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Background: Electroacupuncture (EA) exerts beneficial effects on ulcerative colitis. However, its underlying mechanisms remain 
elusive. In this study, we investigated the impact of high and low-frequency EA at Zusanli (ST36) on the gut microbiota and metabolite 
profile in the dextran sulfate sodium (DSS)-induced colitis mouse model.
Methods: Colitis was established using DSS, and daily electroacupuncture at ST36 with varying frequencies was administered. 
Changes in body weight and fecal characteristics were monitored. Pro-inflammatory cytokines were detected, and the core molecule of 
intestinal barrier function were analyzed. The composition of intestinal flora was analyzed using 16S sRNA sequencing, while the 
changes of metabolites in colon tissue were detected by Ultra-performance liquid chromatography–tandem mass spectrometry (UPLC/ 
MS/MS).
Results: Treatment with both high and low frequencies of EA at ST36 significantly ameliorated the symptoms of colitis, while also 
exerting systemic and local anti-inflammatory effect by downregulating the proinflammatory cytokines, iNOS and MPO. EA at ST36 
enhanced the intestinal barrier by upregulating the expression of MUC2 and ZO-1. Furthermore, high-frequency EA at ST36 
remarkably restored the gut microbial composition and diversity, as well as modulated the gut microbial metabolism of phenylalanine.
Conclusion: Our results suggest that EA treatment may alleviate colitis by reducing colon damage through gut microbiota- 
phenylalanine metabolism, which provides insight into EA’s underlying mechanisms in the treatment of colitis.
Keywords: ulcerative colitis, electroacupuncture, gut microbiota, phenylalanine metabolism

Introduction
Ulcerative colitis (UC), characterized by chronic inflammation of the colon with damage to the intestinal barrier, has 
become a major worldwide public health concern.1,2 While our understanding of its underlying mechanisms remains 
incomplete, environmental and genetic factors play a vital role in its development.3,4 The intricate interplay between host 
physiology and gut microbiota serves as a central regulator within the intestinal ecosystem. The gut lumen harbors 
approximately 10,000 resident gut flora species, whose composition is influenced by various environmental cues. 
Dysbiosis, characterized by reduced diversity and perturbation in microbial composition, is widely recognized as 
a hallmark feature of colitis. Restoring microbial balance through fecal microbiota transplantation (FMT) or pharma-
ceutical intervention has proven efficacious in both clinical setting and animal models.5–7 Non-pharmacological inter-
ventions like dietary therapy and acupuncture represent common clinical strategies for managing colitis symptoms; 
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whereas pharmaceutical agents such as 5-aminosalicylic acid (5-ASA), glucocorticoids, and biologics carry potential 
risks for adverse effect.8

Originating from ancient Chinese medicine, acupuncture has been globally utilized for addressing a wide range of 
health issues. Electroacupuncture (EA), an innovative therapy derived from traditional acupuncture, is employed in the 
management of various condition such as inflammation, insomnia, depression, and Parkinson’s disease.9–12 Both clinical 
and animal research have shown that EA alleviates intestinal disorders, such as irritable bowel syndrome,13 functional 
abdominal pain,14 and inflammatory bowel disease (IBD).15 The therapeutic efficacy of EA is frequency-dependent. 
Specifically, low-frequency EA (EA-L), defined as less than 30 hz, is associated with analgesic effects and enhanced 
local blood circulation, whereas high-frequency EA (EA-H), ranging from 30 hz to 1000 hz, exhibits anti-inflammatory 
properties and facilitates tissue repair.16 Previous studies have indicated that treatment with varying frequencies of EA, 
particularly EA-H, can modulate macrophage polarization via the nucleotide-binding oligomerization domain, leucine- 
rich repeat and pyrin domain-containing 3 (NLRP3)/ interleukin-1 beta (IL-1β) and nuclear factor erythroid 2-related 
factor 2 (Nrf2)/heme oxygenase-1 (HO-1) pathways, thereby facilitating intestinal recovery in dextran sulfate sodium 
(DSS)-induced colitis.17

Given the role of gut microbiota in intestinal immunity, we hypothesized that EA may also influence gut flora and 
metabolites in the context of colitis. Interestingly, it has been reported that EA treatment (5 hz) can rebalance the 
composition of gut microbiota in 2,4,6-trinitrobenzene sulphonic acid (TNBS)-induced colitis.18 Nevertheless, the precise 
mechanism by which EA operates within the gut microbial-metabolite pathway remains inadequately elucidated. 
Furthermore, EA-H treatment provides immunity regulation,17 which suggests that EA-H may be more effective than 
EA-L at re-building the balance of microbial metabolism. Thus, we aimed to investigate the gut microbial regulation of 
different frequencies of EA on DSS-induced colitis to further uncovered the changes in gut microbial metabolites 
associated with EA treatment.

Materials and Methods
Reagents
DSS (36–50k MW, CAS:216011080) was obtained from MP Biomedicals (USA), and 5-ASA (CAT: A79809) was 
obtained from Sigma-Aldrich (USA). The cDNA synthesis Kit (CAT: R22-01) and qRT-PCR SYBR Green Kit (CAT: 
Q221-01) were obtained from Vazyme Biotech Co., Ltd. (Nanjing, China). Antibodies inducible nitric oxide synthase 
(iNOS, CAT: GB11119) and ZO-1 (CAT: GB111402) were purchased from Servicebio (Wuhan, China). Enzyme linked 
immunosorbent assay (ELISA) kit for myeloperoxidase (MPO) and pro-inflammatory cytokines, including IL-1β, IL-6, 
and tumor necrosis factor-alpha (TNF-α) were provided from Multi Sciences Biotech Co., Ltd. (Hangzhou, China).

Animals and Experimental Design
Five weeks-old male, specific-pathogen-free (SPF) C57BL/6J mice were purchased from Vital River Laboratory Animal 
Technology Co., Ltd. (Hangzhou, China) and housed in an SPF facility with a 12-h light/12-h dark cycle. The mice were 
randomly divided into the following five groups: Ctrl (n = 6), DSS (n = 8), DSS/EA-L (n = 8), DSS/EA-H (n = 8), and DSS/ 
5-ASA (n = 8). All animals were acclimated for one week with free access to food and water prior to experimental 
procedures. Animal study and experimental procedures were approved by Animal Ethics Committee in Affiliated Hospital 
of Nanjing University of Traditional Chinese Medicine (Application Number: 2022DW–11–01) on May 10th, 2022.

As in previous studies,19 acute colitis was induced by administering 2.5% DSS (w/v) to mice in the drinking water for 
a duration of 7 days, followed by subsequent period of 3 days during which autoclaved drinking water as provided. 
During the experiment, all mice were anesthetized with isoflurane at concentrations ranging from 0.5% to 1.5% until 
a surgical level of anesthesia was achieved, as confirmed by a negative pedal reflex test. The mice in Ctrl, DSS, and DSS/ 
5-ASA groups were allowed to recover from anesthesia before being returned to their cages. The mice in DSS/EA-L and 
DSS/EA-H groups were received EA treatment. For EA treatment, the ST36 acupoint was accurately located on the 
hindlimbs, situated 4 mm inferior to the knee joint and approximately 2 mm lateral to the anterior tibial tuberosity. The 
surrounding area of ST36 was shaved, disinfected with 75% ethanol, and allowed to dry completely. Two sterile stainless 
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steel acupuncture needles were then inserted perpendicularly into ST36 at a depth of 3 mm. These needles were 
connected to an EA stimulator set to deliver an electrical current of 0.1 mA along with the specific frequency 
corresponding to each experimental group (DSS/EA-L group, 10 hz; DSS/EA-H group, 100 hz). The treatment was 
administered for a duration of 15 minutes, after which the mice were permitted to recover from anesthesia prior to being 
returned to their cages. One hour post-acupuncture treatment, the mice in the DSS/5-ASA group received 5-ASA 
(100 mg/kg) orally, while those in the other four groups were administered 0.2 mL of distilled water.

Disease Activity Index (DAI) Score
The DAI was scored every day. It was evaluated according previous study and it contained three parts: body weight loss 
(0, none; 1, < 5%; 2, 5–10%; 3, 10–20%; 4, >20%), stool consistency (0, normal; 2, loose stools; 4, diarrhea), and rectal 
bleeding (0, none; 2, slight bleeding; 4, gross bleeding). The DAI score was average of the three indexes.

Histopathological Analysis
The mice were humanely sacrificed by isoflurane overdose and cervical dislocation at day 11. Following measurement of 
the colon length, distal segments of colon tissue were fixed in 4% paraformaldehyde for 24 h, dehydrated, cleared, and 
embedded in paraffin wax. Colon tissue-containing paraffin blocks were sliced into 5 µm sections and transferred to glass 
slides for histological staining. Hematoxylin and eosin (H&E) and Alcian blue/periodic acid-Schiff (AB/PAS) staining 
were performed using kits from Wuhan Servicebio Technology Co., Ltd., according to the manufacturer’s instructions. 
Stained specimens were observed under a light microscope.

Immunostaining of ZO-1 and iNOS
The paraffin sections on the slides were dewaxed with xylene, followed by rehydration using graded concentrations of 
alcohol. Endogenous peroxidase activity was eliminated blocked using 3% H2O2. After that, the slides were blocked with 
5% goat serum for 30 min at 37°C. And the samples were incubated with primary antibody ZO-1 and iNOS for 12 h at 
4°C. All the samples then were incubated with horseradish peroxidase-labelled secondary antibody (Cy5 conjugated Goat 
Anti-rabbit, GB27303, HRP conjugated Goat Anti-Rabbit, GB23303) for 1 h at 37°C. Images were observed using 
CaseViewer (Version 2.4; 3DHISTECH, Ltd).

RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted from colonic tissue samples using TRIzol™ Reagent (Invitrogen Corporation, USA) according to 
the manufacturer’s instructions. The RNA purity and yield were evaluated by spectrophotometry. Complementary DNA 
was generated using the HiScript® III Reverse Transcription SuperMix system (Vazyme Biotech Co., Ltd., Nanjing, China). 
qRT-PCR was performed using the ChamQ SYBR qPCR Master Mix system (Vazyme Biotech Co., Ltd., Nanjing, China) 
and the LightCycler® 96 (Roche Diagnostics, Ltd., USA). β-actin was used as the housekeeping gene, and relative gene 
expression levels were calculated using the Livak method.20 The primer sequences are listed in Table S1.

Enzyme-Linked Immunosorbent Assay (ELISA)
At day 11, blood samples were collected by retro-orbital bleeding after fasting for 12 hr. After centrifuged at 3000 
g for 10 min, the supernatants were harvested as the serum samples. The levels of MPO and pro-inflammatory 
cytokines, including IL-1β, IL-6, and TNF-α, in serum were quantified using ELISA kits following the manufacturer’s 
protocols.

DNA Extraction and Quantification of Bacteria in Ileocecal Contents
Genomic DNA was extracted from the ileocecal contents using the E.Z.N.A.® Stool DNA Kit (Omega Bio-tek, Inc., USA) 
according to the manufacturer’s instructions. The DNA purity and concentration were assessed by spectrophotometry, and 
the DNA yield and quality were further confirmed by 1% agarose gel electrophoresis at 5 V/cm. The V3-V4 hypervariable 
region of genomic DNA was amplified in triplicate by PCR using primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) 
and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). Then, the samples were pooled and run on a 2% agarose gel, and 

Journal of Inflammation Research 2024:17                                                                                          https://doi.org/10.2147/JIR.S472004                                                                                                                                                                                                                       

DovePress                                                                                                                       
7313

Dovepress                                                                                                                                                              Zhu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=472004.docx
https://www.dovepress.com
https://www.dovepress.com


amplicons from the correct band size were extracted and cleaned with the AxyPrep™ DNA Gel Extraction Kit (Axygen 
Scientific, Inc., USA). The final library concentration was measured using the QuantiFluor® dsDNA system (Promega 
Corporation, USA), according to the manufacturer’s instructions. Purified amplicons were pooled in equimolar amounts 
and paired-end sequenced (2 × 300) on an Illumina MiSeq PE300 system (Illumina, Inc., USA) according to the standard 
protocols by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

Raw sequencing reads were demultiplexed and filtered using fastp v.0.23.0 and then merged using Fast Length 
Adjustment of SHort reads software v.1.2.11. Operational taxonomic units (OTUs) were clustered with the UPARSE 
function in USEARCH v.11.0.667, using a clustering threshold of 97% similarity. Chimeric sequences were identified 
and excluded. OTU sequences were then analyzed with RDP Classifier v.2.11 using the SILVA 16S rRNA database 
v.138.1, with a confidence threshold of 70%. Alpha diversity, beta diversity, community composition analysis, 
statistical analysis, and other calculations were performed at various taxonomic levels using the proprietary 
Majorbio Cloud platform (Shanghai Majorbio Bio-Pharm Technology Co., Ltd., China) according to standard 
protocols.

Metabolomic Analysis of Ileocecal Contents
Metabolomic analysis of ileocecal contents was performed by Shanghai Metabo-Profile Biotechnology Co., Ltd. The 
samples were prepared, followed by metabolite extraction and derivatization. Ultra-performance liquid chromatogra-
phy–tandem mass spectrometry (UPLC/MS/MS) was performed to quantify all metabolites using the AcquityXevo 
TQ-S system (Waters™ Corporation, USA) coupled with a mass spectrometer. Targeted Metabolome Batch 
Quantification (TMBQ) software developed in-house by Shanghai Metabo-Profile Biotechnology Co., Ltd. was used 
to process the raw data by performing peak integration, calibration, and quantitation for each metabolite. Integrated 
Metabolomics Analysis Platform (iMAP) software, also developed in-house by the same company, was used for 
analysis of the metabolic data.

Statistical Analysis
All statistical analyses were performed on GraphPad Prism v. 9.0.0 (GraphPad Software, Inc., USA) using Analysis of 
Variance tests (ANOVA) for both paired comparisons and multiple comparisons. Statistical significance was defined as 
follows: * P < 0.05, ** P < 0.01, *** P < 0.001.

Results
EA Attenuates DSS-Induced Acute Colitis in Mice
To evaluate the beneficial impacts of EA on colitis, we established a chemical-induced mouse model by administering 
2.5% DSS in drinking water for 7 days (Figure 1A–C). Following treatment with EA-L, EA-H, or 5-ASA, we assessed 
colitis indicators such as body weight loss, loose stool consistency, and fecal blood. As depicted in Figure 1D–G, both 
EA-L and EA-H treatment improved across these indicators, comparable to or exceeding those of 5-ASA. Additionally, 
the reduction in colon length post-DSS treatment was reversed following administration of EA-L, EA-H and 5-ASA 
(Figure 1H and I). Furthermore, H&E staining of the mucosa revealed that treatments with both EA-L and EA-H could 
effectively mitigate intestinal epithelial injury (Figure 1J). These findings validate the protective role of both high and 
low-frequency EAs against DSS-induced colitis.

EA Inhibits the Expression of Inflammatory Cytokines and Chemokines in the 
DSS-Induced Colitis
As colitis is a systemic inflammatory disease characterized by significant activation of the immune response,21–23 we 
evaluated the effects of EA on inflammatory cytokine and chemokine expression in colonic tissue. The expression of pro- 
inflammatory cytokines (Ifng, Nos2, Mpo, Il1b, Il6, and Tnfa) and chemokines (Cxcl9, Cxcl2, Ccl2) was increased in the 
DSS group. However, they were reduced upon following EA treatment at both high and low frequencies, although the effect 
was more pronounced for EA-H (Figure 2A). The upregulated protein level of iNOS in colonic tissue was downregulated 
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Figure 1 EA alleviates DSS-induced colitis in mice. (A) The location of the ST36 acupoint (also known as Zusanli). (B) Experimental set-up for treatment of mice using EA. 
(C) Experimental design for EA treatment. (D) Body weight change of mice after treatment with or without DSS (2.5% for 7 days) followed by EA-L (DSS/EA-L group, 10Hz), 
EA-H (DSS/EA-H group, 100Hz), or 5-ASA (dose 100 mg/kg), n = 6–8. (E and F) Percentage of stool consistency (E) and fecal blood (F) on day 10, n = 6–8. (G) Disease 
active index (DAI) score during colitis progression, n = 6–8. (H and I) Representative colonic images (H) and average length (I), n = 6–8. (J) Representative H&E staining 
images of colon (upper scar bar: 250 µm, bottom scar bar: 50 µm) and histological scores, n = 4. Data are expressed as the Mean ± SEM. * P < 0.05, ** P< 0.01, *** P< 0.001; 
one-way ANOVA with Tukey’s post hoc analysis.
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after EA treatment (Figure 2B). Furthermore, EA-H treatment significantly diminished the elevated serum levels of MPO, 
IL-1β, IL-6, and TNF-α in colitis, while EA-L treatment specifically reduced the levels of the latter three cytokines 
(Figure 2C). The data presented herein demonstrate that both low and high frequencies of EA treatment effectively mitigate 
the inflammatory response in the DSS-induced colitis model, as evidenced at both local and systemic levels.

EA Restores the Intestinal Barrier Integrity in the DSS-Induced Colitis
Colitis is typically characterized by compromised intestinal barrier function, the presence of lesions, a thinner mucosal 
barrier, and reduced expression of tight junction proteins.24 Consequently, we assessed the impact of EA on the mRNA 
expression levels of barrier-related molecules including Muc2, occludin, and Zo1, as well as Claudin2, an indicator of 
intestinal permeability. Treatment with EA-L or EA-H reversed the decrease in Muc2 and occludin, and EA-H 
additionally reversed the decrease in Zo1 and the increase in Claudin2 in the colonic tissues of DSS-treated mice 
(Figure 3A). Consistently, AB/PAS and immunohistochemical staining revealed a significant increase in the number of 
goblet cells and mucin production following EA treatment, accompanied by elevated expression of ZO-1 in colonic tissue 
(Figure 3B). Cumulatively, these findings suggest that EA mitigates DSS-induced impairment of the intestinal barrier.

EA Rebalances the Gut Microbiota in the DSS-Induced Colitis in Mice
Dysbiosis, with modification of the gut microbiota composition and downregulation of alpha diversity, is a typical 
characteristic of colitis.25 As shown in Figure 4A and B, the Chao and Ace indices, which assess biodiversity, 
demonstrated a decline subsequent to DSS-induced colitis. However, EA-L treatment reversed the impact on the Chao 
index, while EA-H treatment reversed the effects on both indexes. By applying principal coordinate analysis (PCoA), we 
observed a clear demarcation between the Ctrl group and all DSS groups, indicating that EA treatment had minimal 
influence on the overall gut microbiota composition (Figure 4C). However, in Partial Least Squares Discriminant 
Analysis (PLS-DA) of inter-group similarity, the gut microbiota of the DSS/EA-L group exhibited similarity to that of 
the DSS group, whereas the DSS/EA-H group was demonstrated significant dissimilarity (Figure 4D). To further 
investigate this distinction, we assessed gut microbial communities at various hierarchical levels. Significantly divergent 
patterns were observed at phylum, family, and gene levels within the four experimental cohorts (Figure S1A, B and 
Figure 4E). To discern the distinct bacterial taxa between the DSS and DSS/EA-H groups at the gene level, we utilized 
STAMP analysis. The results revealed relatively elevated proportion of norank_f_Lachnospiraceae, norank_f_UCG-010, 
Colidextribacter, norank_f_Christensenellaceae, and norank_f_Peptococcaceae in the DSS/EA-H group, while erysipe-
latoclostridium and clostridium_sensu_stricto_1 exhibited higher proportions in the DSS group (Figure 4F). Analysis by 
BugBase indicated that EA-H treatment significantly downregulated the abundance of potentially pathogenic microbiota 
(Figure 4G). Furthermore, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis using Phylogenetic 
Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) revealed that EA-H treatment 
modulates metabolic pathways, particularly those related to cysteine and methionine metabolism, alanine, aspartate and 
glutamate metabolism, glycine, serine and threonine metabolism, lysine biosynthesis and phenylalanine (Phe), tyrosine 
and tryptophan biosynthesis (Figure 4H and I). The collective data suggests that EA-H reinstates the composition of gut 
microbiota and regulates amino acid metabolism in DSS-induced mice.

EA Rebalances Phenylalanine Metabolism in the Lumen of DSS-Treated Mice
Based on the aforementioned results, we employed untargeted metabolomics to investigate the impact of EA-H on the 
intestinal environment. Metabolite classification revealed that 21.33% of the compounds in fecal samples were fatty 
acids, 20.89% were amino acids, and 15.22% were bile acids (Figure 5A and B). Additionally, PLS-DA analysis unveiled 
distinctions in the metabolite profiles between the DSS and DSS/EA-H groups (Figure 5C). The relative quantities of 
metabolites were visualized using a heatmap, and the top 86 metabolites are shown in Figure 5D. The KEGG pathway 
analyses indicated that these differential metabolites were mainly involved in organic-acid-related metabolism, encom-
passing alpha-linolenic acid and linoleic acid metabolism, glutathione metabolism, arginine and proline metabolism, and 
phenylalanine and tyrosine metabolism (Figure 5E). Therefore, we analyzed the microbial metabolism of Phe 
(Figure 6A). The results showed that the concentration of each Phe metabolites was higher in DSS-treated mice 
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Figure 2 EA inhibits inflammatory cytokine and chemokine expression in the DSS-induced colitis in mice. (A) Heat map showing the relative mRNA expression of 
inflammatory cytokines (Il1β, Il6, Infg, and Tnfa), chemotactic factors (Cxcl2, Cxcl9, and Ccl2), mpo, and Nos2 in the colonic tissue of Ctrl, DSS, DSS/EA-L, and DSS/EA-H 
groups of mice according to microarray analysis, n = 6. (B) Representative iNOS staining of colonic tissues of mice (upper scar bar: 250 µm, bottom scar bar: 50 µm). (C) 
ELISA of MPO, IL-1β, IL-6 and TNF-α levels in the serum of mice, n = 5. Data are expressed as the Mean ± SEM. *P < 0.05, **P< 0.01, ***P< 0.001; one-way ANOVA with 
Tukey’s post hoc analysis.
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compared to normal mice, although only the differences in phenylpyruvic acid (PPyA) and phenyllactic acid (PPA) were 
statistically different. Additionally, EA-H treatment significantly downregulated the levels of these two metabolites 
(Figure 6A and B). Correlation analysis revealed a positive association between PPyA and Romboutsia_ilealls, Phe was 
positively associated with both uncultured_organism_g_parasutterella and uncultured_bacterium_g_coriobacteriaceae 
UCG-002. PPA was positively associated with Romboutsia_ilealls and unclassified_g _helicobacter, and negatively 
associated with unclassified_g_lachnospiracea_NK4A136_group (Figure 6C). Moreover, using MaAslin, a significant 
positive correlation of PPA with unclassified_g_helicobacter and a significant negative correlation of PPA with unclassi-
fied_g_lachnospiracea_ NK4A136_ group were observed (Figure 6D). These data indicate that EA-H rebuilds the 
microbial metabolism of Phe by modulating the microbial composition in DSS-treated mice.

Discussion
Current efforts have been focused on untangling the complex web of biological processes that underlie the develop-
ment of colitis, including the identification of factors that prevent dysbiosis as a novel approach to developing 
potential new clinical therapies.26 Non-pharmacological treatments are ideal choices for patients with UC because 
they tend to have fewer side effects.27,28 These alternative approaches may include dietary modifications, lifestyle 
changes, and complementary therapies such as acupuncture or electroacupuncture. In this study, we have demonstrated 

Figure 3 EA protects the intestinal barrier in DSS-induced colitis in mice. (A) The relative mRNA expression of Muc2, Occluding, Zo1, and Claduin2 in colonic tissues of Ctrl, 
DSS, DSS/EA-L, and DSS/EA-H mice, n = 6. (B) Representative alcian blue/periodate Schiff (AB/PAS) and ZO-1 immunohistochemical staining of colonic tissue of mice (scar 
bar: 50 µm). Data are expressed as the Mean ± SEM. *P < 0.05, **P< 0.01, ***P< 0.001; one-way ANOVA with Tukey’s post hoc analysis.
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Figure 4 EA alters the composition of gut microbiota in DSS-treated mice. (A and B) α-diversity in gut microbiota of Ctrl, DSS, DSS/EA-L, and DSS/EA-H groups of mice 
according to the Chao and Ace indexes. (C and D) Principal coordinate analysis (PCoA) based on the unweighted UniFrac distance matrix and Partial Least Squares 
Discriminant Analysis (PLS-DA) at the OTU level. (E and F) Analysis of differences in microbial taxa at the gene level. (G) The relative abundance of potentially pathogenic 
microbiota based on BugBase function analysis. (H and I) Pathways at various levels exhibit distinct abundances among groups, as revealed by the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis. Data are expressed as the Mean ± SEM. ** P< 0.01, *** P< 0.001; one-way ANOVA with Tukey’s post hoc analysis.
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that EA, a type of therapy that is administered non-pharmacologically at the ST36 acupoint using either high- 
frequency and low-frequency electrostimulation, alleviates DSS-induced colitis in mice. Notably, we demonstrated 
that EA-H significantly rebalances gut-microbiota Phe metabolism. Our results provide new insights into the benefits 
of EA and reveal an underlying metabolic mechanism associated with its therapeutic function.

Acupuncture has been a cornerstone of traditional Chinese medicine for centuries, and its integration into contem-
porary clinical practice is increasingly supported by emerging scientific data. The acupoint ST36, referred to as Zusanli in 
Chinese, is situated below the knee joint on the anterior aspect of the leg. This particular point has attracted attention not 
only due to its historical significance but also because of its physiological effects. Stimulation at ST36 has been 
demonstrated to modulate immune function across various diseases, including sepsis, diabetes mellitus, ischemic stroke, 

Figure 5 EA rebalances the metabolic profile in DSS-treated mice. (A) The fecal metabolomic profiles in Ctrl, DSS, and DSS/EA-H groups of mice were clustered using PLS- 
DA. (B) Total metabolome classification of compounds with differential metabolites. (C) The relative abundance of metabolites in each group of mice. (D) Heatmap of the 
levels of markedly altered metabolites. (E) KEGG pathway enrichment analysis according to the markedly altered metabolites. Data are expressed as the Mean ± SEM. *P < 
0.05, **P< 0.01, ***P< 0.001; one-way ANOVA with Tukey’s post hoc analysis.
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Figure 6 EA influences the metabolism of phenylalanine in DSS-treated mice. (A) Schematic diagram of Phenylalanine (Phe) metabolism. (B) The concentration of microbial 
metabolites of Phe in feces. (C) Correlation analysis between gut microbiota and Phe, phenylpyruvic acid (PPyA), and phenylpropionic acid (PPA). (D) MaAsLin analysis of gut 
microbiota and PPA. Data are expressed as the Mean ± SEM. *P < 0.05, ** P< 0.01; one-way ANOVA with Tukey’s post hoc analysis.
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and colitis.29–31 Previous studies have reported that EA at ST36 or other acupoints has previously been shown to alleviate 
TNBS-induced colitis in rats and DSS-induced colitis in mice by regulating inflammatory cytokines.18 However, it is 
important to note that while these studies have highlighted significant anti-inflammatory effects associated with EA 
treatment, they did not assess potential changes in gut microbiota composition or diversity resulting from such 
interventions. Moreover, existing literature suggests that high-frequency and low-frequency EA exhibit distinct func-
tional impacts on biological systems.9–12 These differences may stem from variations in neural activation patterns or 
downstream signaling pathways elicited by different frequencies. Consequently, we conducted an evaluation comparing 
both EA-H and EA-L specifically regarding their effects on models of colitis.

In this study, we observed that EA-H treatment in DSS-induced mice resulted in significant alterations to the 
microbiota, while the gut flora of DSS/EA-L mice exhibited a composition fundamentally akin to that of DSS mice. 
This suggests that EA-H may be a better choice for colitis treatment, which is consistent with its superior the ability to 
regulate the immune response.17 To gain a more comprehensive understanding, we further identified the specific bacterial 
species influenced by EA-H. Our results demonstrate that clostridium sensu stricto_1, norank f Atopobicea, 
Erysipelatoclostridium, and Eubacterium are abundant in the gut flora of colitis mice, and norank_f_Lachnospiraceae, 
norank_f_UCG-010, norank_f_Christensenellaceae, and norank_f_Peptococcaceae are key microbiota associated with 
EA-H treatment mice. Moreover, BugBase analysis corroborated our findings by demonstrating that EA-H treatment 
markedly reduces the abundance of pathogenic microbiota typically associated with exacerbated colonic inflammation. 
The reduction in harmful microbes is crucial as it not only alleviates symptoms but also facilitates re-establishment of 
a balanced microbial community conducive to recovery. Collectively, these findings reinforce the potential of EA-H to 
mitigate colitis effects through mechanisms involving both immune modulation and restoration of a favorable colonic 
microbial environment.

Considering that alterations in gut microbiota composition frequently reflect functional transformations,32–36 we 
performed a functional assessment utilizing PICRUSt prediction software, which revealed that amino acid metabolism 
was influenced by EA-H. The findings align with those of a prior study indicating that electroacupuncture at ST36 and 
SP6 (Sanyinjiao in Chinese) modulates levels of l-glutamine and gamma-aminobutyric acid in the hippocampi of colitis 
rats exhibiting anxiety and depression.18 To substantiate our findings, we conducted an untargeted metabolic analysis 
utilizing UPLC/MS/MS. The results revealed significant alterations in the concentrations of amino acids, benzenoids, 
benzoic acids, and phenylpropanoic acids following EA-H treatment in colitis, with the metabolism of Phe and tyrosine 
(Tyr) ranking among the top ten changes. Consistently, two microbial metabolites of phenylalanine (PPyA and PPA) 
exhibited significant increases during colitis. The metabolism of phenylalanine, an aromatic amino acid, has been shown 
to be altered in IBD, with elevated concentrations reported in the feces of IBD patients.37,38 In this study, we 
demonstrated that EA-H treatment significantly reduced levels of PPyA and PPA, thereby supporting the role of EA-H 
in modulating microbiota metabolism to alleviate colitis symptoms. These findings not only validate the therapeutic 
potential of EA for colitis but also provide mechanistic insights into the application of EA-H as a non-pharmacological 
strategy for disease amelioration.

Conclusion
EA at ST36, administered with high frequency, has been shown to inhibit colitis-related inflammation, restore the 
integrity of the mucosal barrier, and modulate intestinal microbiota along with its metabolic byproducts such as Phe, 
thereby alleviating DSS-induced colitis.
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