen, X. L., Cai, K., Zhang, W., Su, S. L., Zhao, L. H., Qiu, L. P., et al. (2022). Bear bile powder ameliorates type 2 diabetes via modulation of metabolic profiles, gut microbiota, and metabolites. Front. Pharmacol. 13:1090955. doi: 10.3389/fphar.2022.1090955

 Chen, J., Ding, X., Wu, R., Tong, B., Zhao, L., Lv, H., et al. (2021). Novel Sesquiterpene glycoside from loquat leaf alleviates type 2 diabetes mellitus combined with nonalcoholic fatty liver disease by improving insulin resistance, oxidative stress, inflammation, and gut microbiota composition. J. Agric. Food Chem. 69, 14176–14191. doi: 10.1021/acs.jafc.1c05596

 Chen, Z., Radjabzadeh, D., Chen, L., Kurilshikov, A., Kavousi, M., Ahmadizar, F., et al. (2021). Association of Insulin Resistance and Type 2 diabetes with gut microbial diversity: a microbiome-wide analysis from population studies. JAMA Netw. Open 4:e2118811. doi: 10.1001/jamanetworkopen.2021.18811

 Cheng, W., Menglong, W., Yao, X., Jishou, Z., Mengmeng, Z., Zihui, Z., et al. (2023). Burden of disease and risk factors of type 2 diabetes mellitus in Chinese population from 1990 to 2019. Chin. J. Evid. Based Cardiovasc. Med. 6, 657–661.

 Christiansen, C. B., Gabe, M. B. N., Svendsen, B., Dragsted, L. O., Rosenkilde, M. M., and Holst, J. J. (2018). The impact of short-chain fatty acids on Glp-1 and Pyy secretion from the isolated perfused rat colon. Am. J. Physiol. Gastrointest. Liver Physiol. 315, G53–g65. doi: 10.1152/ajpgi.00346.2017

 Costes, S., Bertrand, G., and Ma, R. (2021). Mechanisms of Beta-cell apoptosis in type 2 diabetes-prone situations and potential protection by Glp-1-based therapies. Int. J. Mol. Sci. 22:5303. doi: 10.3390/ijms22105303

 Cunningham, A., Jw, S., and Da, H. (2021). Gut microbiota influence in type 2 diabetes mellitus (T2dm). Gut Pathog 13:50. doi: 10.1186/s13099-021-00446-0

 Deng, X., Zhang, C., Wang, P., Wei, W., Shi, X., Wang, P., et al. (2022). Cardiovascular benefits of Empagliflozin are associated with gut microbiota and plasma metabolites in type 2 diabetes. J. Clin. Endocrinol. Metab. 107, 1888–1896. doi: 10.1210/clinem/dgac210

 Díaz-Perdigones, C. M., Muñoz-Garach, A., Álvarez-Bermúdez, M. D., Moreno-Indias, I., and Tinahones, F. J. (2022). Gut microbiota of patients with type 2 diabetes and gastrointestinal intolerance to metformin differs in composition and functionality from tolerant patients. Biomed. Pharmacother. 145:112448. doi: 10.1016/j.biopha.2021.112448

 Ding, L., Teng, R., Zhu, Y., Liu, F., Wu, L., Qin, L., et al. (2023). Electroacupuncture treatment ameliorates metabolic disorders in obese Zdf rats by regulating liver energy metabolism and gut microbiota. Front. Endocrinol. 14:1207574. doi: 10.3389/fendo.2023.1207574

 Du, Y., Neng, Q., Li, Y., Kang, Y., Guo, L., Huang, X., et al. (2021). Gastrointestinal autonomic neuropathy exacerbates gut microbiota Dysbiosis in adult patients with type 2 diabetes mellitus. Front. Cell. Infect. Microbiol. 11:804733. doi: 10.3389/fcimb.2021.804733

 Foretz, M., Guigas, B., and Viollet, B. (2023). Metformin: update on mechanisms of action and repurposing potential. Nat. Rev. Endocrinol. 19, 460–476. doi: 10.1038/s41574-023-00833-4

 Forslund, K., Hildebrand, F., Nielsen, T., Falony, G., Le Chatelier, E., Sunagawa, S., et al. (2015). Disentangling type 2 diabetes and metformin treatment signatures in the human gut microbiota. Nature 528, 262–266. doi: 10.1038/nature15766 

 Gong, P., Xiao, X., Wang, S., Shi, F., Liu, N., Chen, X., et al. (2021). Hypoglycemic effect of astragaloside iv via modulating gut microbiota and regulating Ampk/Sirt 1 and Pi3K/Akt pathway. J. Ethnopharmacol. 281:114558. doi: 10.1016/j.jep.2021.114558

 Gurung, M., Li, Z., You, H., Rodrigues, R., Jump, D. B., Morgun, A., et al. (2020). Role of gut microbiota in type 2 diabetes pathophysiology. EBioMedine 51:102590. doi: 10.1016/j.ebiom.2019.11.051

 Han, X., Wang, Y., Zhang, P., Zhu, M., Li, L., Mao, X., et al. (2021). Kazak faecal microbiota transplantation induces short-chain fatty acids that promote glucagon-like peptide-1 secretion by regulating gut microbiota in db/db mice. Pharm. Biol. 59, 1075–1085. doi: 10.1080/13880209.2021.1954667

 Huang, J., Guan, B., Lin, L., and Wang, Y. (2021). Improvement of intestinal barrier function, gut microbiota, and metabolic endotoxemia in type 2 diabetes rats by curcumin. Bioengineered 12, 11947–11958. doi: 10.1080/21655979.2021.2009322 

 Josefsdottir, K. S., Baldridge, M. T., Kadmon, C. S., and King, K. Y. (2017). Antibiotics impair murine hematopoiesis by depleting the intestinal microbiota. Blood 129, 729–739. doi: 10.1182/blood-2016-03-708594

 Juntao, C., Tianwei, C., Yuanhui, F., Yichen, Y., Zixian, Z., Rui, L., et al. (2023). Meta-analysis and grade evidence evaluation of acupuncture in the treatment of type 2 diabetes mellitus. Chin. J. Clin. Res. 36, 303–310. doi: 10.13429/j.cnki.cjcr.2023.02.030

 Kohler, S., Zeller, C., Iliev, H., and Kaspers, S. (2017). Safety and tolerability of Empagliflozin in patients with type 2 diabetes: pooled analysis of phase I-iii clinical trials. Adv. Ther. 34, 1707–1726. doi: 10.1007/s12325-017-0573-0

 Li, S. Q., Chen, J. R., Liu, M. L., Wang, Y. P., Zhou, X., and Sun, X. (2022). Effect and safety of acupuncture for type 2 diabetes mellitus: a systematic review and Meta-analysis of 21 randomised controlled trials. Chin. J. Integr. Med. 28, 463–471. doi: 10.1007/s11655-021-3450-2

 Li, H., Ye, X.-F., Su, Y. S., He, W., Zhang, J. B., Zhang, Q., et al. (2023). Mechanism of acupuncture and Moxibustion on promoting mucosal healing in ulcerative colitis. Chin. J. Integr. Med. 29, 847–856. doi: 10.1007/s11655-022-3531-x 

 Liang, W., Zhao, L., Zhang, J., Fang, X., Zhong, Q., Liao, Z., et al. (2020). Colonization potential to reconstitute a microbe Community in Pseudo Germ-Free Mice after Fecal Microbe Transplant from Equol Producer. Front. Microbiol. 11:1221. doi: 10.3389/fmicb.2020.01221

 Liu, J., Wang, X., Li, Q., Piao, C., Fan, Z., Zhang, Y., et al. (2023). Fecal metabolomics combined with 16S rrna gene sequencing to analyze the effect of Jiaotai pill intervention in type 2 diabetes mellitus rats. Front. Nutr. 10:1135343. doi: 10.3389/fnut.2023.1135343

 Ma, Q., Li, Y., Li, P., Wang, M., Wang, J., Tang, Z., et al. (2019). Research progress in the relationship between type 2 diabetes mellitus and intestinal flora. Biomed. Pharmacother. 117:109138. doi: 10.1016/j.biopha.2019.109138

 Manaer, T., Yu, L., Zhang, Y., Xiao, X. J., and Nabi, X. H. (2015). Anti-diabetic effects of shubat in type 2 diabetic rats induced by combination of high-glucose-fat diet and low-dose streptozotocin. J. Ethnopharmacol. 169, 269–274. doi: 10.1016/j.jep.2015.04.032 

 Mazhar, M., Zhu, Y., and Qin, L. (2023). The interplay of dietary fibers and intestinal microbiota affects type 2 diabetes by generating short-chain fatty acids. Food Secur. 12:1023. doi: 10.3390/foods12051023 

 Medicine NAoTC. Nomenclature and location of meridian points (Gb/T 12346–2021). Ed. L. Huang [S]. (2021).

 National Research Council Committee (2011). Use of laboratory a. the National Academies Collection: reports funded by National Institutes of Health [M]. Guide for the care and use of laboratory animals. Washington, DC: National Academies Press.

 Ng, S. C., Xu, Z., Mak, J. W. Y., Yang, K., Liu, Q., Zuo, T., et al. (2022). Microbiota engraftment after faecal microbiota transplantation in obese subjects with type 2 diabetes: a 24-week, double-blind, randomised controlled trial. Gut 71, 716–723. doi: 10.1136/gutjnl-2020-323617 

 Pan, T., Li, X., Guo, X., Wang, H., Zhou, X., Shang, R., et al. (2023). Electroacupuncture improves insulin resistance in type 2 diabetes mice by regulating intestinal Flora and Bile acid. Diabetes Metab Syndr Obes 16, 4025–4042. doi: 10.2147/DMSO.S421134 

 Pedersen, C., Ijaz, U. Z., Gallagher, E., Horton, F., Ellis, R. J., Jaiyeola, E., et al. (2018). Fecal Enterobacteriales enrichment is associated with increased in vivo intestinal permeability in humans. Physiol. Rep. 6:e13649. doi: 10.14814/phy2.13649 

 Pinaud, L., Sansonetti, P. J., and Phalipon, A. (2018). Host cell targeting by Enteropathogenic Bacteria T3ss effectors. Trends Microbiol. 26, 266–283. doi: 10.1016/j.tim.2018.01.010

 Que, Y., Cao, M., He, J., Zhang, Q., Chen, Q., Yan, C., et al. (2021). Gut bacterial characteristics of patients with type 2 diabetes mellitus and the application potential. Front. Immunol. 12:722206. doi: 10.3389/fimmu.2021.722206 

 Rehman, A. U., Siddiqui, N. Z., Farooqui, N. A., Alam, G., Gul, A., Ahmad, B., et al. (2022). Morchella esculenta mushroom polysaccharide attenuates diabetes and modulates intestinal permeability and gut microbiota in a type 2 diabetic mice model. Front. Nutr. 9:984695. doi: 10.3389/fnut.2022.984695

 Sanna, S., Van Zuydam, N. R., Mahajan, A., Kurilshikov, A., Vich Vila, A., Võsa, U., et al. (2019). Causal relationships among the gut microbiome, short-chain fatty acids and metabolic diseases. Nat. Genet. 51, 600–605. doi: 10.1038/s41588-019-0350-x 

 Satirapoj, B., Pratipanawatr, T., Ongphiphadhanakul, B., Suwanwalaikorn, S., Benjasuratwong, Y., and Nitiyanant, W. (2020). Real-world evaluation of glycemic control and hypoglycemic events among type 2 diabetes mellitus study (reeds): a multicentre, cross-sectional study in Thailand. BMJ Open 10:e031612. doi: 10.1136/bmjopen-2019-031612 

 Sun, H., Saeedi, P., Karuranga, S., Pinkepank, M., Ogurtsova, K., Duncan, B. B., et al. (2022). Idf diabetes atlas: global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes Res. Clin. Pract. 183:109119. doi: 10.1016/j.diabres.2021.109119

 Ting, P., Chunhai, C., Bo, Y., Haili, W., Xuefeng, L., Xin, Q., et al. (2022). A study on the effect of "TiaoZangTongluo" electroacupuncture on glucolipid metabolism in db/db mice based on intestinal flora. Lishizhen Med. Mat. Medica Res. 33, 2786–2789.

 Tingting, L., and Dehong, C. (2012). Real-time quantitative Pcr analysis of intestinal Lactobacillus species in type 2 diabetic patients. World Chin. J. Digestol. 20, 1359-1365+1353+1357-1358

 Tolhurst, G., Heffron, H., Lam, Y. S., Parker, H. E., Habib, A. M., Diakogiannaki, E., et al. (2012). Short-chain fatty acids stimulate glucagon-like peptide-1 secretion via the G-protein-coupled receptor Ffar 2. Diabetes 61, 364–371. doi: 10.2337/db11-1019

 Tong, P. (2022). Study on the mechanism of Huang-Qi-Ling-Hua-san in alleviatingtype 2 diabetes based on gut microbiota [D] [Thesis]. doi: 10.27162/d.cnki.gjlin.2022.007715

 Tong, Y., Jq, H., Chen, Y., Tu, M., and Wang, W. (2023). Impact of glucagon-like peptide 1 receptor agonist liraglutide and dipeptidyl peptidase-4 inhibitor sitagliptin on bowel cleaning and gastrointestinal symptoms in type 2 diabetes. Front. Pharmacol. 14:1176206. doi: 10.3389/fphar.2023.1176206

 Tonucci, L. B., Dos Santos, K. M. O., Ferreira, C. L. L. F., Ribeiro, S. M. R., De Oliveira, L. L., and Martino, H. S. D. (2017). Gut microbiota and probiotics: focus on diabetes mellitus. Crit. Rev. Food Sci. Nutr. 57, 2296–2309. doi: 10.1080/10408398.2014.934438

 Wang, H., Chen, X., Chen, C., Pan, T., Li, M., Yao, L., et al. (2022). Electroacupuncture at lower He-Sea and front-mu Acupoints ameliorates insulin resistance in type 2 diabetes mellitus by regulating the intestinal Flora and gut barrier. Diab. Metab. Syndr. Obes. 15, 2265–2276. doi: 10.2147/DMSO.S374843 

 Wang, Y., Dilidaxi, D., Wu, Y., Sailike, J., Sun, X., and Nabi, X. (2020). Composite probiotics alleviate type 2 diabetes by regulating intestinal microbiota and inducing Glp-1 secretion in db/db mice. Biomed. Pharmacother. 125:109914. doi: 10.1016/j.biopha.2020.109914

 Wang, J., He, Y., Yu, D., Jin, L., Gong, X., and Zhang, B. (2020). Perilla oil regulates intestinal microbiota and alleviates insulin resistance through the Pi3K/Akt signaling pathway in type-2 diabetic Kkay mice. Food Chem. Toxicol. 135:110965. doi: 10.1016/j.fct.2019.110965

 Wang, K., Wang, Y., Chen, S., Gu, J., and Ni, Y. (2022). Insoluble and soluble dietary fibers from kiwifruit (Actinidia deliciosa) modify gut microbiota to alleviate high-fat diet and Streptozotocin-induced type 2 diabetes in rats. Nutrients 14:3369. doi: 10.3390/nu14163369

 Wei, J. P., Wang, Q. H., Zheng, H. J., and Wei, F. (2018). Research Progress on non-drug treatment for blood glucose control of type 2 diabetes mellitus. Chin. J. Integr. Med. 24, 723–727. doi: 10.1007/s11655-018-2844-2

 WHO Regional Office for the Western Pacific. Who standard acupuncture point locations in the Western Pacific region. (2022).

 Wu, J., Wang, K., Wang, X., Pang, Y., and Jiang, C. (2021). The role of the gut microbiome and its metabolites in metabolic diseases. Protein Cell 12, 360–373. doi: 10.1007/s13238-020-00814-7

 Xiang, L., Wu, Q., Osada, H., Yoshida, M., Pan, W., and Qi, J. (2020). Peanut skin extract ameliorates the symptoms of type 2 diabetes mellitus in mice by alleviating inflammation and maintaining gut microbiota homeostasis. Aging (Albany NY) 12, 13991–14018. doi: 10.18632/aging.103521 

 Xu, T., Yu, Z., Liu, Y., Lu, M., Gong, M., Li, Q., et al. (2022). Hypoglycemic effect of Electroacupuncture at St25 through neural regulation of the pancreatic intrinsic nervous system. Mol. Neurobiol. 59, 703–716. doi: 10.1007/s12035-021-02609-1 

 Xu, W., Zhi-Long, Z., Yuan-Qing, Y., Hong, C., Xuan, L., Jian-Bin, Z., et al. (2016). Effects of acupuncture Oninsulin resistance and morphologic changes of islet β-cell in rat with type 2 diabetes mellitus. J. Nanjing Univ. Trad. Chin. Med. 32, 45–49. doi: 10.14148/j.issn.1672-0482.2016.0045

 Yanling, D., Weinan, L., and Marsq,. (2022). Effects of yam gruel on glucose and lipid metabolism in diabetes rats based on intestinal flora and metabonomics. J. Food Saf. Qual. 13, 6724–6733. doi: 10.19812/j.cnki.jfsq11-5956/ts.2022.20.055

 Yao, B., Pan, B., Tian, T., Su, X., Zhang, S., Li, H., et al. (2022). Baihu renshen decoction ameliorates type 2 diabetes mellitus in rats through affecting gut microbiota enhancing gut permeability and inhibiting Tlr4/Nf-κB-mediated inflammatory response. Front. Cell. Infect. Microbiol. 12:1051962. doi: 10.3389/fcimb.2022.1051962

 Yingjie, S., Chunfang, S., and Lifei, H. (2020). Effects of acupuncture on insulin resistance and lipid metabolism in type 2 diabetes. Chin. J. Trad. Med. Sci. Technol. 27, 235–237.

 Zhang, L., Chen, X., Wang, H., Huang, H., Li, M., Yao, L., et al. (2021). "Adjusting internal organs and Dredging Channel" Electroacupuncture ameliorates insulin resistance in type 2 diabetes mellitus by regulating the intestinal Flora and Inhibiting inflammation. Diabetes Metab Syndr Obes 14, 2595–2607. doi: 10.2147/DMSO.S306861 

 Zhang, S., Cui, Y., Sun, Z. R., Zhou, X. Y., Cao, Y., Li, X. L., et al. (2024). Research progress on the mechanism of acupuncture on type II diabetes mellitus. Zhen Ci Yan Jiu 49, 641–649. doi: 10.13702/j.1000-0607.20230372 

 Zhang, Y., Peng, Y., Zhao, L., Zhou, G., and Li, X. (2021). Regulating the gut microbiota and Scfas in the faeces of T2dm rats should be one of antidiabetic mechanisms of mogrosides in the fruits of Siraitia grosvenorii. J. Ethnopharmacol. 274:114033. doi: 10.1016/j.jep.2021.114033

 Zhang, X., Zhang, B., Li, L., Li, X., Zhang, J., and Chen, G. (2022). Fermented noni (Morinda citrifolia L.) fruit juice improved oxidative stress and insulin resistance under the synergistic effect of Nrf2/are pathway and gut flora in db/db mice and HepG2 cells. Food Funct. 13, 8254–8273. doi: 10.1039/D2FO00595F

 Zhao, L., Zhang, F., Ding, X., Wu, G., Yy, L., Wang, X., et al. (2018). Gut bacteria selectively promoted by dietary fibers alleviate type 2 diabetes. Science 359, 1151–1156. doi: 10.1126/science.aao5774 

 Zhernakova, A., Kurilshikov, A., Bonder, M. J., Tigchelaar, E. F., Schirmer, M., Vatanen, T., et al. (2016). Population-based metagenomics analysis reveals markers for gut microbiome composition and diversity. Science 352, 565–569. doi: 10.1126/science.aad3369

 Zhou, Z., Wang, D., Xu, X., Dai, J., Lao, G., Zhang, S., et al. (2023). Myofibrillar protein-chlorogenic acid complexes ameliorate glucose metabolism via modulating gut microbiota in a type 2 diabetic rat model. Food Chem. 409:135195. doi: 10.1016/j.foodchem.2022.135195

 Zhou, W., Xu, H., Zhan, L., Lu, X., and Zhang, L. (2019). Dynamic development of fecal microbiome during the progression of diabetes mellitus in Zucker diabetic fatty rats. Front. Microbiol. 10:232. doi: 10.3389/fmicb.2019.00232 

 Zhu, W., Gregory, J. C., Org, E., Buffa, J. A., Gupta, N., Wang, Z., et al. (2016). Gut microbial metabolite Tmao enhances platelet Hyperreactivity and thrombosis risk. Cell 165, 111–124. doi: 10.1016/j.cell.2016.02.011

 Zhuang, S.-T., Li, R., Song, S.-S., Duan, H.-R., and Li, Q.-Y. (2022). Effect of electroacupuncture on the expression of Socs 3 and Irs-1 protein in hypothalamus and the morphology of pancreatic islets in diabetes obese rats. Chin. Acupunct. Moxibust. 2022, 1024–1028. doi: 10.13703/j.0255-2930.20210725-k0004

 Zixin, W. Clinical study: The effects of acupuncture treatment on patients with type 2 diabetes Mellitusand their gut microbiome composition (2019).


Copyright
 © 2025 Yue, Xiang, Duping, Yuanyuan, Xuanyi, Juan and Xiaojuan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Integrating 16S rDNA and metabolomics to uncover the therapeutic mechanism of electroacupuncture in type 2 diabetic rats



		1 Introduction



		2 Materials and methods



		2.1 Reagents and consumables



		2.2 Animal model



		2.3 Animal grouping and intervention



		2.4 Sample collection



		2.5 OGTT measurement and area under the curve calculation



		2.6 FINS, HbA1c, GLP-1 measurement, and homeostasis model assessment-insulin resistance calculation



		2.7 HE staining



		2.8 16S rDNA sequencing



		2.9 Fecal SCFAs measurement by gas chromatography/mass spectrometry



		2.10 Statistical analysis









		3 Results



		3.1 Effect of EA on body weight and consumption of water and diet in T2DM rats



		3.2 Effect of EA on the FBG, HbA1c, and the AUC of OGTT of T2DM rats



		3.3 Effect of EA on FINS and HOMA-IR of T2DM rats



		3.4 Effect of EA on islet morphology in T2DM rats



		3.5 Effect of EA on the gut microbiota of T2DM rats



		3.5.1 Effect of EA on the abundance of OTUs in T2DM rats



		3.5.2 Effect of EA on alpha diversity and beta diversity of T2DM rats



		3.5.3 Effect of EA on species composition of T2DM rats









		3.6 Correlation analysis between gut microbiota and glucose metabolism-related indicators



		3.7 Effect of EA on SCFAs in T2DM rats



		3.8 Effect of EA on GLP-1 of T2DM rats



		3.9 Correlation analysis between GLP-1 and SCFAs









		4 Discussion



		4.1 EA could reduce blood glucose, ameliorate islet damage, and improve the symptoms of T2DM rats



		4.2 The hypoglycemic effect of EA was associated with its regulation of the gut microbiota



		4.3 EA could regulate the production of SCFAs and stimulate the secretion of GLP-1, thereby exerting a hypoglycemic effect



		4.4 Limitations and implication for future studies









		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Abbreviations



		Footnotes



		References



















OPS/images/fmicb-15-1436911-g010.jpg
3000

acetic acid

1500
2000 2 1000
2
S
£
z
1000 2 500
" I} -1
[
GLP-1
o bvon e r=osm
.
* 150- &
E 3 .
. £ 100 p—s
fo ! .
) 50 . o
. - b o o %o
ot . . X
% 10 15 0





OPS/images/cover.jpg
’ frontiers = Frontiers in Microbiology

Integrating 16S rDNA and
metabolomics to uncover the
therapeutic mechanism of
electroacupuncture in type 2
diabetic rats












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






OPS/images/fmicb-15-1436911-g005.jpg





OPS/images/fmicb-15-1436911-g006.jpg
Chaol

A B
o0,
0
e
H HE
& §
H
£
3 ok o i iy
Number of tags sampled
C
1200 E
A
AN
- =
[e]e] [e]e] 8
800- : E o =
600
Normal  Model EA EA+A A Nomal  Model €A EATA A
E F
10
3 AL = Aa
o 09 = 00 40
c < il L
I as aa| [
H
2 00 oo £ -
6, B @
= -
3 3
06
Nommal  Model €A EA+A A Nomal  Model €A EATA A
H
Before intervention After intervention
0.2 2 0.2 .yt AP
g . o Nomal g © Normal
3 ik © Model 5o 2%aceg | o Model
g o)b— | eEa = 2, 7ol eEa
q cEA+A 3 © . | eEasa
g o | ea 2.2 .A
* & N e o =
%= 04f
02 0 02 = 0.2 0 0.2
PC01(17.66%) PC01(25.38%)





OPS/images/fmicb-15-1436911-g003.jpg
FINS (mU/L)
S
<

>

&

&

[ele}

VN [ele}
AA

CADN N A 4
%@@g

AA

&

oo 0O

S g v





OPS/images/fmicb-15-1436911-g004.jpg





OPS/images/fmicb-15-1436911-g009.jpg
GLP-1 (pmol/L)

15

-
o

o

<F

aa

NI
&

y ¥ v
T





OPS/images/fmicb-15-1436911-g007.jpg
A Phylum level

1001 - B B " rcissied ™ Unclassified
Other Other

8 = Actinobacteria 2 = Erysipelotrchaceae
= Bacerees - wsermansacess
 Vernucomicrobia  Lactobacillaceae

0  Proteobacteria ™ Enterobacteriaceae
= Fimicutes H  Lachnospiraceae

: g

® H

Nomal Model EA EA+A A Nomal Model EA EA+A A

Genus level

W Unclassified

Other
= Romboutsia
= Akkermansia
 Lactobacillus.
™ Escherichia-Shigella
= Blautia

§
g
3
H
z

Nomal Model EA EA+A A






OPS/images/fmicb-15-1436911-g008.jpg
/S [
—h
k %
s, .va
% b,
L = == A
\u@ \vwse
% & & & & W
e, g 8 8 &
0&% (3/8n) prov opoades
O
Hh s
—T |5
3 &, SO 4,
—H .&Me
4 I3
%, & 2 & & o
i % S (378 prow susormaost
< %,
%
22,
“
= S S s ¥
E & =
(8/8n) proe swordoad
EEEEER
=3 I3 (3/3n) prow dpsorEA
<3 k « N
B 5,
“ e 5
& >
% %
b 2, 3 -
%
P
“, “,
v 8 8 € & °©
S o © © o o
m m m m 3 (3/3n) ppov dpikynqosy

(3/3n) proe anaoe





OPS/images/fmicb-15-1436911-g001.jpg
>

Daily water intake(g)

»
8

150

100

50:

aa

Daily food intake(g)
©
8

s )
aa O
RS
<

Body weight (g)

B
600
a a -
a

T
400 L
200

o T T
Before treatment After treatment





OPS/images/fmicb-15-1436911-g002.jpg
0:

5 an
o
Y ©
aa an an
-~ s
S] 20
3
H
B
g 10
=
NN n
Before treatment After treatment
ol z
= 60
a E
B ]
%‘ g & N | T
22 jormal E 40
- & Model E
i= vo 3
s > eaa 3
H = 20
2 10 A £
8
1]
=
=

o % e %
After glucose administration(min)

2a
=3 Nommal 300 S
2
=3 Model
= EA E 200
= e £
= A z
Z 100
=
o
Sy
e°‘& R
an
an 88 28 * 00
aa
T T
Before treatment After treatment

Normal
Model
EA
EA+A
A





