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Background: Ulcerative colitis (UC) is a chronic, relapsing in ammatory bowel
disease. Despite advances in current therapies, safer, more effective drugs are
urgently needed. Traditional Chinese herbal formula Gegen Qinlian Decoction
(GQD) has been used for gastrointestinal disorders, including UC, though its exact
mechanisms require further clari cation.

Objective: This study aimed to systematically evaluate the therapeutic effects of
GQD in UC mice, focusing on serum metabolomics, gut microbiota, and
immunomodulatory mechanisms.

Methods: A dextran sulfate sodium (DSS)-induced mouse model of UC was
established. Serum metabolomics and 16S rRNA sequencing analysis of GQD’s
effects on metabolites and gut microbiota. Correlation analysis and network
pharmacology identi ed potential targets and pathways of GQD.
Immuno uorescence detected the expression of gdT cells, TNF-a, IFN-g, and
IL-17 proteins in the colonic tissue.

Results: Using UPLC-QE-Orbitrap-MS, 71 compounds were identi ed in the GQD
quality control analysis. GQD markedly attenuated colonic histopathological
damage and suppressed serum pro-in ammatory cytokines IFN-g, IL-17, and
TNF-a. It also modulated key serum metabolites, including succinic acid,
glyoxylate, and xanthine, which are primarily involved in amino acid and purine
metabolic pathways. GQD further in uenced intestinal microbial diversity and
composition. Joint analysis revealed GQD modulates gut microbiota, serum
amino acid and purine metabolism, and in ammation pathways.
Immunohistochemical results demonstrated enhanced in Itration of gdT cells
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following GQD treatment, accompanied by reduced protein expression levels of
TNF-a, IFN-g, and IL-17.

Conclusion: GQD exerts therapeutic effects on UC by reshaping gut microbiota
composition and metabolic activities, thereby ameliorating intestinal mucosal
injury, regulating gdT cell-mediated immune responses, and in uencing amino
acid and purine metabolic pathways.

KEYWORDS

Gegen Qinlian decoction, gut microbiota, immunomodulatory effects, serum
metabolites, ulcerative colitis, gdt cells

1 Introduction

Ulcerative colitis (UC) is an in ammatory bowel disease
characterized by chronic in ammation of the colonic and rectal
mucosa (1). Its pathological process is frequently accompanied by
disruption of the mucosal barrier, leading to increased intestinal
epithelial permeability and loss of the mucus layer. This exposes the
intestinal microbiota and its products to the immune cells of the
lamina propria, triggering abnormal immune responses (2). Clinical
manifestations include recurrent abdominal pain, diarrhea, mucus-
blood stools, and weight loss. Severe cases may progress to intestinal
perforation, toxic megacolon, or even malignancy (3). The global
burden of ulcerative colitis has risen signi cantly (4, 5), with
prevalence rates exceeding 0.3% in North America, Australia, and
Europe. Future projections indicate that the incidence of
in ammatory bowel disease worldwide will continue to climb (6).
Current conventional therapies, including 5-aminosalicylic acid
preparations, glucocorticoids, immunosuppressants, and biologics,
face limitations such as incomplete ef cacy, adverse reactions, and
substantial economic burdens (7). There is an urgent need to
develop novel therapeutic strategies targeting multiple
pathogenic pathways.

The pathogenesis of UC is complex, involving the interplay of
multiple factors, including genetics, environment, gut microbiota
dysbiosis, host metabolic disorders, and immune dysfunction (8—
10). Regarding genetic factors, genome-wide association studies
(GWAS) have identi ed variants in genes such as PARK7, IL-23R,
and GNAI12 as being closely associated with susceptibility to UC.
These genes predominantly participate in intestinal barrier
function, immune responses, and autophagy processes (11).
Among environmental factors, high-fat and low- bre diets,
smoking, psychological stress, and medication abuse (such as
non-steroidal anti-in ammatory drugs) can trigger abnormal
immune responses in the gut (12, 13). Gut microbiota dysbiosis
plays a pivotal role in UC pathogenesis, characterised by reduced
bene cial bacteria (e.g., Bi dobacterium, Lactobacillus) and
increased pathogenic bacteria (e.g., Bacteroides fragilis,
Escherichia coli). This imbalance diminishes short-chain fatty
acid (SCFA) synthesis and compromises intestinal mucosal
barrier function (14). Furthermore, immune dysregulation
constitutes a core pathological mechanism in UC. Excessive T-cell
activation triggers substantial release of pro-in ammatory
cytokines (IFN-g, IL-17, TNF-a, IL-6) while simultaneously
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impairing expression of anti-in ammatory factors (IL-10, TGF-
b). This disruption of intestinal immune equilibrium further
exacerbates the in ammatory response (15).

Gegen Qinlian Decoction (GQD) is a traditional Chinese
medicinal formula clinically employed for treating ulcerative
colitis and was rst documented in the Treatise on Cold Damage
Disorders (16). This formula comprises four herbs: Puerariae
Lobatae Radix (Lobed Kudzuvine Root, Gegen), Scutellariae
Radix (Baical Skullcap Root, Huanggin), Coptidis Rhizoma
(Coptis Root, Huanglian), and Glycyrrhizae Radix et Rhizoma
(liquorice root, Gancao) (16). Notably, multiple studies have
independently investigated the single herbs Gegen, Huanggin, and
Huanglian within the formula, or their primary active constituents,
con rming their respective ef cacy in treating colitis. The formula
further concentrates these bioactive compounds (17-20), including

avonoids (e.g., puerarin, baicalin, baicalein), alkaloids (e.g.,
berberine, berberine hydrochloride), and polysaccharides (e.g.,
Pueraria lobata polysaccharide, glycyrrhiza polysaccharide). These
components work synergistically through multiple targets to exert
therapeutic effects, such as anti-in ammatory, antioxidant,
immunomodulatory, and intestinal mucosal barrier-repairing
activities (21, 22). GQD ameliorate experimental colitis through
antioxidant, barrier-protective, metabolic, and microbiota-
modulating effects (23, 24). However, these mechanisms have
been investigated in isolation, leaving the crucial interplay among
gut microbiota, host metabolism, and mucosal immunity, along
with its central role in the therapeutic action of GQD, largely
unexamined (25, 26).

gdT cells are critical regulators of intestinal immunity, with
IFN-g and IL-17-producing subsets implicated in UC
pathogenesis and tissue-resident subsets essential for mucosal
repair (27-30). However, whether GQD modulates this key
innate immune compartment remains completely unknown. To
address this knowledge gap, we employed a DSS-induced colitis
model to investigate GQD'’s therapeutic mechanism, focusing on
the interplay between gut microbiota, host metabolism, and
colonic gdT cells. Using multi-omics integration and
immunophenotyping, we demonstrate that GQD exerts a
pivotal role via the gut microbiota, simultaneously in uencing
serum metabolic alterations and the functional regulation of
colonic gdT cells, thereby alleviating UC in mice, providing
novel mechanistic insight into its clinical application for UC.
(Figure 1).
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2 Material and methods
2.1 Experimental animal and feeds

This experiment utilised male 6-8 week-old SPF-grade C57BL/6
mice, weighing 20-22g, procured from Guangzhou Yancheng
Biotechnology Co., Ltd. Following approval by the Ethics
Committee of Guangdong Pharmaceutical University, the mice
were housed in the SPF animal facility at the university’s Animal
Centre. The laboratory environment maintained a temperature of
approximately 24.0 + 2.0°C and relative humidity of approximately
50 £+ 10%. A 12-hour light-dark cycle was employed, with feed and
water provided regularly. Experiments commenced after a 7-day
acclimatisation period. Ethics Approval Number: gdpulac2023130.

2.2 Chemicals and reagents

Puerariae Lobatae Radix (Gegen, #210501), Scutellariae Radix
(Huanggqin, #220501), Coptidis Rhizoma (Huanglian, #220301), and
Glycyrrhizae Praeparata cum Melle Radix et Rhizoma (Zhigancao,
#211101) were purchased from Shizhen Pharmaceutical
(Guangdong). Sodium dextran sulfate (DSS, #MB5535) and
mesalazine (5-ASA, #MB7539) were obtained from Meilun
Biotechnology Co., Ltd. TCR g/d (UC7-13D5) (#sc-19608) was
purchased from Santa Cruz Biotechnology. The enzyme-linked
immunosorbent assay (ELISA) based kits of IL-17 (#MM-
0170M1), TNF-a (#MM-0132M1) and IFN-g (#MM-0182M1)
assay kits were procured from Jiangsu Meimian Industrial Co.,
Ltd. TransStart Fastpfu DNA Polymerase (#AP221-02) was sourced
from TransGen Biotech (Beijing). The TruSeqTM DNA Sample
Preparation Kit was purchased from Illumina. The AxyPrep DNA
Gel Extraction Kit (#FC-121-2002) was obtained from AXYGEN in
the United States. The DNA extraction kit (#D5625-01) was
sourced from Omega in the United States. Anhydrous ethanol
(#100092683), xylene (#10023418) and neutral gum (#10004160)
were all procured from China National Medicines Corporation Ltd ;
HE staining kit (# G1003) and PBS buffer (#G0002) were procured
from Wuhan Servicebio Technology Co., Ltd; Sodium citrate
antigen retrieval solution (#20220308) was procured from Beijing
Solarbio Science & Technology Co., Ltd; BSA (#20180218) and 4%
paraformaldehyde (#70085400) were both purchased from Beijing
Langjieko Technology Co., Ltd.

2.3 Preparation of GQD and UPLC-QE-
Orbitrap-MS quality control analysis

Take 15 g of Gegen, 9 g of Huanggin, 9 g of Huanglian, and 6 g
of Zhigancao. The mixture was soaked in eightfold water for 30 min,
brought to a boil over high heat, reduced to a gentle simmer
(approximately 100°C), and decocted for 15 min. The residue was

Itered, and eightfold the volume of water was added to it. The
mixture was decocted a second time using the same method,

Itered, and the two Itrates were combined and concentrated to
a solution with a drug concentration of 1 g/mL (i.e., 1 g of crude
drug per mL). The solution was diluted with distilled water
when required.
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Qualitative analysis of non-concentrated GQD was performed
using UPLC-QE-Orbitrap-MS, with the following chromatographic
conditions: an ACQUITY UPLC® BEH C18 column (2.1x100 mm,
1.7 mm) was used, with an injection volume of 1 mL and a column
temperature of 35°C. Mobile phase A consists of 0.1% formic acid in
water, and mobile phase B comprises acetonitrile. Gradient elution
conditions are as follows: 0~2 min, 5% B; 2~16 min, 50% B; 16~22
min, 60% B; 22~32 min, 90% B; 32~33 min, 90% B; 33~34 min, 5%
B; 34~35 min, 5% B. The ow rate was set to 0.3 mL/min. Mass
spectrometry conditions: electrospray ionization (ESI) source,
positive and negative ion scanning, capillary voltage +3.5 kV
(Positive), -3.2 kV (Negative); Sheath gas ow rate: 45 arb; Aus
gas ow rate: 10 arb; Capillary temperature: 300°C; Aus gas heater
temperature: 300°C; Tandem mass spectrometry primary scan
range: m/z 100-1500, resolution 70000; Secondary mass
spectrometry employs dynamic data-dependent scanning,
resolution 17500, collision energies 10, 25, 40 eV.

2.4 Mouse model of ulcerative colitis

Following one week of adaptive feeding, mice were randomly
assigned to six groups (n=8 per group): control group (Con), DSS
group (DSS), mesalazine treatment group (5-ASA, 200 mg/kg) (31,
32), low-dose GQD treatment group (GQD-L, 5 g/kg) and
Medium-dose GQD treatment group (GQD-M, 10 g/kg), High-
dose GQD treatment group (GQD-H, 20 g/kg). The GQD stock
solution was diluted to 0.25, 0.50, and 1.0 g/mL for the low ,
medium , and high dose groups, respectively. This is based on
clinical human dose estimates. The Con group received free access
to clean water, whereas the other groups were administered a 3%
DSS solution (33), which was switched to clean water after seven
days. Concurrently, the Con and DSS groups received 0.9% saline
solution via gastric lavage, and all treatment groups were
administered the corresponding drugs at the prescribed dosage
for 10 days (34). All mice were orally administered a volume of 0.2
mL/10 g body weight per day. This regimen was maintained for 10
consecutive days and administered once daily. The daily disease
activity indices were recorded. On day 11, the mice were
anesthetized with sodium pentobarbital. Blood was collected by
orbital venipuncture, and serum was separated and stored at -20°C.
Colon and spleen tissues were harvested and preserved in
4% paraformaldehyde.

2.5 Colitis assessment

Throughout the experimental period, daily observations and
recordings were made of all mice’s body weight, faecal consistency,
and faecal bleeding status. Based on scores for weight loss, faecal
consistency, and faecal blood, the disease activity index (DAI) was
calculated as the mean score of these three parameters. The
assessment criteria have been slightly adjusted with reference to
the literature (31); the assessment criteria are set out in
Supplementary Table 1. Following the conclusion of the
treatment period, mice were euthanised by cervical dislocation
under anaesthesia. Organs, including the spleen and colon, were
excised, rinsed thoroughly with PBS, and the colon length was
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measured using a ruler. The spleen was weighed using an analytical
balance to calculate the spleen index. Spleen index (mg/g) = spleen
weight (mg)/body weight (g), (n=6).

2.6 Serum in ammatory cytokine level
testing

Blood samples were collected and allowed to stand at room
temperature for 30 min, then centrifuged at 3000 rpm for 10 min at
4°C. The supernatant was collected to the obtain serum. Following
the provided protocol, the MEIMIAN mouse assay kit was used to
detect the levels of the in ammatory cytokines IFN-g, IL-17, and
TNF-a in the serum, (n=6).

2.7 Histological analysis

Colon tissue was xed in 4% paraformaldehyde for 24 h,
followed by paraf n embedding. Sections 4 mm thick were
prepared for HE staining (35). Under microscopic examination,
the degree of colonic injury and in ammatory cell in Itration was
assessed based on the results of microscopic imaging. Histological
scoring was performed with minor modi cations based on
previously reported methods (36), focusing on three independent
parameters: (a) ulceration (score 0-4: none, one focus, two foci,
three to four foci, extensive), (b) epithelial cell changes (score 0-4:
normal, goblet cell loss, extensive goblet cell loss, crypt absence,
extensive crypt loss), and (c) in ammatory in ltration (score 0-4:
none, peri-cryptal, reaching the muscularis mucosa, widespread in
muscularis mucosa with thickening, submucosal in Itration). The
total score for each sample was then calculated as the average of the
scores from these three parameters, (n=6).

2.8 Serum metabolomics analysis
2.8.1 Sample preparation

Take 100 microliters of serum and add 1000 microliters of
extraction solution (methanol: acetonitrile: water = 2:2:1, volume
ratio). Mix the solution evenly using vortex agitation. Perform
ultrasonic treatment in iced water for 10 min, followed by liquid
nitrogen treatment for 1 min. Repeat this process three times. Allow
the sample to stand at -20°C for 1 h. Centrifuge the sample at 4°C
and 3000 rpm for 15 min. Collect the supernatant and dry it using a
nitrogen evaporator. Redissolve the dried sample with 100
microliters of 50% acetonitrile-water solution (acetonitrile: water
= 1:1, volume ratio). Vortex the solution for 30 s and perform
ultrasonic treatment in iced water for 10 min. Centrifuge the
solution again at 4°C and 3000 rpm for 15 min. Collect the
supernatant for further analysis. (n=3).

2.8.2 UPLC-Q-TOF/MS detection conditions

For UPLC-Q-TOF/MS detection, the chromatographic
conditions were set as follows: a UPLC BEH Amide column
(2.1x100 mm, 1.7 mm) was used, with an injection volume of 5
mL and a column temperature of 55°C. The mobile phase A
consisted of 100% water with 25 mM CH;COONH, and 25 mM
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NH3-H,0, while the mobile phase B was 100% acetonitrile. The
gradient elution conditions were as follows: 0~1 min, 85% B; 1~12
min, 65% B; 12~12.1 min, 40% B; 12.1~15 min, 40% B; 15~15.1
min, 85% B; 15.1~20 min, 85% B. The ow rate was set at 0.3
mL/min.

In mass spectrometry, the ionization method was an ESI source,
with an ion source temperature of 600°C and an ion source voltage
of either -4500 V or 5500 V. The curtain gas was set at 20 psi, while
the nebulizer gas and auxiliary gas were both set at 60 psi.

2.8.3 Data analysis

The raw data was converted into mzXML format, and peak
alignment, RT correction, M/Z mass comparison, and peak area
extraction were performed using XCMS software.

The structures of metabolites were accurately matched using
both rst-order and second-order spectra (<25 ppm). This
matching was done based on our established database (VGDB) as
well as public databases such as METLIN, MassBank, mzCloud,
HMDB, KEGG, MetaCyc, Lipidmaps, and MS-Dial.

The data were standardized using SIMCA14.1 and
MetaboAnalyst 5.0 databases. Statistical analysis and graphical
representation of the data were also conducted.

2.9 Detection of gut microbiota
2.9.1 Sample collection

Following the nal drug administration, fecal samples were
obtained from mice using the tail-lift collection technique. Sterile
tweezers, disinfected with alcohol, were employed to transfer the
feces into sterile Eppendorf tubes. After each sample collection, the
tweezers were sterilized with alcohol prior to proceeding with the
next mouse. All collected fecal specimens were promptly stored at
-80°C for preservation, (n=3).

2.9.2 16S rRNA detection

The sequencing process involves the extraction of DNA from
environmental samples, the design and synthesis of primer
adapters, PCR ampli cation and puri cation of products,
quanti cation and normalization of PCR products, construction
of PE libraries, and Illumina sequencing. The data analysis process
begins with raw data, followed by quality control and optimization,
OUT clustering, and then data analysis and taxonomic annotation.
This includes species classi cation and abundance analysis, sample
diversity analysis, PICRUSt2 functional prediction analysis and
species difference analysis. All data analysis is conducted on the
Majorbio Cloud Platform (https://cloud.majorbio.com).

2.10 Network pharmacology analysis

Identify the pharmacologically active constituents of four
compounds in GQD within the Traditional Chinese Medicine
Systems Pharmacology (TCMSP) database (https://old.tcmsp-
e.com/tcmsp.phpb), applying the selection thresholds of oral
bioavailability (OB) 30% and drug-likeness (DL) 0.18. The
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FIGURE 1
Schematic design of the study.

targets of relevant active ingredients were obtained from the
SwissTargetPrediction database (https://swisstargetprediction.ch/)
and the Similarity ensemble approach (SEA) database (https://
sea.bkslab.org/) (37). Utilized “Ulcerative colitis” as the keyword;
relevant targets from GeneCards (https://www.genecards.org/) were
collected. The intersection targets obtained from the VVenn diagram
were used to construct protein-protein interaction (PPI) networks
for these targets via the STRING database (https://string-db.org/).
Processed the protein-protein interaction (PPI) network using
Cytoscape 3.10.3 software to identify and visualize intersecting
targets. Subsequently, screened the top 20 core targets using the
Maximum Clique Centrality (MCC) topological parameter from the
cytoHubba plugin. Applied the David database (https://
davidbioinformatics.nih.gov/) to identify Gene Ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways through analysis of shared genes.

2.11 Immunohistochemical staining

Paraf n-embedded colon tissue sections were rst dewaxed and
rehydrated, followed by treatment with xylene and graded ethanol
solutions. Antigen retrieval was performed using a sodium citrate
solution via microwave processing. Endogenous peroxidase was
blocked with 3% hydrogen peroxide for 20 min, after which sections
were washed with PBS and blocked with 10% BSA at 4°C for 1 h.
After aspirating the blocking solution, primary antibody incubation
was performed overnight at 4°C. The following day, after
rewarming and PBS washing, HRP-conjugated secondary
antibody incubation was conducted at 37°C for 1 h. Develop with
DAB, stop with PBS, and counterstain nuclei with haematoxylin.
Following dehydration and clearing, mount sections in neutral resin
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for observation under light microscopy. Analyze positive areas
using Imagel-win64 software. For each section, randomly image
ve non-overlapping regions within a 100 x eld of view; the mean
optical density value serves as the target protein’s positive
expression level for that section, (n=5).

2.12 Immuno uorescence

Paraf n-embedded colon sections were deparaf nized and
rehydrated using an eco-friendly deparaf nizing solution (three
cycles of 10 min each), followed by three cycles of 5-minute washes
with absolute ethanol. Sections were then washed three times with
PBS (5 min per wash). Antigen retrieval was performed using
EDTA solution (microwave: medium heat for 8 min, stand for
8 min, low heat for 8 min), followed by three PBS washes (5 min
each). Subsequently, block the sections by incubating overnight at
4°C ina humidi ed chamber. Incubate with primary and secondary
antibodies (interrupted by PBS washes; secondary antibody
incubation at 37°C for 1 h). Counterstain with DAPI for 5 min at
room temperature in the dark. Mount sections using an anti-

uorescence quenching mounting medium before acquiring
images, (n=3).

2.13 Statistical analysis

GraphPad Prism 9.0 software was used for data analysis and
graphing. The statistical data are presented as mean + SD. One-way
analysis of variance (ANOVA) was used for comparisons among
multiple groups, and the T-test was used for comparisons between
two groups. A P-value of <0.05 was considered statistically
signi cant. *P < 0.05; **P < 0.01.
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3 Results
3.1 Quiality control analysis of GQD

Chemical pro ling of GQD identi ed 71 major constituents
using UPLC-QE-Orbitrap-MS in both positive and negative ion
modes (Figures 2A, B; Supplementary Table 2). GQD, prepared by
decocting Gegen, Huanglian, Huanggin, and Zhigancao, was found
to be rich in puerarin, 3'-methoxypuerarin, daidzin, baicalin,
wogonoside, berberine, palmatine, coptisine, and glycyrrhizic acid.
All eight representative marker compounds were detected,
indicating that the prepared decoction met established quality
control standards.

3.2 GQD Ameliorates symptoms of DSS-
induced colitis in mice

Figure 3A presents the owchart of the DSS-induced UC mouse
model. Throughout the experiment, DSS-treated mice exhibited
pronounced body weight loss, loose stools, and overt rectal
bleeding, leading to signi cantly elevated DAI scores compared
with the Con group (Figures 3B, C). Both 5-ASA and GQD
treatment signi cantly alleviated disease severity, as evidenced by
reduced DAI scores and attenuated weight loss. Notably, the

11.08

1119

Relative Abundance

10.3389/fimmu.2026.1765637

therapeutic ef cacy observed in the GQD-H group was
comparable to that in the 5-ASA group (Figures 3B, C).

In addition, the DSS group displayed a markedly increased
spleen index and shortened colon length, consistent with systemic
in ammation and colon injury. GQD treatment signi cantly
normalized both spleen index and colon length in a dose-
dependent manner (Figures 3D-F).

3.3 GQD reduces levels of in ammatory
cytokines in the serum of UC mice

To assess the systemic anti-in ammatory effect of GQD, we
measured the serum levels of key pro-in ammatory cytokines.
Compared with the Con group, mice in the DSS-induced UC
model exhibited signi cantly elevated levels of IFN-g, IL-17,
and TNF-a (Figures 4A—C). This robust increase con rmed the
successful induction of systemic in ammation. However, this
elevation was markedly reversed by treatment with either the
positive control drug 5-ASA or GQD, as evidenced by
signi cantly reduced serum concentrations of these cytokines
(Figures 4A-C). Importantly, the suppressive effect of GQD
on these in ammatory mediators displayed a clear dose-
dependent pattern, with higher doses eliciting more
pronounced reductions.
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FIGURE 3
GQD ameliorates symptoms in UC mice. (A) Experimental Flowchart; (B) DAI score; (C) Body weight change; (D) Spleen index; (E) Colonic
morphology; (F) colon length. Compared with the Con group: *P < 0.05, **P < 0.01. Compared with the DSS group: #P < 0.05, ##P < 0.01,
###P < 0.001, (n=6).

3.4 GQD attenuates histopathological
damage in the colonic tissue of UC mice

The protective effect of GQD on colonic tissue was assessed by
histopathological examination. Representative H&E-stained
sections (Figure 5A) from the Con group displayed intact colonic
structure, well-organized epithelial layers, absence of in ammatory
in ltration, and preserved crypt architecture. In contrast, colons
from DSS-treated mice exhibited severe ulceration characterized by
the loss of the epithelial layer and exposure of the underlying lamina
propria, extensive loss of goblet cells (evidenced by the near-
complete absence of the characteristic clear, mucin- lled
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vacuoles), crypt destruction with distorted and shortened crypt
structures, and marked in ammatory cell in Itration (dense
in ltration of mononuclear and polymorphonuclear cells
throughout the mucosa and submucosa), accompanied by
substantial mucosal thickening.

Remarkably, treatment with GQD at various doses resulted in
dose-dependent histological improvement, characterized by
reduced in ammatory in Itration and partial restoration of
mucosal architecture. A similar degree of improvement was
observed in the 5-ASA positive control group. Consistently,
quantitative histopathological scoring (Figure 5B) con rmed that
GQD treatment signi cantly ameliorated DSS-induced tissue
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FIGURE 4
Levels of in ammatory cytokines in mouse serum. (A) IFN-g; (B) IL-17; (C) TNF-a. Compared with the Con group: *p < 0.05, **p < 0.01. Compared
with the DSS group: #p < 0.05, ##p < 0.01, (n=6).

injury, with scores markedly lower than those in the DSS group.
These ndings collectively demonstrate that GQD exerts potent
protective effects against DSS-induced colonic injury.

3.5 Non-targeted metabolomics reveals
alterations in serum metabolite pro les of
DSS-induced UC mice following GQD
treatment

Based on the aforementioned results, non-targeted metabolomics
was employed to compare serum metabolic pro les among the Con,
DSS, GQD-H, and 5-ASA groups. GQD H was selected as the optimal
ef cacy group for metabolomic analysis. Principal component analysis
(PCA) score plots demonstrated clear and reproducible separation
among the four groups in both positive and negative ion modes
(Figures 6A, B), indicating distinct metabolic states associated with
disease induction and therapeutic intervention.

A total of 440 serum metabolites were identi ed. Compared
with the DSS group, 37, 29, and 79 differentially expressed
metabolites (DEMs) were identi ed in the Con, 5-ASA, and
GQD groups, respectively (Figures 6C-E; Supplementary
Tables 3-S5). Cluster heatmaps further con rmed that these
DEMs robustly discriminated the compared groups
(Figures 6F—H). Critically, cross-comparison revealed 14
DEMs shared across all three comparisons (Con vs DSS, 5-
ASA vs DSS, and GQD vs DSS) (Figure 61; Supplementary
Table 6), including key metabolites such as glyoxylate, succinic
acid, and xanthine. Notably, DSS-induced changes in these 14
metabolites were consistently reversed toward baseline levels
following treatment with either GQD or 5-ASA, identifying them
as core metabolites dysregulated in UC and responsive to
therapeutic intervention.

Pathway enrichment analysis of these 14 key metabolites using
MetaboAnalyst 5.0 revealed (Figure 6J; Table 1) that GQD primarily

FIGURE 5
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GQD treatment improves metabolic characteristics in UC mice. (A) Positive ion PCA plot; (B) Negative ion PCA plot; (C-E) Volcano plot of differential
metabolites based on FC values and P values: Con vs DSS, DSS vs 5-ASA, DSS vs GQD, red dots indicate log,FC 1, blue dots indicate log,FC  -1;
(F-H) Differential metabolite Heatmap: Con vs DSS, DSS vs 5-ASA, DSS vs GQD; () Venn; (J) Bubble chart of KEGG enrichment analysis for

differentially expressed metabolites.
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modulated arginine and proline metabolism and arginine
biosynthesis. These are key sub-pathways of amino acid
metabolism, critical for regulating anti-in ammatory responses in
ulcerative colitis and closely linked to its pathogenesis. The purine

metabolism pathway is closely associated with the major common
differential metabolites succinic acid and xanthine. These ndings
indicate that GQD alleviates ulcerative colitis by repairing key
metabolic dysregulation.
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TABLE 1 Summary of related metabolic pathways.

No Metabolite set Total Hits Expect P value

| Avginine and profine 38 2 00997 | 000352
metabolism

2 Arginine biosynthesis 14 1 0.0367 0.0363

3 Butanoate metabolism 15 1 0.0393 0.0388

4 Citrate cycle (TCA cycle) 20 1 0.0525 0.0515

5 Propanoate metabolism 23 1 0.0603 0.059

6 Alanine, aspartate _and 28 1 0.0734 0.0715
glutamate metabolism

7 Glutathione metabolism 28 1 0.0734 0.0715

g | Chowlaeand _ 2 1 00839 | 0.0814
dicarboxylate metabolism

g | Slycine, serine and 3 1 00866 | 0.0839
threonine metabolism

10 Purine metabolism 65 1 0.17 0.16

3.6 GQD enhances gut microbiota diversity
and alters microbial composition in UC
mice

To investigate the role of the gut microbiota in the therapeutic
effect of GQD, we performed 16S rRNA sequencing on fecal
samples. GQD H was selected as the optimal ef cacy group for
16S rRNA gene sequencing. Venn diagram analysis of OTUs
identi ed a total of 429 OTUs, with 228 shared among all four
groups (Con vs DSS = 275; Con vs 5-ASA = 296; DSS vs
GQD = 298; all groups = 228; Figure 7A), indicating a core
microbial community.

Beta diversity analysis showed a separation trend between the
control group and other groups (Figure 7D). Notably, although the
overall diversity indices showed no signi cant differences (Figures 7B—
D), obvious changes were observed in speci ¢ bacterial taxa. At the
phylum level (Figure 7E), Bacteroidetes, Firmicutes, and
Proteobacteria remained dominant. Compared with the control
group, the DSS group showed a signi cant increase in
Proteobacteria and a marked decrease in Bacteroidetes. Compared
with the DSS group, the GQD and 5 ASA groups exhibited
signi cantly elevated Bacteroidetes and reduced Proteobacteria
(Supplementary Figure 1), indicating that GQD effectively alleviated
DSS induced gut dysbiosis. At the genus level (Figure 7F), compared
with the DSS group, the 5-ASA and GQD groups showed increased
abundance of Bacteroides, norank_f:Muribaculaceae, norank_f:
norank_o:Clostridia_UCG 014, Alloprevotella, and Bi dobacterium,
as well as decreased abundance of Staphylococcus, Akkermansia,
Romboutsia, and Escherichia Shigella. Notably, GQD H treatment
signi cantly reduced potential pathogenic genera such as Escherichia

Shigella and increased bene cial genera including norank_f:
Muribaculaceae (Supplementary Figure 1). These results
demonstrated that both 5 ASA and GQD ameliorated gut dysbiosis
at the phylum and genus levels.

Through LEfSe analysis (LDA>4), norank_f:Muribaculaceae
and Lactobacillus were identi ed as the signature microbiota of
the Con group, whilst the model group exhibited enrichment of
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Escherichia-Shigella pathogens. Notably, high-dose GQD treatment
was characterized by norank_f:Muribaculaceae, norank_f:
norank_o:Clostridia_UCG-014, Alloprevotella, and norank_f:
Clostridium_methylpentosum_group (Figures 7G-I).

To further predict potential metabolic functions associated with
the gut microbiota and to preliminarily explore the underlying
mechanisms linking gut dysbiosis to DSS-induced UC, PICRUSt2
functional prediction analysis was performed on 16S rRNA
sequencing data (Figure 7J; Supplementary Figure 2). The results
showed that the DSS group primarily downregulated metabolic
pathways such as amino acid biosynthesis, alanine, aspartate, and
glutamate metabolism, purine metabolism, and pyrimidine
metabolism. GQD and 5-ASA interventions signi cantly
upregulated the abundances of these metabolic pathways. This
indicates that the amelioration of UC by GQD is associated with
the upregulation of key microbial metabolic functions, which may
contribute to the restoration of host metabolic homeostasis.

3.7 Integrated multi-omics analysis
explores the mechanism of action of GQD
in treating UC

To synthesize our ndings and explore the potential mechanism
of GQD, this study used correlation analysis and network
pharmacology to examine the relationships among gut
microbiota, serum metabolites, and in ammatory responses.
Analysis of therapeutic indicators and gut microbiota (Figure 8A)
shows bene cial bacteria norank_f:Muribaculaceae negatively
correlate with serum in ammatory cytokines (IL-17, TNF-a,
IFN-g) and histopathological scores but positively with body
weight and colon length. Conversely, pathogenic bacteria
Escherichia-Shigella and Staphylococcus exhibit opposite
correlations. A negative trend was observed between Lactobacillus
abundance and pro in ammatory cytokines (IFN g, IL 17, TNF

a). Although not statistically signi cant, metabolomic data
suggest that Lactobacillus may function via regulating metabolic
pathways rather than taxonomic abundance alone (Figure 6J;
Supplementary Figure 3). The correlation analysis results between
serum differential metabolites and differential microbial
communities showed (Figure 8B) that g:norank_f:Muribaculaceae,
Glyoxylate, and Sebacic acid negatively correlated; Escherichia-
Shigella positively correlated with Glyoxylate, Sebacic acid, and
Succinic acid, and negatively with Xanthine; Staphylococcus
positively correlated with Sebacic acid. Using database searches,
1252 GQD hioactive compound targets and 1602 UC-related targets
(median score 3.76) were identi ed. A Venn diagram (Figure 8C)
revealed 281 shared targets, forming a PPI network with 280 nodes
and 2,518 edges (Supplementary Figure 4). MCC screening
highlighted 20 key targets (Figure 8D), including IL-6, TNF,
AKT1, and STATS3, involved in in ammation. These top 20 core
targets underwent KEGG and GO enrichment analysis via the
DAVID database (https://davidbioinformatics.nih.gov/). GO
analysis identi ed 280 biological processes (BP), 39 molecular
functions (MF), and 31 cellular components (CC) terms
(Figure 8E). KEGG enrichment analysis identi ed 132 signalling
pathways, with IL-17 and TNF signalling pathways being
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FIGURE 7

Gut microbiota diversity and composition. (A) Venn diagram of OTU distribution by gut orar; (B, C) Alpha diversity analysis: Chao, Shannon; (D)
PCoA analysis; (E) Relative abundance of taxa at the phylum level; (F) Relative abundance of taxa at the Genus level; (G-I) Lefse analysis: Con vs DSS,
DSS vs GQD, DSS vs 5-ASA (LDA 4); (J) PICRUSt2 function prediction heat map.

particularly prominent (Figure 8F). These pathways are intrinsically
linked to in ammatory responses, thereby providing a direction for
subsequent mechanistic studies investigating GQD’s role in UC.

Integrated multi-omics analysis indicates that GQD exerts a
pivotal role via the gut microbiota, regulating serum amino acid and
purine metabolism to alleviate symptoms of UC in mice. This
promotes metabolic normalization in the host and critically reduces
systemic and local tissue in ammation.
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3.8 GQD inhibits the expression of TNF-a,
IFN-g and IL-17 proteins in the colon of UC
mice

To experimentally validate the in ammatory regulatory
mechanism of GQD, immunohistochemistry (IHC) was used to
assess whether GQD suppresses the colonic expression of key pro-
in ammatory cytokines. As shown in Figures 9A-F, DSS-induced
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