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Objective: This study evaluated the antidepressant-like effects of Mongolian medical warm acupuncture (MMWA) in a chronic
unpredictable mild stress (CUMS) model and examined its mechanistic involvement in the gut microbiota—metabolite—barrier axis,
representing a novel multi-omics investigation of this traditional therapy.

Methods: Control, CUMS, and MMWA rats (n = 9/group) were assessed using sucrose preference, open-field activity, and Morris
water maze tasks. Gut microbiota, fecal metabolites, and intestinal barrier markers were measured by 16S rRNA sequencing, UPLC—
MS/MS metabolomics, qRT-PCR, and Western blotting.

Results: MM WA improved CUMS-induced deficits, increasing sucrose preference (p < 0.01), enhancing locomotor activity (p <0.01), and
reducing escape latency (p < 0.05). Treatment restored microbial diversity and increased beneficial short-chain fatty acid (SCFA)-producing
genera, including Lactobacillus and Prevotella (p < 0.05). Metabolomic analysis showed recovery of key neuroactive metabolites such as
taurine and arginine (adjusted p < 0.05). MMWA also enhanced intestinal barrier integrity by upregulating Occludin, TIP1/Z0O-1, and
Claudin-4 (p < 0.001). Associations across microbiota—metabolite pathways reflected coordinated restoration.

Conclusion: MMWA alleviates depressive-like behaviors by reshaping gut microbiota, normalizing metabolic profiles, and strength-
ening the intestinal barrier. These findings support its potential as a complementary approach for depressive-like conditions and
highlight a mechanistic link involving the microbiota—metabolite—barrier axis.
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Introduction
Depression is a common yet complex neuropsychiatric disorder that affects more than 300 million individuals globally
and contributes significantly to the global disease burden.'” Chronic unpredictable mild stress (CUMS) in rodents is
a widely validated experimental paradigm for simulating human depression-like behavior, especially anhedonia and
cognitive impairment.”* The CUMS paradigm is widely regarded as a valid model of long-term psychosocial stress in
humans because it exposes animals to repeated, low-intensity, and unpredictable stressors over several weeks. This
pattern closely mimics the chronic, variable, and uncontrollable nature of psychosocial stress that contributes to the
development of major depressive disorder in humans.>*

Accumulating evidence suggests that the pathophysiology of depression extends beyond the central nervous system
and is intimately connected to the bidirectional regulatory framework of the gut-brain axis.>°

Dysbiosis of gut microbiota—characterized by altered diversity and abundance of key microbial taxa—has emerged as
a crucial contributor to depressive pathology. Microbial imbalance disrupts intestinal barrier integrity, increases systemic
inflammation, and perturbs the host’s metabolic profile, ultimately affecting brain function and behavior.”* Specifically,
microbial-derived metabolites such as short-chain fatty acids (SCFAs), tryptophan derivatives, and bile acids influence
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neurotransmitter biosynthesis and neuroinflammation through endocrine, neural, and immune signaling pathways.”'® Recent
studies and systematic reviews have demonstrated that patients with major depressive disorder (MDD) and anxiety disorders
exhibit distinct alterations in gut microbiota composition. These changes include increased microbial a-diversity, enrichment
of pro-inflammatory and potentially pathogenic taxa such as Enterobacteriaceae, Alistipes, and Desulfovibrio, and a consistent
depletion of SCFA-producing genera, notably Faecalibacterium. Such dysbiosis may contribute to the pathogenesis of
affective disorders through gut-brain axis signaling and inflammation-mediated mechanisms.'""'* These findings highlight
the microbiota-metabolite-barrier axis as a potential therapeutic target for mood disorders.

Gut microbes influence central nervous system function through several interconnected mechanisms, collectively
forming the microbiota—gut-brain axis. These mechanisms include neural signaling via the vagus nerve; immune
modulation through systemic cytokines; endocrine interactions involving the hypothalamic—pituitary—adrenal (HPA)
axis; and microbiota-derived metabolites, such as short-chain fatty acids (SCFAs), tryptophan derivatives, and bile
acids—that regulate neuroinflammation, neurotransmitter biosynthesis, and synaptic plasticity. Disruption of these path-
ways has been associated with depressive-like behavior and altered emotional regulation in both animal models and
clinical studies.’ '? In addition, acupuncture-based interventions—including MMWA, have been reported to modulate
several neurobiological pathways implicated in depression, including inflammatory cytokine signaling, hypothalamic—
pituitary—adrenal (HPA) axis regulation, and neurotransmitter synthesis.'>'® Highlighting these pathways provides
a mechanistic bridge linking peripheral microbiota-derived changes to central behavioral outcomes.

Mongolian medical warm acupuncture (MMWA), a traditional external therapy rooted in the concept of “three roots
balance” and “Heti regulation,” involves applying thermal stimulation to specific acupoints via heated silver needles.'”
Recent high-quality studies and systematic evidence further indicate that acupuncture-related interventions can modulate
gut microbiota composition, metabolic signaling, and neuroimmune pathways in depression models, reinforcing the
scientific basis for investigating MMWA within a contemporary mechanistic framework.''-'*'®!'* Clinically, MMWA has
been widely used to manage insomnia, neurasthenia, and stress-related disorders.”® Modern experimental studies have
demonstrated that Mongolian medical warm acupuncture exerts therapeutic effects by modulating hypothalamic gene and
protein expression, suppressing neuroinflammatory pathways, and restoring neuroimmune homeostasis.'*'> Notably,
recent animal studies report that warm acupuncture ameliorates insomnia and anxiety-like behaviors by reshaping gut
microbial ecology and modulating serum metabolites.*'

However, the specific mechanisms through which MMWA influences depression remain insufficiently defined. In
particular, whether MMWA can regulate the gut microbiota—metabolite—barrier axis has not been systematically
investigated, and no prior studies have employed multi-omics approaches to characterize these integrated pathways.
Clearly articulating this gap highlights the novelty and necessity of the present work.

Therefore, this study aimed to evaluate the antidepressant effects of MMWA in CUMS-induced depressive rats and to
elucidate its mechanisms using multi-omics approaches. Behavioral outcomes were assessed by the sucrose preference
test, open field test, and Morris water maze. Gut microbiota composition was profiled by 16S rRNA sequencing, fecal
metabolites were analyzed by untargeted UPLC-MS/MS with KEGG enrichment, and intestinal barrier proteins
(Occludin, TJP1, Claudin4) and histidine metabolism enzymes (HAL, HDC) were examined by qRT-PCR and Western
blotting. Microbiota-metabolite interactions were further explored using Spearman and sGCCA analyses. These findings
provide new insights into the antidepressant mechanisms of MMWA, highlighting its role in modulating the gut
microbiota and metabolic pathways within the gut-brain axis framework.

Materials and Methods

Animals and Experimental Design

Twenty-seven specific pathogen-free (SPF) male Sprague-Dawley (SD) rats (170 = 15 g) were purchased from
Beijing Huafukang Biological Technology Co., Ltd. (Beijing, China). Animals were housed individually under
controlled temperature (22 + 2 °C), humidity (50% =+ 10%), and a 12-h light/dark cycle with free access to food
and water. All procedures were approved by the Institutional Animal Care and Use Committee Approval and
conducted in accordance with international guidelines. Before grouping, rats underwent an open field test to
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exclude individuals with abnormal baseline activity (exploration frequency <30 or >120); no rats were excluded,
and all 27 were randomly allocated (random number generator) into three groups (n = 9 each): Control, CUMS,
and MMWA. The CUMS protocol, adapted from established methods, included unpredictable stressors such as
overnight illumination, cage tilting (45°), cold water swimming (4 °C, 5 min), food or water deprivation (24 h),
wet bedding, and noise stimulation, with one to two stressors applied per day for 10 weeks. Body weight, food and
water intake, fur condition, and fecal appearance were monitored weekly.

Group allocation was computer-randomized, and all subsequent laboratory procedures, including sequencing, metabo-
lomics, Western blotting, and qRT-PCR, were performed under blinded conditions by investigators unaware of group identity.

Warm Acupuncture Intervention

Warm acupuncture was performed at six acupoints (Dinghui, Heyi, Xin, Badagan, Stomach, and Intestine), selected according
to Mongolian medical atlases and their relevance to the brain-gut axis. The anatomical locations of the acupoints were
determined according to the Atlas of Standardized Mongolian Medicine Acupoints (Inner Mongolia Medical University
Press), which provides detailed surface landmarks and regional anatomical references for Mongolian medical warm acu-
puncture. One acupoint was stimulated per session in a fixed rotation. Sterile silver needles were inserted to a depth of 5 mm
and heated with a temperature-controlled device (MY-I, Inner Mongolia, China) at 40 & 2 °C for 20 minutes once daily over
10 weeks. Control and CUMS groups were handled similarly without needle insertion or heating. All acupuncture procedures
were performed by the same trained operator to minimize inter-operator variability and ensure procedural consistency across
the 10-week intervention.

Behavioral Assessments

Behavioral testing was conducted by blinded experimenters. The open field test was performed at baseline and week 10 using
a 100x100 x 40 cm arena, where rats were allowed to explore freely for 5 minutes, and horizontal and vertical activity were
recorded. The sucrose preference test was conducted at baseline and day 70 following 24 h water deprivation; rats were given
access to 1% sucrose and plain water for 12 h, with bottle positions alternated midway. Preference was calculated as sucrose
intake/(sucrose + water intake) x 100. Spatial learning and memory were assessed during week 10 using the Morris water
maze in a 160 cm diameter pool (water temperature 22 + 1 °C), with a hidden platform submerged 2 cm below the surface.
Rats underwent four training trials daily for 4 days, followed by a probe trial on day 5 with the platform removed, measuring
escape latency, path length, time in the target quadrant, and proximity ratio.

Gut Microbiota Profiling

Fresh fecal samples were collected and stored at —80 °C. DNA was extracted with a commercial stool DNA kit
(Qiagen, Germany) and the V3-V4 region of the 16S rRNA gene was amplified and sequenced on an Illumina
MiSeq platform. Reads were processed in QIIME2, and OTUs clustered at 97% similarity. Reads were rarefied to
20,000 sequences per sample before calculating alpha diversity metrics to ensure consistent sequencing depth
across samples. Operational taxonomic units (OTUs) were assigned using the SILVA database. For statistical
comparisons, abundance tables were normalized using total-sum scaling and log-transformed where appropriate.
Beta diversity analyses were performed using UniFrac distance matrices generated from rarefied data. Alpha
diversity indices (Shannon, Simpson, Chaol, ACE, Observed OTUs) and beta diversity (UniFrac PCA) were
calculated. Differential taxa were identified by LEfSe (Kruskal-Wallis and Wilcoxon tests, LDA >2.0). Functional
prediction was conducted using PICRUSt2 with KEGG ortholog annotation.

Untargeted Fecal Metabolomics

Fecal metabolites were extracted with methanol-acetonitrile (2:1), centrifuged, and analyzed using UPLC-MS/MS (Q
Exactive, Thermo Fisher). Data were processed with Compound Discoverer (Thermo) and metaX (R package). Principal
component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) were performed, with
model validity tested by 200-permutation analysis. Differential metabolites were identified using [log,FC| > 1 and adjusted p <
0.05 (Benjamini—Hochberg correction). KEGG-based pathway enrichment was performed in MetaboAnalyst.
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Correlation Analysis

Differentially abundant microbial genera and metabolites were selected for correlation analysis. Spearman correlation
coefficients (adjusted p < 0.05, FDR-corrected) were calculated, and a microbiota—metabolite interaction network was
constructed using sparse generalized canonical correlation analysis (sGCCA) with the mixOmics R package (v6.20).

Assessment of Intestinal Barrier Integrity and Histidine Metabolism

Colon tissues were collected post-mortem. Total RNA was extracted (TRIzol reagent, Invitrogen) and subjected to RT-
gPCR for Tjpl, Claudin4, HAL, and HDC using SYBR Green Master Mix (Applied Biosystems). GAPDH was used as
an internal control. Primer sequences (designed via Primer3 software) are listed in Table 1.

For protein analysis, colon tissues were lysed in RIPA buffer. Protein concentrations were quantified by BCA assay.
Protein molecular weight markers were obtained from Abcam (Prestained Protein Ladder, 10-245 kDa, Cat” ab116028).
Equal amounts of protein (30 ng) were separated by SDS-PAGE and transferred to PVDF membranes. Membranes were
blocked and incubated overnight at 4 °C with primary antibodies against Occludin (1:1000, Abcam, ab216327), TJP1
(ZO-1, 1:1000, CST, *13663), Claudin4 (1:1000, Abcam, ab15104), HAL (1:500, Proteintech, 15756-1-AP), HDC
(1:500, Santa Cruz, sc-271213), and B-actin (1:2000, Abcam, ab8226). After washing, membranes were incubated
with HRP-conjugated secondary antibodies (1:5000). Bands were visualized by ECL (Bio-Rad) and quantified using
Imagel. All experiments were performed in biological triplicates.

Statistical Analysis

All statistical analyses were performed using SPSS 26.0, GraphPad Prism 9.0, and R software. Data distributions were
assessed for normality using the Shapiro—Wilk test and for homogeneity of variance using Levene’s test. For behavioural
and molecular assays that met parametric assumptions, one-way analysis of variance (ANOVA) followed by Tukey’s
post-hoc multiple-comparison test was applied. When assumptions were not met, the Kruskal-Wallis test with Dunn’s
post-hoc correction was used. Effect sizes for ANOVA results were calculated using partial eta-squared (n%), and 95%
confidence intervals were reported where appropriate.

For microbiota analyses, a-diversity indices were compared using the Kruskal-Wallis test, while B-diversity was
assessed using PERMANOVA based on UniFrac distance matrices. Taxonomic differential abundance was evaluated
using LEfSe with a linear discriminant analysis (LDA) threshold of 2.0. For microbiota differential abundance analyses
beyond LEfSe, false discovery rate (FDR) correction (Benjamini—-Hochberg) was also applied to control for type I error.
For metabolomics, differential metabolites were identified using orthogonal partial least squares discriminant analysis
(OPLS-DA) and univariate analysis with Benjamini—Hochberg false discovery rate (FDR) correction (adjusted p < 0.05).
For correlation analyses, Spearman coefficients were computed and corrected for multiple testing using FDR.

All statistical tests were two-sided, and p < 0.05 was considered statistically significant unless otherwise specified.

Table | Primer Sequences Used for RT-qPCR Analysis of Target Genes in Rat Colon

Tissues

Gene Primer Sequence (5'—>3') Tm (°C) | Product Size (bp)

Tipl Tipl-F TGGAGTCGAGACTTTCTCTG 58.1 20
Tipl-R TAGCTCCACAGGCTTCAGG 59.9 19

Claudin4 | Claudin4-F | ATACGCACTTAGGAGTCATCC | 584 21
Claudin4-R | TACACAGGCACCATAATCAGC | 584 21

HAL HAL-F TCATGATAGCCCACTGTACC 58.1 20
HAL-R TTCCGGAATGTGCTCCATTC 58.1 20

HDC HDC-F ACCACCAAGGATGACATCCTG | 60.3 21
HDC-R CTGAACAGAAAGGACGACAG | 58.1 20

GAPDH | GAPDH-F | ACTCCCTCAAGATTGTCAGC 58.1 20
GAPDH-R | AGTTGCTGTTGAAGTCACAGG | 584 21
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Results

Warm Acupuncture Ameliorates Depression-Like Behaviors and Cognitive Deficits in
CUMS Rats

CUMS rats exhibited attenuated body weight gain (Figure 1A) and significantly reduced sucrose preference compared
with controls (p < 0.01, Figure 1B), both of which were improved by MMWA treatment (p < 0.05). In the open field test,
locomotor activity and rearing frequency were decreased in CUMS rats, whereas MMWA partially restored these
behaviors (Figure 1C-E). In the Morris water maze, CUMS rats showed prolonged escape latency and fewer platform
crossings, indicating impaired spatial learning and memory; these deficits were significantly alleviated by MMWA (p <
0.05, Figure 1F-H). Representative effect sizes were substantial (partial n* = 0.41-0.58), supporting the robustness of
these behavioral differences despite the modest sample size.

Warm Acupuncture Restores Gut Microbiota Diversity and Composition in CUMS
Rats

Rarefaction curve analysis confirmed that sequencing depth was sufficient to capture most of the microbial diversity in all
samples, ensuring reliable data quality (Figure S1). At the o-diversity level (Figure 2A-E), CUMS rats showed
significantly reduced richness and evenness, as indicated by lower Chaol, Shannon, ACE, and Observed OTUs indices
and a higher Simpson index (p < 0.05). These alterations were partially reversed in the MMWA group, suggesting
restored microbial diversity. At the taxonomic level (Figure 2F and G), CUMS rats exhibited a notable decrease in
Firmicutes and enrichment of Proteobacteria and Escherichia-Shigella, consistent with stress-induced dysbiosis. In
contrast, MM WA intervention partially normalized these phylum- and genus-level imbalances and promoted the recovery
of beneficial taxa such as Prevotella. These results indicate that warm acupuncture not only improves microbial diversity
but also helps re-establish a more balanced gut microbiota community disrupted by chronic stress.

Warm Acupuncture Modulates Gut Microbiota Composition in CUMS Rats

Chronic stress induced marked shifts in gut microbiota across multiple taxonomic levels. At the phylum level, CUMS
rats showed an increased abundance of Proteobacteria and a decrease in Firmicutes compared with controls, whereas
MMWA treatment partially restored this imbalance (Figure S2A and Figure 3A). At finer taxonomic levels, CUMS
promoted the enrichment of potentially harmful taxa such as Enterobacteriaceae and Escherichia-Shigella, while
beneficial genera including Lactobacillus, Prevotella, and Ruminococcus were depleted. These alterations were partially
reversed by MMWA, resulting in a microbial profile closer to that of healthy controls (Figure S2B—F and Figure 3B-F).
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Figure 2 Effects of warm acupuncture on gut microbial diversity in CUMS rats. (A-E) o-diversity indices of gut microbiota among Control, CUMS, and MMWA groups,
including Chaol, Shannon, Simpson, ACE, and Observed OTUs. CUMS rats exhibited reduced richness and evenness, which were partially restored by MMWA treatment.
(F and G) Relative abundance of major bacterial taxa at the phylum and genus levels. CUMS rats showed reduced Firmicutes and increased Proteobacteria and Escherichia-
Shigella, whereas MMWA intervention partially normalized these changes and enriched beneficial genera such as Prevotella.

Collectively, these findings indicate that warm acupuncture helps re-establish a more balanced gut microbial community

disrupted by chronic stress.

Warm Acupuncture Alters Key Microbial Taxa and Restores Functional Potential

LEfSe analysis revealed distinct bacterial signatures between groups. CUMS rats were enriched in pathogenic taxa such
as Campylobacteraceae, Streptococcaceae, and Mycoplasmataceae, whereas MMWA increased beneficial commensals
including Prevotellaceae and Rikenellaceae (Figure 4A and B). Functional prediction with PICRUSt2 further showed that
CUMS favored pathways related to fermentation, chemoheterotrophy, and pathogen-associated metabolism, while
MMWA shifted functional potential toward sulfur compound respiration, acetogenesis, and symbiosis-associated

2916  hees Neuropsychiatric Disease and Treatment 2025:21



Wu et al

g

holeplasmatales
Clsirda_vadrB60_group
Gastranaerophilale:
Jusimicrobiales
Rhodospirillales
Clostidzunclured

R
m

eriales

Veonetcios-Selenomonacales
Verrucomicrobiales
__Acidaminococcales
:_Bacilliuncultured

Corobacterisles
__Peptoc
Do ovriorcios
Campylobacterales
__Peplostreptococcales-Tissierelizles.

®o0coo0eoo0000g

CPEPCPECPRr
SEEEE EEN SEESEEEE EEEEEEEECEE

PePeRRer

F39
Bifidobacteriales

Relative Abundance(%)
o
Relative Abundance(%)
°
\
Relative Abundance(%)
o

B |°|“
]

CPPePPCrr e

Saccharimonadales

EEEEN SN EEEEEECEE
Q
E
&
Iy
2

Monoglobalos
Lactobacillales
Bacteria;uncultured
__Erysipelotrichales
)__Clostridia_UCG-014
_Lachnospirales
_Oscilospirales
__Bacteroidales

R )

1.00 1.00 1.00
0.75 0.75 0.75
_Deterrbactores
:_Spirochaetia
B p_Deferribacterota Vampirivibrionia
W p__Spirochaetota :__Elusimicrobia
_Cyanobacteria :__Alphaprotecbacteria
)_Elusimicrobiota - Verrucomicrobiae
_ Verrucomicrobiota _Negativicutes
Desuliobacterota Goriobacteriia
.50 ) Campilobacterota .50 Desulfovibrionia .50
,_Proteobacteria ampylobaaena
Actinobacteriota : :_Actinobactes :
Patescibacteria ,Gammauomooamna
Bacteria;uncultured Saccharimonadia
Bacteroidota Becietiauncutired
M p_ Firmicutes
7CIas1rid\a
025 0.25 025
0.00 0.00 0.00

A 4 A ~ A 4
1.00 . 1.00 1.00
M others M others others
W {_Rikenellaceae B 1_Prevotellaceas:uncultured 1_Prevotellaceas;uncultured
Wl ¢_Glostridiauncultured _Phascolarctobacterium 0__Phascolarctobacterium:uncultured
M (_Erysipelatoclostridiaceas ;_Bailliuncultured _Bacilliuncultured
075 = f_Acidaminococcaceae 0.75 2 _Pmnmlmeae GabA1_group 075 g_Prsvmsllmas Ga6A1_group;uncultured
f—Anaerovoracaceze _Blaut
= _UCG-010 = _nEubaﬁsriumnyiannphilum _group l n_ChnsIsnssnalacoae T nroupunculmrsd
f_Eggerthellaceae _Ri
= ¢_Badilliuncultured = _Christensenellaceae_R-7_group LRFas uncultured
{~Peptococcaceae s Bacterodesunculured
g M {_Desulfovibrionaceae g ] _Eryshelobicheceseiuncutured g . alibaculum;uncutured
T I Helicobacteraceae T _ Faecalibaculum T u_NK4A2|4 _group;uncultured
8 B (Peplostepiococcaceae 8 —cratotios 8 9 Prevoilaceze NGB groupanculed
§ = f_RF33 § B g NK4A214_group § s_] Trlcmnella studoq)ll
{_Bifidobacteriaceae _Prevotellaceae_NK3B31_group Candidenis, Saccharimonas yncuured
30%0 M Christensenellaceae gos0 Candidatus_Saccharimonas goso -Osclospraseapanculired
B f_Entercbacteriaceae B 1__Oscillospiraceae;uncultured f_Ruminococcaceae;uncultured
2 W _Bacteroidaceae 2 u Laﬁlnosplraceae NK4A136_group 2 g_Clostridium_sensu_stricto_1 uncultured
K M f_Saccharimonadaceae k1 M f_Ruminococcaceae;uncultured s g__Monoglobus;uncultured
2 B t_Prevotellaceae 2 W g_Clostridium_sensu_stricto_1 & s_mouse_gut
fClostridiaceae 9_Monoglobus s_Lactobacillus_intestinalis
= ~Monoglobaceze = e = g Ruminococcus uncultured
f__Ruminococcaceae g_t g_Doreauncultured
L Eubecterium] coprostanolgencs. group n f W {_Lachnospiraceaeuncultured
g  Lactobacillac: ml g Lactobacillus;uncultured
& Bacterauncultured o_| 0
025 = {—Envshelotrchacess 025 = 025 = 9_UCG-005;uncuitured
g Dubosiellauncultured
N Oscllosplmceua Bl d_Bacteriau; B d_Bacteriauncultured
W Lachnospiraceae B g_Clostridia_L it W g_Clostridia_UCG-014;uncuttured
f_Muribaculaceae 9 Muribaculaceae 9 Murbaculaceae;uncultured
0.00 0.00 0.00
< A ¥ N < A

Figure 3 Warm acupuncture reshapes gut microbiota composition in CUMS rats. (A—F) Relative abundance of gut microbiota at the phylum (A), class (B), order (C), family
(D), genus (E), and species (F) levels in the CUMS and MMWA groups. Chronic stress induced dysbiosis characterized by increased Proteobacteria and Escherichia-Shigella
and decreased beneficial taxa such as Firmicutes and Lactobacillus. Warm acupuncture partially corrected these alterations, promoting a shift toward a more balanced
microbial community.

processes (Figure 4C and D). Together, these results indicate that warm acupuncture mitigates stress-induced dysbiosis at
both the taxonomic and functional levels.

Warm Acupuncture Reverses Fecal Metabolic Disorders in CUMS Rats

Untargeted metabolomic profiling revealed distinct group-specific clustering. PCA showed that CUMS rats exhibited
clear separation from controls, whereas MMWA treatment shifted the metabolic profile closer to that of controls,
indicating partial restoration of homeostasis (Figure SA and B). Volcano plot analysis identified 209 differential
metabolites between the Control and CUMS groups (189 downregulated, 20 upregulated), while 26 metabolites were
altered between the CUMS and MMWA groups, with 17 downregulated in response to treatment (Figure SC and D).
These metabolites were mainly associated with lipid metabolism, amino acid pathways, and bile acid-related functions,
suggesting that warm acupuncture alleviates CUMS-induced fecal metabolic disturbances.
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Figure 4 Differential microbial taxa and predicted functions between groups based on LEfSe and PICRUSt2 analyses. (A) Comparison between Control and CUMS groups
showing enrichment of pathogenic taxa including Campylobacteraceae, Streptococcaceae, and Mycoplasmataceae in CUMS rats. (B) Comparison between CUMS and
MMWA groups showing increased abundance of commensal taxa such as Prevotellaceae and Rikenellaceae after MMWA treatment. (C) Predicted microbial functions
(Control vs CUMS) highlighting enrichment of fermentation, chemoheterotrophy, and pathogen-associated pathways in CUMS rats. (D) Predicted microbial functions (CUMS
vs MMWA) indicating restoration of health-associated pathways such as sulfur compound respiration, acetogenesis, and symbiosis-related metabolism by MMWA.

KEGG Enrichment Analysis Reveals Key Pathways Involved in Therapeutic Effects
KEGG pathway enrichment was conducted to elucidate the biological significance of fecal metabolite alterations.
Compared with controls, CUMS rats exhibited enrichment of pathways related to amino acid and neurotransmitter
metabolism, including tyrosine metabolism, tryptophan metabolism, and glutathione metabolism, reflecting stress-
induced metabolic dysregulation (Figure 6A). In contrast, MMWA treatment shifted the enrichment profile toward
pathways associated with amino acid biosynthesis (eg, arginine, valine, leucine, and isoleucine biosynthesis), taurine
and hypotaurine metabolism, and thiamine metabolism, indicating restoration of neuromodulatory and energy-related
functions (Figure 6B). These results suggest that warm acupuncture alleviates depression-like symptoms partly by
modulating amino acid-related metabolic pathways along the gut-brain axis.

Identification of Key Metabolites with an “Abnormal-Recovery” Trend

Venn diagram analysis identified eight metabolites consistently altered in CUMS rats relative to controls and reversed by
MMWA treatment (Figure 7A). Heatmap visualization showed that CUMS rats had significant reductions in taurine,
nicotinamide, arginine, and aspartic acid-metabolites linked to neurotransmitter synthesis, antioxidant defense, and amino
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Figure 5 Warm acupuncture ameliorates fecal metabolic disturbances in CUMS rats. (A) PCA score plot of fecal metabolites in the Control and CUMS groups, indicating
distinct separation of metabolic profiles due to chronic stress. (B) PCA score plot comparing the CUMS and MMWA groups, showing partial restoration of metabolic
signatures after warm acupuncture treatment. (C) Volcano plot of differentially expressed fecal metabolites between the Control and CUMS groups. (D) Volcano plot of
differentially expressed metabolites between the CUMS and MMWA groups. Green dots represent significantly downregulated metabolites, red dots represent significantly
upregulated metabolites, and black dots indicate non-significant features (VIP > 1.0, p <0.05).

acid metabolism-while MMWA restored their levels toward control values (Figure 7B and C). These findings highlight
a core set of gut-derived metabolites that may mediate the antidepressant effects of warm acupuncture via the microbiota-
metabolite-brain axis.

Correlation Analysis Between Gut Microbiota and Key Metabolites

At the genus level, CUMS rats showed enrichment of Streptococcus, Mycoplasma, and unclassified Muribaculaceae,
alongside a depletion of beneficial taxa such as Lactobacillus and Prevotella (Figure S3A). MMWA treatment partially
restored this imbalance, increasing symbiotic genera such as Prevotella and Rikenella while reducing potential pathogens
(Figure S3B). Spearman correlation analysis revealed that beneficial genera, including Lactobacillus and Prevotella, were
positively associated with neuroprotective metabolites such as taurine, nicotinamide, and arginine, whereas Streptococcus
and Mycoplasma showed negative correlations (Figure 8A). Similar associations were observed between CUMS and
MMWA groups (Figure 8B), suggesting that the antidepressant effects of warm acupuncture are mediated, at least in part,
through the restoration of specific microbiota—metabolite interaction networks. The observed correlations between
microbial genera, metabolite levels, and behavioural changes indicate concurrent alterations across biological layers

but do not establish directional causality.
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Figure 6 KEGG enrichment analysis of differential fecal metabolites. (A) Control vs CUMS comparison showing enrichment of pathways involved in amino acid and
neurotransmitter metabolism, including tyrosine, tryptophan, taurine/hypotaurine, and glutathione metabolism.(B) CUMS vs MMWA comparison showing enrichment of
pathways associated with amino acid biosynthesis (arginine, valine, leucine, isoleucine), taurine/hypotaurine, and thiamine metabolism, suggesting partial recovery of
neuromodulatory and energy-related functions. Bubble size represents enrichment ratio, and bubble color indicates statistical significance (p-value).

Warm Acupuncture Restores Gut Barrier Integrity and Inhibits Histidine Metabolism
To clarify whether MMWA improves gut-brain homeostasis through intestinal protection, we examined colonic tight
junction proteins and histidine metabolism-related enzymes. RT-qPCR revealed that Occludin, Tjpl (ZO-1), and
Claudin4 expression was significantly reduced in CUMS rats, indicating impaired barrier function, whereas MMWA
markedly restored these genes (Figure 9A—C). Western blot analysis confirmed parallel changes at the protein level
(Figure 9D). In contrast, the pro-inflammatory enzymes HAL and HDC were upregulated in the CUMS group but
suppressed by MMWA intervention (Figure 9E). These findings suggest that warm acupuncture strengthens intestinal
barrier integrity and reduces histidine-driven inflammatory signaling, thereby contributing to its antidepressant effects.

Discussion

This study provides compelling evidence that MM WA significantly ameliorates depression-like behaviors and cognitive
deficits in rats subjected to CUMS. Key findings include: (1) MMWA reversed behavioral abnormalities, including
anhedonia and impaired spatial memory; (2) it restored gut microbial diversity and suppressed the overgrowth of
pathogenic taxa such as Escherichia-Shigella; (3) it normalized fecal metabolic profiles, particularly amino acid and
SCFA-related metabolites; and (4) it repaired intestinal barrier integrity and suppressed histidine metabolic inflammation.
These data collectively suggest that MMWA confers antidepressant-like effects via modulation of the gut-microbiota—
metabolite—barrier axis.

Accumulating studies underscore the central role of the gut-brain axis in depression pathophysiology. Chronic stress
disrupts intestinal microbiota and metabolic outputs, which in turn modulate neuroinflammation and neurotransmitter
biosynthesis.”” In line with our findings, recent reports demonstrated that CUMS models exhibit reduced microbial
richness, elevated Proteobacteria, and suppressed SCFA-producing genera, all of which were reversed by microbiota-
targeting interventions.'®'” Moreover, we identified a downregulation of neuroprotective fecal metabolites, including
taurine, nicotinamide, and arginine, in CUMS rats—metabolites shown to be crucial for redox homeostasis, blood—brain
barrier function, and synaptic plasticity.'® MMWA effectively normalized their levels, suggesting a strong neurometa-
bolic link. Furthermore, intestinal barrier dysfunction is increasingly recognized as a contributing factor in depression via
endotoxemia and peripheral immune activation.”® In our study, the decline in tight junction proteins (Occludin, Tjpl,
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Figure 7 Identification of key metabolites showing an “abnormal-recovery” trend across groups. (A) Venn diagram illustrating eight overlapping differential metabolites
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showing significant downregulation in CUMS rats. (C) Heatmap showing partial or complete recovery of these metabolites following MMWA treatment. Color intensity
reflects Z-score standardized abundance.

Claudin4) and upregulation of pro-inflammatory histidine metabolism enzymes (HAL, HDC) in CUMS rats were both
significantly reversed by MMWA, corroborating previous findings on the anti-inflammatory role of acupuncture on gut
epithelial integrity.

Importantly, this study extends the literature by employing integrated 16S rRNA gene sequencing, untargeted
metabolomics, and transcriptomic profiling in a traditional medicine context. Recent multi-omics studies have identified
similar gut-metabolite signatures in both rodent and human depression cohorts, highlighting the translational relevance of
our findings.**

This study demonstrates that MM WA alleviates depression by regulating the gut microbiota-metabolite-barrier axis in
a validated CUMS model, highlighting the recovery of key microbial genera (Lactobacillus, Prevotella) and neuroactive
metabolites such as taurine and arginine. By integrating 16S rRNA sequencing with untargeted metabolomics, the work
reveals a functional link between microbial remodeling and host metabolic regulation, suggesting potential targets for
microbiota-based interventions in depression. Furthermore, it provides scientific support for traditional Mongolian
medicine by aligning the concept of “Heti regulation” with contemporary gut-brain axis paradigms, thereby bridging
ethnomedicine and evidence-based neuroscience.

Several limitations should be acknowledged. Male rats were used in this study to minimize the confounding effects of
hormonal fluctuations, which significantly influence gut microbiota composition, intestinal barrier function, immune
activation, and stress susceptibility.”'? Female rodents exhibit estrous cycle-dependent changes in circulating sex
hormones, producing substantial variability in microbiota profiles, cytokine secretion, and stress-related behavioral

outcomes.” ' Such intra-group variability can reduce statistical power and obscure microbiota—metabolite associations
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Figure 8 Correlation between key fecal metabolites and gut microbial genera. (A) Heatmap showing Spearman correlation coefficients between selected differential genera
and key metabolites in the Control and CUMS groups. (B) Correlation heatmap between microbial genera and metabolites in the CUMS and MMWA groups. Red and blue
indicate positive and negative correlations, respectively. Only significant correlations are shown (p < 0.05). All correlations were calculated based on n = 9 biological samples
per group, and Spearman rho coefficients are represented by the heatmap color scale.

in multi-omics analyses. Therefore, the use of male rats helped ensure biological consistency when examining the effects
of chronic stress and warm acupuncture. Nevertheless, sex differences in microbiota—brain interactions are biologically
relevant, and future studies incorporating both sexes will be essential to determine the broader generalisability of our
findings. Although the sample size of nine animals per group is modest, it is consistent with established practice in
CUMS-based behavioral and microbiota research. A recent meta-analysis confirmed that the CUMS model typically
produces medium-to-large effect sizes, allowing reliable detection of group differences with comparable sample sizes.*
Moreover, key alterations in gut microbiota and metabolite profiles associated with depression have been shown to
exhibit robust effect sizes in both clinical and preclinical studies.” Nonetheless, we acknowledge that detecting subtle
molecular differences in high-dimensional omics datasets may require larger cohorts, and future studies with expanded
sample sizes will be needed to validate small-effect changes. Additionally, causal relationships between microbiota and
behavior remain correlative; future studies employing fecal microbiota transplantation or germ-free models are war-
ranted. While multi-omics data were comprehensive, central nervous system markers such as hippocampal BDNF and

neuroinflammatory cytokines were not assessed, which constrains mechanistic insight.
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Figure 9 Warm acupuncture enhances intestinal barrier integrity and suppresses histidine metabolism in CUMS rats. (A—C) mRNA expression levels of tight junction—
related genes Occludin, Tjpl (ZO-I), and Claudin4 in colonic tissues, determined by RT-qPCR. (D) Representative Western blot and quantitative analysis of Occludin, Tjpl,
and Claudin4 protein expression in the colon. (E) mRNA expression of histidine metabolism-related enzymes HAL and HDC, showing upregulation in CUMS rats and
suppression by MMWA intervention. Data are presented as mean % SD (n = 3—6/group). *p < 0.05, *¥¥p <0.001 vs Control; *p < 0.05, *p < 0.01, ™ <0.001 vs CUMS.

Conclusion

This study demonstrates that MMWA alleviates depression-like behaviors in CUMS rats by restoring gut microbiota
composition, correcting metabolic disturbances, and enhancing intestinal barrier function. These findings suggest potential
mechanisms through which MM WA may influence depressive-like behavior in animal models. Possible pathways—including
TLR4/NF-xB signaling, neurotransmitter biosynthesis, and SCFA-mediated gut-brain communication—warrant further
investigation. Given the use of only male rats and the absence of germ-free or FMT validation, the translational relevance
should be interpreted cautiously. Overall, MM WA appears to modulate the microbiota—metabolite—barrier axis and may serve
as a complementary approach for improving depressive-like behaviors in preclinical settings.
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