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Huanglian‑Wendan Decoction alleviates 
DSS‑induced colitis by modulating the gut 
microbiota and protecting against intestinal 
injury via suppression of colonic apoptosis 
and endoplasmic reticulum stress
Liang Li1†, Xinyi Zhan1†, Hidayat Ullah2,3,4†, Wenxian Guo1, Ping Gui5†, Weijie Peng1, Quanxi Mei1, Weibo Dai1*, 
Yuting Duan6*, Xia Yuan7 and Xianjing Hu2,3,4,5* 

Abstract 

Inflammatory bowel disease (IBD) is a chronic disorder characterized by recurrent intestinal inflammation and gut 
microbiota dysbiosis. Huanglian-Wendan Decoction (HLWDD) has been clinically used for IBD treatment; however, 
its underlying mechanisms remain unclear. In this study, a dextran sulfate sodium (DSS, 2.25%)-induced IBD mouse 
model was established to evaluate the therapeutic effects of HLWDD. The protective mechanisms were investigated 
in colon tissues of DSS-induced mice using ELISA, immunoblotting, histological, and immunohistochemical analyses. 
In addition, the impact of HLWDD on gut microbiota dysbiosis was analyzed using 16S rRNA sequencing. Antibiotic 
treatment was applied before DSS administration to deplete gut microbiota and verify the role of microbial modula-
tion. Furthermore, the phytochemical constituents of HLWDD were characterized using liquid chromatography–quad-
rupole time-of-flight tandem mass spectrometry (LC-QTOF-MS/MS). The results demonstrated that HLWDD markedly 
alleviated DSS-induced colitis, as evidenced by reduced body weight loss, rectal bleeding, colon shortening, and dis-
ease activity index (DAI) scores. Mechanistically, HLWDD suppressed inflammatory responses in colon tissues by inhib-
iting the TLR4/MyD88/NF-κB and IL-6/JAK2/STAT3 signaling pathways, while enhancing epithelial barrier integrity 
through upregulation of ZO-1, Occludin, Claudin-1, and Mucin-2. In addition, HLWDD attenuated endoplasmic reticu-
lum stress (ERS) and apoptosis by downregulating CHOP, phospho-eIF2α, cleaved caspase-3, and Bax, while increas-
ing Bcl-2 expression in colonic tissues. Microbiota analysis revealed an increased abundance of beneficial bacterial 
genera such as Akkermansia and Escherichia-Shigella–related commensals, along with enrichment of beneficial 
bacterial families including Ruminococcaceae, Lachnospiraceae, and Verrucomicrobiaceae, whereas potentially harmful 
taxa such as Escherichia and Paraprevotella were reduced. HLWDD also increased the production of short-chain fatty 
acids (SCFAs), including acetate, butyrate, and isobutyrate, thereby promoting intestinal homeostasis. Importantly, 
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1  Introduction
Inflammatory bowel disease (IBD) is a global disorder 
that profoundly affects both physical and mental health, 
with epidemiological data suggesting that since 1996, 
roughly 1 in 200–300 individuals worldwide has been 
diagnosed with the condition [1, 2], and the incidence 
is still increasing rapidly. The number of IBD patients in 
China is projected to exceed 1.5 million by 2025 [3]. IBD 
has been reported to markedly increase the risk of devel-
oping complications such as arthritis, osteoporosis, sec-
ondary liver injury, and even colon cancer [4–6]. Current 
therapeutic interventions for inflammatory bowel disease 
(IBD) mainly include 5-aminosalicylic acids (5-ASA), 
immunomodulatory agents, corticosteroids, and biologic 
therapies [7]. However, these treatments primarily focus 
on symptom management rather than disease resolution, 
and long-term use of such medications may increase the 

risk of lymphoma. Therefore, there is a growing need 
to develop safer and more effective therapeutic strate-
gies for the management of IBD [8]. There is a growing 
demand for new pharmacological agents and traditional 
or ethnomedicinal approaches.

The precise pathogenesis of IBD remains elusive, but 
endoplasmic reticulum stress (ERS) has recently emerged 
as an important contributor to intestinal inflamma-
tion and epithelial dysfunction. ERS occurs when the 
protein-folding capacity of the endoplasmic reticulum is 
disrupted, leading to activation of the unfolded protein 
response (UPR) and inflammatory signaling pathways 
[9]. In intestinal epithelial cells, ERS can downregulate 
the MUC2 expression, impairing the mucosal barrier and 
perpetuating a cycle of chronic intestinal inflammation 
[10]. Persistent ERS has been shown to promote epithe-
lial cell apoptosis, disrupt intestinal barrier integrity, and 

the protective effects of HLWDD were largely abolished following antibiotic-mediated gut microbiota depletion, 
confirming the essential role of microbial modulation in its therapeutic action. Collectively, these findings suggest 
that HLWDD ameliorates IBD by regulating gut microbiota composition and function, thereby inhibiting colonic ER 
stress and apoptosis and restoring intestinal barrier integrity. This study provides mechanistic evidence supporting 
the potential clinical application of HLWDD as a novel therapeutic strategy for IBD.

Keywords  Inflammatory bowel disease, Chinese medicine formula, Huanglian-Wendan Decoction, Apoptosis, 
Endoplasmic stress, Gut microbiota
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exacerbate inflammatory responses, thereby contributing 
to the progression of IBD [11].

IBD is characterized by a chronic inflammatory envi-
ronment that is closely associated with the gut microbial 
and immune milieu. Chronic inflammation perturbs the 
gut microbiota, leading to a reduction in beneficial bacte-
ria and an expansion of pathogenic species [12]. Research 
has shown that Fusobacterium nucleatum can exacer-
bate inflammation in normal epithelial cells and promote 
epithelial-to-mesenchymal transition (EMT) [13]. Sal-
monella enterica was involved in the inflammation of the 
intestine, which persisted after pathogen clearance and 
irreversibly escalated in severity with repeated infections 
[14]. Studies have suggested that fecal microbiota trans-
plantation (FMT) and probiotics may offer potential ther-
apeutic approaches for IBD treatment [15, 16]. Therefore, 
regulating intestinal microbiota can be a key strategy 
for treating IBD. Recent studies further indicate that gut 
microbiota dysbiosis is closely linked to ERS activation in 
intestinal epithelial cells. Microbial metabolites, such as 
short-chain fatty acids (SCFAs), can regulate ER homeo-
stasis and intestinal barrier function, whereas pathogenic 
bacteria may aggravate ER stress and inflammatory sign-
aling pathways [17]. Short-chain fatty acids produced by 
beneficial gut bacteria have been reported to maintain 
intestinal epithelial integrity and regulate inflammatory 
responses, thereby contributing to intestinal homeosta-
sis [18]. Therefore, the interaction between gut micro-
biota dysbiosis and ER stress is increasingly recognized 
as an important mechanism contributing to intestinal 
inflammation and epithelial damage in IBD, and targeting 
these pathways may represent a promising therapeutic 
strategy. Traditional herbal formulations, such as Huan-
glian-Wendan Decoction, are known to contain multiple 
bioactive compounds that can simultaneously modulate 
inflammatory signaling, alleviate endoplasmic reticulum 
stress, and restore gut microbial balance. This multi-tar-
get capability provides a strong rationale for investigating 
HLWDD as a potential therapeutic strategy in IBD.

Huanglian-Wendan Decoction (HLWDD), a classical 
formulation of traditional Chinese medicine, was first 
recorded in the Tang Dynasty text Beiji Qianjin Yao-
fang by Sun Simiao [19]. It has been commonly used to 
treat insomnia and gastritis for thousands of years [20]. 
Recently, it has been found to treat hypertension, coro-
nary heart disease, diabetes, and liver cancer [21, 22]. 
Our recent clinical study showed that HLWDD could 
alleviate IBD in patients in the clinic [23], although the 
detailed mechanism remains unclear.

Despite growing evidence that ER stress and gut micro-
biota dysbiosis contribute to IBD pathogenesis, it remains 
unclear whether multi-component herbal formulations 
such as Huanglian-Wendan Decoction (HLWDD) can 

simultaneously target these pathways to confer therapeu-
tic benefits. Therefore, in this study, we aimed to inves-
tigate whether HLWDD ameliorates DSS-induced colitis 
by modulating colonic ER stress, epithelial apoptosis, and 
gut microbiota composition, and to determine the essen-
tial role of gut microbiota in mediating its protective 
effects.

2 � Materials and methods
2.1 � Chemicals and reagents
Dextran sulfate sodium (DSS, MW: 36 ⁓ 50 kDa, S5036, 
9011-18-1) was obtained from MP Biomedicals Inc. 
(California, USA). Salicylazosulfapyridine (SASP, 33816) 
was purchased from MedChemExpress (New Jersey, 
USA). Elisa kits, including DAO (252210519), MPO 
(411210519), IL-1β (370210610), IL-10 (371210513), 
TNFα (569211010), LPS (261211222), IL-6 (385210923), 
were secured from Tianjin Anoric Biotechnology CO., 
Ltd (Tianjin, China), and NAG (202111) was purchased 
from MSKBIO (Wuhan, China). Primary antibodies 
against Claudin 1 (AF0127), Occludin (DF7504), ZO1 
(AF5145), MyD88 (AF5195), JAK2 (AF6022), STAT3 
(AF6294), cleaved PARP (AF7023), Bax (AF0120), Bcl2 
(AF6139), and β-actin (AF7018) were purchased from 
Affinity Biosciences Ltd (OH, USA). Primary antibod-
ies against p-NF-κB (3033T), NF-κB (8242s), p-JAK2 
(D15E2), cleaved caspase 3 (9661), PDI (3501), CHOP 
(2895), and p-eIF2α (9721S) were obtained from Cell 
Signal Technology Inc. (Boston, USA). Primary antibod-
ies against TLR4 (293072) and p-STAT3 (sc-8059) were 
supplied by Santa Cruz Biotechnology Inc. (California, 
USA), and eIF2α (11233-I-AP) was obtained from Pro-
teintech Group Inc. (Chicago, USA), respectively. All 
antibodies were diluted in 1:1000, while p-STAT3 was 
diluted in 1:500.

2.2 � Preparation of HLWDD
HLWDD was composed of Coptis chinensis Franch. (10 
g), Pinellia ternata(Thunb) Breit. (10 g), Bambusa tul-
doides Munro. (10 g), Citrus sinensis Osbeck. (10 g), Cit-
rus reticulata Blanco. (10 g), Poria cocos (Schw.) Wolf. 
(10 g), Glycyrrhiza uralensis Fisch. (5 g). Coptis chinen-
sis Franch. (20200301, Sichuan), Citrus sinensis Osbeck 
(20200501, Jiangxi) and Glycyrrhiza uralensis Fisch. 
(20190709, Gansu) were purchased from Sinopharm 
Group Feng Liaoxing Medicinal Herbs Decoction and 
Pieces Co., LTD (Foshan, China). Pinellia ternata(Thunb) 
Breit. (200206, Sichuan) and Bambusa tuldoides Munro 
(191102, Guangdong) were purchased from Yulin Ben-
caotang TCM Decoction and Pieces Co. Ltd. (Yulin, 
China). Citrus reticulata Blanco (200301) and Poria cocos 
(Schw.) Wolf (20052501) was purchased from Guang-
zhou Zhixin Chinese Medicine Decoction and Pieces 
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Co., LTD (Guangzhou, China) and Zhongshan Tongxin 
Pharmaceutical Co., LTD. Chinese medicine decoction 
and pieces of a branch (Yunnan, China), respectively. A 
total of 2925 g of HLWDD raw materials were soaked in 
distilled water for 1 h, boiled with 10 folds of water (v/w) 
for 1 h, and filtered to get the filtrate, and the residue 
was boiled once more in 8 folds of water (v/w) for 1 h. 
The filtrate was combined and concentrated to the indi-
cated concentration. According to the clinical dose, each 
patient took 65 g of Huanglian Wendan Decoction every 
day (estimated from the mass of crude material), mean-
ing that the dosage was 0.929 g/kg for humans, which 
was converted to a mouse dosage of 8.45 g/kg according 
to the dose conversion factor.

2.3 � Experimental design
The animal experiments were reviewed and approved 
by the Institutional Animal Care and Use Committee of 
Zhongshan Hospital of TCM (AEWC-2021041) follow-
ing the standards set by the principles of Laboratory Ani-
mal Care and the guidelines of the Zhongshan Hospital 
of TCM Animal Research Committee. Eight-week-old 
male C57BL/6 mice were obtained from Guangdong Lab-
oratory Animal Center (Foshan, China), housed under a 
12 h light/dark cycle, and provided with food and water 
ad  libitum. Mice were randomly assigned to five groups 
(n = 8 per group) using a computer-generated random 
number table: control, model (2.25% DSS), SASP (200 
mg/kg), HLWDD low-dose (HLWDD-L, 8.45 g/kg, based 
on crude material), and HLWDD high-dose (HLWDD-H, 
16.9 g/kg). The selection of HLWDD doses was based on 
clinical equivalent dose conversion. According to guide-
lines for dose translation between humans and animals 
based on body surface area normalization recommended 
by the FDA, the human-to-rat equivalent dose ratio 
is 6.25:1. Given that the clinical dosage of HLWDD in 
adults is 2.271 g·kg⁻1·day⁻1 [24]. The calculated rat equiv-
alent dose is 14.19 g·kg⁻1·day⁻1 (approximately 14.2 g/kg). 
Based on this equivalent dose, two experimental doses 
were selected to evaluate the pharmacological effects 
of HLWDD. The high dose was set at 16.9 g/kg, which 
is slightly higher than the calculated equivalent dose to 
ensure therapeutic efficacy, while the low dose was set 
at 8.45 g/kg, corresponding to 50% of the high dose, to 
evaluate dose-dependent effects. To induce acute colitis, 
all groups except the control were administered 2.25% 
w/v DSS (molecular weight 36–50 kDa) in autoclaved 
drinking water from day 5 to day 12. SASP and HLWDD 
were administered orally from day 0 to day 12. The study 
was performed in two independent batches: a pilot study 
for DSS model optimization and HLWDD dosage deter-
mination, followed by the main experiment to evaluate 

therapeutic effects and underlying mechanisms. In both 
batches, the following indicators were measured: clinical 
parameters (body weight, DAI, colon length), histology 
and immunohistochemistry of intestinal barrier proteins 
(ZO-1, Occludin, Claudin-1, Mucin-2), cytokine levels 
and protein expression (Western blot for inflammatory, 
ER stress, and apoptosis markers), and gut microbiota 
analysis (16S rRNA sequencing of fecal samples). Fol-
lowing the treatment period, mice were euthanized by 
anesthetic overdose using 1% Nembutal (sodium pento-
barbital, 50 mg/kg, intraperitoneally) to ensure a humane 
endpoint, followed by cervical dislocation as a secondary 
confirmation of death. The overall experimental design is 
summarized in Fig. 1A.

2.4 � Antibiotic treatment
Antibiotic treatment was carried out following the 
modified method described previously [15]. In brief, 
eight-week-old male C57BL/6 mice were randomly 
assigned using a computer-generated random number 
table to the following groups: control, 2.25% DSS (DSS), 
2.25% DSS + HLWDD (16.9 g/kg), Control + antibiotics 
(Control_ABX), 2.25% DSS + antibiotics (DSS_ABX), 
and 2.25% DSS + HLWDD + antibiotics (HLWDD_
ABX). To deplete the intestinal microbiota, mice in the 
antibiotic-treated groups received a broad-spectrum 
antibiotic cocktail consisting of vancomycin (0.5 g/L, 
Aladdin, China), metronidazole (1 g/L, Aladdin, China), 
neomycin sulfate (1 g/L, Aladdin, China), and ampicil-
lin (1 g/L, Solarbio, China) dissolved in drinking water 
and provided ad libitum from day 1 to day 5. HLWDD 
was administered orally from day 6 to day 17. The coli-
tis mouse model was induced by administering 2.25% 
DSS (w/v) in drinking water for 7 days (from day 10 to 
day 17). At the end of the treatment period, mice were 
euthanized with an overdose of 1% Nembutal (sodium 
pentobarbital, 50 mg/kg, intraperitoneally) followed by 
cervical dislocation to ensure death.

2.5 � Assessment of disease activity index (DAI)
The Disease Activity Index (DAI) was used to evaluate 
the severity of colitis by monitoring changes in body 
weight, stool consistency, and the presence of blood in 
the stool, according to a previously described protocol 
[25]. Each of these three indicators was scored indi-
vidually according to Table  1. The final DAI for each 
mouse was calculated as the average of the three scores 
(range 0–4), allowing partial scoring when only one or 
two criteria were affected. Higher DAI scores indicate 
more severe disease activity. The criteria for DAI scor-
ing are summarized in Table 1.
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Fig. 1.  Huanglian-Wendan Decoction (HLWDD) alleviated DSS-induced IBD in mice. A Design for HLWDD in anti-IBD effect on the mouse model 
induced by DSS. B Effect of HLWDD (8.45, 16.9 g/kg) and SASP (200 mg/kg) on the body weight of mice. C Representative photographs of the anal 
region of mice . D Disease activity index of IBD mice. E Representative photographs of the colon. F Effect of HLWDD and SASP on the colon length 
of IBD mice. Data are represented as mean ± SEM, and statistical significance was analyzed by one-way ANOVA, *p < 0.05, **p < 0.01, vs. the control 
group; #p < 0.05, ##p < 0.01, vs. the model group (DSS only)
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2.6 � Sample collection
After treatment, stool samples were collected for 16S 
rRNA sequencing. The mice were then anesthetized, and 
blood was drawn from serum following centrifugation at 
10000 rpm for 10 min at 4°C. The mice were sacrificed, 
the distal colon segment (approximately 1–2 cm from the 
anus) was swiftly removed, and its length was measured. 
A portion of this distal colon was fixed in 4% paraformal-
dehyde (PFA) for histological staining, while the remain-
ing tissue was immediately snap-frozen and stored at 
−  80 °C for subsequent molecular analyses.

2.7 � Enzyme‑linked immunosorbent assay (ELISA)
ELISA kits were procured from commercial vendors, and 
biochemical assessments were executed in accordance 
with the protocols delineated by the manufacturers. In 
summary, colon tissues were rinsed utilizing cold phos-
phate-buffered saline (PBS, 0.01M, pH 7.4), subsequently 
homogenized with a tenfold volume of PBS (incorporat-
ing 1% protease inhibitor, v/w) at a temperature of 4℃, 
and were then subjected to centrifugation at 10,000 rpm 
for a duration of 10 minutes. The resultant supernatants 
were isolated for biochemical analysis.

2.8 � Western blot analysis
Colon tissue samples were rinsed with ice-cold PBS and 
lysed in radioimmunoprecipitation assay (RIPA) buffer 
supplemented with protease and phosphatase inhibi-
tors (Beyotime, China) for 30 minutes on ice. Following 
centrifugation at 15,000 rpm for 10 minutes at 4℃, the 
samples were harvested, and a BCA protein assay kit was 
employed to quantify protein concentrations. An equiva-
lent quantity of protein (40 μg) was applied and resolved 
on 8–15% sodium dodecyl sulfate-polyacrylamide gels, 
followed by transfer onto polyvinylidene difluoride 
(PVDF) membranes (Merck Millipore Ltd. IPVH00010, 
R1PB86944, Darmstadt, Germany). The membranes 
underwent a blocking procedure utilizing QuickBlockTM 
solution (P0252, Beyotime, Shanghai, China) at ambient 
temperature for 15 minutes, followed by washing in PBST 
buffer, and were incubated overnight at 4℃ with primary 
antibodies targeting Claudin1, Occludin, ZO1, TLR4, 
MyD88, NF-κB, phosphor-NF-κB, JAK2, phosphor-JAK2, 

STAT3, phosphor-STAT3, cleaved PARP, cleaved cas-
pase3, Bcl2, Bax, PDI, CHOP, phosphor-eIF2a, eIF2a, 
and β-actin, diluted in TBST containing 5% bovine serum 
albumin (BSA). Following three washes with PBST, the 
membranes were incubated with the appropriate sec-
ondary antibodies conjugated to horseradish peroxidase 
(HRP) (1:10,000) at room temperature for 1.5 hours. 
Protein bands were visualized using an enhanced chemi-
luminescence (ECL) kit, and Quantitative analyses were 
performed using ImageJ.

2.9 � 16S rRNA gene high‑throughput sequencing
Stool samples were collected from the colon into 1.5 mL 
sterile EP tubes and immediately stored at −  80 °C before 
being sent to BGI.tech (http://​www.​bgite​chsol​utions.​
com/) for 16S rRNA gene sequencing. Genomic DNA 
was extracted from colon contents, and 30 ng of DNA 
was used for PCR amplification. The V3–V4 hypervari-
able region of the 16S rRNA gene was amplified using the 
amplified by PCR using specific primers (5′-ACT​CCT​
ACG​GGA​GGC​AGC​A-3′ and 5′-GGA​CTA​CHVGGG​
TWT​CTAAT-3′) for 25 cycles. PCR amplicons were 
purified with Agencourt AMPure XP magnetic beads and 
resuspended in Elution Buffer for library construction 
[26]. The library fragment size and concentration were 
assessed using an Agilent 2100 Bioanalyzer, and qualified 
libraries were sequenced on the Illumina HiSeq platform. 
Raw reads were merged into Tags based on overlap-
ping sequences, clustered into operational taxonomic 
units (OTUs) at 97% similarity, and annotated using the 
SILVA 138 database. Bioinformatics analysis was per-
formed using QIIME2 (version 2022.8), including evalu-
ation of alpha and beta diversity, differential abundance, 
and correlation with experimental groups. Low-abun-
dance OTUs (<0.01% of total reads) were removed before 
downstream analysis.

2.10 � Hematoxylin and eosin (H&E) staining
Histopathological evaluation was conducted in accord-
ance with the protocol established by the reference [27], 
with minor modifications. In summary, following a 
24-hour fixation period, the colonic tissues underwent 
a sequential dehydration process utilizing 70, 80, 90, 95, 
and 100% ethanol, followed by a 1:1 mixture of alcohol, 
benzene, xylene I, xylene II, paraffin I, paraffin II, and 
paraffin III, each for a duration of 0.5 hours. The tissue 
sections were subsequently dewaxed using xylene I and 
II for a period of 10 minutes, and then rehydrated with 
100% alcohol (I, II), 90, 80, and 70% alcohol for 5 min-
utes, stained with hematoxylin, differentiated using 5% 
acetic acid for 1 minute and reverted to blue, followed 
by eosin staining for 1 minute, and dehydrated through 
70, 80, 90, and 100% alcohol for 10 seconds, concluding 

Table 1  Scoring system for DAI

Score Weight loss Stool consistency Blood stool

0 None Normal None

1 1~5% Soft stool Slight occult blood

2 5~10% Paste stool Occult blood

3 10~15% Loose stool Bleeding

4 >15% Diarrhea Gross bleeding

http://www.bgitechsolutions.com/
http://www.bgitechsolutions.com/
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with dehydration using xylene for 1 minute. The pre-
pared slides were then dried within a fume hood and 
subsequently sealed with neutral gum. The morpho-
logical alterations in the tissues were examined under a 
light microscope (108–6290, Nikon Corporation, Tokyo, 
Japan), with photographic documentation captured at a 
magnification of 100 ×.

2.11 � Immunohistochemistry (IHC)
Immunohistochemistry was employed to measure the 
expression of different proteins and immune markers, 
including MUC2 (1:2000), NLRP3 (1:1000), cleaved cas-
pase 3 (1:500), and CHOP (1:500) in the colon tissues 
of mice. Paraffin-embedded colon tissue sections were 
deparaffinized in xylene and incubated with 3% H2O2 to 
block endogenous peroxidase activity. The tissue sections 
were treated for antigen retrieval by heating in citrate 
buffer in a microwave for 10 minutes, followed by cool-
ing at room temperature. Following a blocking step with 
normal goat serum, the sections were incubated with 
primary antibodies at  4 °C overnight and subsequently 
counterstained with DAPI. Protein expression levels 
were examined and analyzed by optical microscopy, and 
images were captured at 100x magnification.

2.12 � C‑QTOF‑MS/MS analysis
The characteristic constituents of HLWDD were analyzed 
using an Agilent LC/MS Q-TOF system (1290-6546, 
USA). Chromatographic separation was performed on a 
Zorbax Eclipse Plus C18 column (3.0 mm × 150 mm, 1.8 
μm) maintained at  30 °C, with a mobile phase consist-
ing of 0.1% formic acid in water (phase A) and acetoni-
trile (phase B). The gradient elution was as follows: 5% B 
from 0–2 min, increasing to 35% B from 2–20 min, 50% 
B from 20–24 min, decreasing to 40% B from 24–25 min, 
rising to 95% B from 25–30 min, and maintaining 95% B 
from 30–35 min. The flow rate was 0.5 mL/min, and the 
injection volume was 0.5 μL. The Agilent G6545 Q-TOF 
mass spectrometer equipped with an Agilent Jet Stream 
Electrospray source was operated in both positive and 
negative ion modes. Key instrument parameters were: 
capillary voltage 4000 V (+)/3500 V (-), nitrogen drying 
gas 8 L/min at  300 °C, sheath gas  350 °C, capillary volt-
age 130 V, and nebulizer pressure 45 psi. The mass scan 
range was m/z 100–1700 at a scan rate of 8 spectra/s. 
Compound identification was performed based on accu-
rate mass measurements, MS/MS fragmentation pat-
terns, and comparison with reference standards when 
available. Peaks were further annotated by matching 
MS/MS spectra with public and in-house databases for 
flavonoids, saponins, and other known HLWDD con-
stituents. Only compounds with mass errors <5 ppm and 

consistent fragmentation patterns were considered confi-
dently identified.

2.13 � Statistical analysis
Data are presented as mean ± standard error of the 
mean (SEM). For physiological and molecular data, nor-
mality was assessed using the Shapiro-Wilk test, and 
homogeneity of variances was tested using Levene’s test. 
Normally distributed data with equal variances were 
analyzed by one-way ANOVA followed by Tukey’s post 
hoc test, while non-normally distributed data were ana-
lyzed using the Kruskal-Wallis test with Dunn’s post hoc 
comparisons. Biological replicates (“n”) for each group 
are indicated in the figure legends. Outliers were iden-
tified using Grubbs’ test and excluded only if they were 
due to technical errors. For microbiome analyses, alpha 
diversity indices (Shannon, Chao1) were compared using 
the Kruskal-Wallis test. Beta diversity (Bray-Curtis dis-
tance) was assessed using principal coordinates analysis 
(PCoA), and statistical significance between groups was 
determined by PERMANOVA. Differential abundance of 
taxa was tested using the DESeq2 method, and p-values 
were adjusted for multiple comparisons using the Ben-
jamini-Hochberg false discovery rate (FDR). A p-value < 
0.05 was considered statistically significant.

3 � Results
3.1 � HLWDD alleviated IBD induced by DSS in mice
To explore the treatment effect of HLWDD in IBD, a 
colitis mouse model was induced using 2.25% DSS. The 
model group showed pronounced symptoms, such as 
considerable rectal bleeding, weight loss, and diarrhea, 
in contrast to the healthy control group. On the other 
hand, these symptoms were notably alleviated in the 
HLWDD-treated groups following treatment (Fig. 1B, C). 
The disease activity index, a critical measure reflecting 
diarrhea, weight loss, and rectal bleeding, was sustain-
ably higher in the DSS-treated group (p < 0.01), while 
significantly reduced in the HLWDD-treated group (p< 
0.01) (Fig. 1D). Furthermore, HLWDD treatments led to 
a marked increase in colon length in the DSS-induced 
Ulcerative colitis mice (p < 0.01), outperforming the 
standard treatment, SASP, underscoring HLWDD’s 
enhanced efficacy in treating IBD (Fig. 1E, F).

3.2 � HLWDD enhanced the intestinal barrier function
The intestinal barrier is the critical structure to prevent 
the infiltration of pathogenic substances, and the indica-
tors of DAO, MPO, and NAG reflect the colonic integ-
rity and injury [28]. DSS, a polyanionic derivative, would 
destroy the intestinal epithelial cells and damage the 
intestinal barrier function to induce the IBD model. In 
this study, the level of DAO significantly decreased, while 
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MPO and NAG increased (p < 0.01), in the DSS group, 
reflecting the intestinal mucosal injury and the onset of 
gut inflammation. Following HLWDD treatment, par-
ticularly high dose, the levels of DAO, MPO, and NAG 
were significantly reversed (p < 0.01) (Fig. 2A–C). More-
over, the results of colonic histomorphology showed that 
the intestinal epithelial cells in the model group were 
sharply disordered in shape, with unclear edges, few 
goblet cells, and the thickening of the intestinal mucosa, 
indicating an increased gut permeability (compared with 
the control group), while those of the HLWDD-treated 
groups were alleviated (Fig.  2D). The effect of HLWDD 
on the tight junction proteins in IBD mice was further 
assessed via Western Blot and IHC assays. As a result, the 
expressions of Claudin1, Occludin, and ZO-1 in the DSS-
treated group were significantly decreased (p < 0.01), 
while those of the HLWDD-treated groups were signifi-
cantly increased (p < 0.01) (Fig.  2E–F). In addition, the 
reduced level of Mucin-2 in the colon tissues induced by 
DSS was increased in the HLWDD-treated groups, indi-
cating that HLWDD had a good potency in maintaining 
intestinal homeostasis (Fig.  2G). Taken together, these 
findings reveal that HLWDD effectively improves gut 
barrier integrity in IBD models.

3.3 � HLWDD inhibited the inflammation of IBD mice 
by suppressing TLR4/MyD88/NF‑κB and IL6/JAK2/
STAT3 pathways

Inflammation is one of the typical characteristics of IBD 
[29]. In this study, the levels of IL-1β (Fig. 3A) and TNFα 
(Fig.  3B) notably increased (p < 0.01), and the level of 
IL-10 (Fig. 3C) demonstrated reduced levels in the DSS 
group (compared with the control group, p < 0.05), while 
after HLWDD treatment, the levels of IL-1β, TNF-α, and 
IL-10 were significantly reversed (p < 0.01). NLRP3, a 
key factor associated with inflammatory injury, triggers 
the release of pro-inflammatory cytokines like IL-1β and 
IL-18 upon activation. It plays a crucial role in maintain-
ing host defense mechanisms and intestinal homeosta-
sis [30]. DSS treatment induced a pronounced increase 
in NLRP3 expression, which was substantially reduced 
in HLWDD-treated groups (Fig.  3D), suggesting that 
HLWDD could strongly suppress NLRP3 activation and 
reduce the production of inflammatory factors.

Intestinal damage compromises the integrity of the 
colonic barrier, leading to increased permeability and 
facilitating the infiltration of harmful substances, such 
as lipopolysaccharides (LPS). This infiltration activates 
the TLR4/MyD88/NF-κB signaling pathway, perpetuat-
ing inflammation and contributing to the progression 
of intestinal disorders [31]. The accumulation of harm-
ful substances exacerbates inflammatory infiltration, 

further aggravating intestinal injury. Interleukin-6 (IL-
6), a well-established pro-inflammatory cytokine, plays 
a pivotal role in driving and sustaining the inflamma-
tory processes throughout the progression of inflamma-
tory bowel disease (IBD) [32]. In this study, the levels 
of LPS and IL-6 in the colon tissues were analyzed by 
ELISA. Consequently, DSS treatment led to elevated 
levels of LPS and IL-6 (p < 0.01) whereas HLWDD high 
doses effectively attenuated these changes (p < 0.01) 
(Fig.  3E–F). Furthermore, Western blotting analysis 
confirmed that DSS markedly upregulated the levels of 
TLR4, MyD88, phospho-NF-κB, phospho-JAK2, phos-
pho-STAT3, JAK2, and STAT3. HLWDD effectively 
counteracted these effects, whereas total NF-κB protein 
levels showed no statistically significant change based 
on densitometric quantification (Fig.  3G–J). Together, 
these data revealed that HLWDD showed a good effect 
on inhibiting inflammation by suppressing TLR4/
MyD88/NF-κB and IL-6/JAK2/STAT3 pathways.

3.4 � HLWDD alleviates IBD by suppressing apoptosis 
and endoplasmic reticulum stress

Endoplasmic reticulum stress (ERS) is critical to main-
taining intracellular calcium and protein homeosta-
sis, and a previous study indicated that it might be a 
potential strategy for treating IBD by alleviating ERS 
[10]. In the present study, the protein expressions of 
CHOP, phosphor-eIF2α, and eIF2α in the DSS-induced 
colitis led to increased expression of CHOP (p < 0.05), 
phospho-eIF2α (p < 0.01) and total eIF2α, accompanied 
by a reduction in PDI (p < 0.01), indicating the activa-
tion of ER stress in the IBD model. Following HLWDD 
treatment, the levels of CHOP, phospho-eIF2α, and 
eIF2α were significantly reduced (p < 0.01), while 
PDI expression was restored (Fig.  4A–B), which was 
consistent with the result of the IHC assay (Fig. 4C). 
Apoptosis, another important pathological mecha-
nism of IBD, would increase the intestinal permeabil-
ity of intestinal epithelial cells [11]. The study revealed 
that continuous and severe ERS could induce apopto-
sis of intestinal epithelial cells, eventually increasing 
intestinal permeability and intensifying the inflamma-
tory response [33]. The results of this study showed 
that HLWDD significantly increased the expression 
of Bcl-2 (p < 0.01), while decreasing the expression of 
cleaved PARP, Bax, and cleaved caspase 3 in the colon 
tissues of IBD mice (p < 0.01) (Fig. 4D–F), indicating a 
good inhibitory effect of HLWDD on apoptosis. Taken 
together, HLWDD demonstrated good efficiency in 
alleviating IBD through the suppression of apoptosis 
and endoplasmic reticulum stress.
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Fig. 2.  Huanglian-Wendan Decoction (HLWDD) improved the intestinal barrier function of IBD mice. A Effect of HLWDD on DAO level in the serum 
of IBD mice. Effect of HLWDD on the levels of MPO (B) and NAG C in the colon of IBD mice. D Histological analysis of colon tissues of IBD mice 
by H&E staining (magnification, 100 ×). E The expressions of tight junction protein ZO1, Claudin1, and Occludin were evaluated by Western Blot 
for the colon tissues of IBD mice. F Quantitative analysis for Western Blot results (n=3). G The expression of MUC2 was detected by IHC for the colon 
tissues of IBD mice (magnification, 100 ×). Data are represented as mean ± SEM, and statistical significance was analyzed by one-way ANOVA. *p < 
0.05, **p < 0.01, vs. the control group; #p < 0.05, ##p < 0.01, vs. the model group (DSS only)
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Fig. 3.  Huanglian-Wendan Decoction (HLWDD) inhibited the colonic inflammation of IBD mice by suppressing TLR4/MyD88/NF-κB and IL6/JAK2/
STAT3 pathways. Effect of HLWDD on the levels of IL-1β (A), TNFα (B), and IL-10 C in the colon of IBD mice. D The expression of NLRP3 was detected 
by IHC assay for the colon tissues of IBD mice. Effect of HLWDD on the levels of LPS (E) and IL6 (F) in the colons of IBD mice. The expressions 
of the TLR4/MyD88/NF-κB pathway were evaluated by Western Blot (G) and quantitatively analyzed (H) for the colon tissues of IBD mice (n=3). The 
expressions of the IL6/JAK2/STAT pathway were evaluated by Western Blot (I) and quantitatively analyzed (J) for the colon tissues of IBD mice (n=3). 
Data are represented as mean ± SEM, and statistical significance was analyzed by one-way ANOVA. *p < 0.05, **p < 0.01, vs. the control group; #p < 
0.05, ##p < 0.01, vs. the model group (DSS only)
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3.5 � HLWDD improved the gut microbiota structure 
and diversity of IBD mice

The gut microbial community plays a central role in 

modulating inflammation and immunity, significantly 
influencing the progression of IBD. To investigate 
whether the therapeutic effects of HLWDD in IBD are 

Fig 4.  HLWDD alleviates DSS-induced IBD by suppressing endoplasmic reticulum stress and apoptosis. A–B Western blot analysis showing 
increased CHOP, phospho-eIF2α, and total eIF2α, and decreased PDI in DSS-treated mice, which were reversed after HLWDD treatment. C 
Immunohistochemical staining confirming modulation of ERS-related proteins in colon tissues. D–F HLWDD decreased pro-apoptotic proteins (Bax, 
cleaved PARP, cleaved-caspase 3) and increased the anti-apoptotic protein Bcl-2, indicating inhibition of apoptosis. Data are presented as mean ± 
SEM. *p < 0.05, **p < 0.01 vs. DSS group
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associated with modulation of gut microbiota, high-
throughput 16S rRNA gene sequencing was performed 
on fecal bacterial DNA from mice. Analysis of Opera-
tional Taxonomic Units (OTUs) revealed that the con-
trol, DSS, HLWDD-L, and HLWDD-H groups shared 
354 common OTUs, while each group also exhibited 
distinct OTUs. Notably, the control group shared more 
OTUs with the HLWDD-treated groups (HLWDD-L and 
HLWDD-H) than with the DSS group, indicating that 
HLWDD treatment shifted the microbial composition 
toward that of the control group. Each group also exhib-
ited distinct OTUs, with 139, 25, 5, and 11 unique OTUs 
in the control, DSS, HLWDD-L, and HLWDD-H groups, 
respectively, highlighting group-specific microbial fea-
tures (Fig.  5A). The relatively lower number of unique 
OTUs observed in the HLWDD-treated groups com-
pared with the control group may reflect a shift toward 
a more stable microbial community structure rather than 
a simple increase in richness. This observation should 
be interpreted together with the alpha diversity indices 
(Chao and Shannon), which provide a more comprehen-
sive evaluation of microbial richness and diversity.

To assess microbial diversity within groups, alpha 
diversity indices were calculated, including species rich-
ness (Chao index) and overall diversity (Shannon index). 
The results showed that the Chao index was lower in the 
HLWDD-treated groups compared with the DSS group, 
indicating a reduction in total species richness. However, 
the Shannon index was significantly higher, suggesting an 
increase in microbial diversity. This pattern indicates that 
although the total number of taxa decreased, the distri-
bution of microbial species became more even, reflect-
ing a reduction in the dominance of certain taxa and a 
more balanced microbial community structure in the 
HLWDD-treated groups (Fig.  5B, C). To further exam-
ine differences in microbial community structure among 
groups, beta diversity analysis was performed based on 
unweighted UniFrac distances. Principal coordinate anal-
ysis (PCoA) was used as the primary method to visualize 
the separation of microbial communities among groups. 
In addition, principal component analysis (PCA) and 
non-metric multidimensional scaling (NMDS) were per-
formed to confirm the robustness of the observed clus-
tering patterns. These analyses consistently demonstrated 
distinct clustering of bacterial communities among the 
groups, with HLWDD-treated groups showing a com-
positional shift toward the control group compared with 
the DSS group (Fig.  5D–G). Further confirmation was 
provided by the cladogram analysis, which illustrated 
marked variations in microbial composition between 
the DSS group and HLWDD-treated groups, emphasiz-
ing the impact of HLWDD on restoring gut microbial 
composition and mitigating dysbiosis (Fig.  5H). These 

findings strongly suggest that the therapeutic effects of 
HLWDD in IBD are closely linked with its ability to regu-
late gut microbiota composition and diversity.

3.6 � HLWDD modulates specific gut microbial taxa 
and associated SCFA production in IBD mice

The linear discriminant analysis (LDA) of effect size 
(LEfSe) was performed to identify specific gut micro-
biota alterations induced by HLWDD treatment in IBD 
mice. As illustrated in Fig.  6A, noteworthy variations 
were observed in the predominance of bacterial com-
munities across the four groups at various phylogenetic 
levels. A histogram at the family level and a comparison 
heatmap at the species level revealed notable trends in 
gut microbiota composition. Pathogenic bacteria, includ-
ing Enterobacteriaceae, Bacteroidaceae, Escherichia, 
Paraprevotella, and Alistipes, are associated with intes-
tinal dysbiosis and inflammatory responses [33, 34] and 
exhibited a relative enrichment in the DSS group. How-
ever, these pathogenic bacteria were significantly reduced 
in the HLWDD-treated groups. Additionally, compared 
to the DSS group, the relative abundance of Verrucomi-
crobiaceae, Ruminococcaceae, Lachnospiraceae, and 
Akkermansia, all of which are beneficial commensal bac-
teria that perform essential functions in maintaining gut 
homeostasis, was significantly increased after HLWDD 
treatment (Fig.  6B–D). These results indicate that 
HLWDD significantly altered the microbial composition, 
reducing putative pathobionts and increasing beneficial 
taxa.

The 16S rRNA sequencing analysis revealed that the 
HLWDD-treated groups exhibited a significant predomi-
nance of Ruminococcaceae, Lachnospiraceae, and Akker-
mansia. These beneficial genera are known for their roles 
in enhancing short-chain fatty acid (SCFA) metabolism, 
which supports gut barrier integrity, regulates immune 
responses, and maintains intestinal homeostasis. This 
microbial shift suggests that the changes induced by 
HLWDD may contribute to increased SCFA levels, rather 
than directly providing stimulation [35, 36]. It is well-
established that short-chain fatty acids (SCFAs) play a 
crucial role in maintaining the normal function of the 
intestine and preserving the morphology of colonic epi-
thelial cells [37].To further investigate whether HLWDD 
modulates SCFA metabolism in intestinal bacteria, the 
levels of SCFAs in fecal samples from each group of 
mice were measured using LC-MS/MS [38]. Our results 
demonstrated that the levels of acetate, butyrate, isobu-
tyrate, and total SCFAs were significantly higher in the 
HLWDD-H-treated group compared to the DSS group. 
However, no significant differences were observed in 
the levels of caproate, isovalerate, propionate, and valer-
ate between the groups. Thus, the increase in SCFAs 
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Fig. 5.  Huanglian-Wendan Decoction (HLWDD) treatment altered the gut microbiota diversity and structure in IBD mice. A Venn diagram 
showing shared OTUs among different groups. Alpha diversity indices, including Chao (B) and Shannon (C), were used to assess species richness 
and diversity. D Bacterial community composition analysis. β-diversity of microbial communities was evaluated based on unweighted UniFrac 
distances using principal coordinate analysis (PCoA) as the primary visualization method (E) and non-metric multidimensional scaling (NMDS) (F), 
while principal component analysis (PCA) G was additionally applied to confirm the consistency of community clustering patterns. H Cladogram 
showing differential microbial taxa among the control, DSS, HLWDD-L, and HLWDD-H groups
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Fig. 6.  Huanglian-Wendan Decoction (HLWDD) changed the composition of gut microbiota. A Distribution histograms of control, DSS, HLWDD-L, 
and HLWDD-H groups. The relative abundance of the gut microbiota at the family level B and comparison heatmap at the species level (C). D The 
relative abundance of Enterobacteriaceae, Bacteroidaceae, Verrucomicrobiaceae, Ruminococcaceae, Lachnospiraceae, Escherichia, Paraprevotella_clara, 
Alistipes_finegoldii, Alistipes_shahii, and Akkermansia_muciniphila 
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after HLWDD treatment was mainly limited to acetate, 
butyrate, and isobutyrate, which corresponded with the 
observed shifts in the gut microbial community profile 
(Fig. S1).

3.7 � Antibiotic pre‑treatment abolished the efficacy 
of HLWDD against IBD

To further investigate the potential remedial role of 
HLWDD on IBD, which is dependent on the gut micro-
biota, mice were pre-treated with antibiotics (ABX) 
to deplete their gut microbiota. The alleviated effects 
of HLWDD on body weight loss (Fig.  7A), DAI score 
(Fig. 7B), and colon length (Fig. 7C–D) were significantly 
abolished by the antibiotic pre-treatment, suggesting 
that HLWDD’s protective effects against IBD are indeed 
microbiota-dependent. However, the levels of DAO 
(Fig.  7E) and MPO (Fig.  7F) were not entirely reversed 
by ABX treatment, indicating that HLWDD may exert 
its therapeutic effects through additional mechanisms 
beyond modulation of the gut microbiota.

3.8 � Antibiotics pre‑treatment depleted the alleviation 
of HLWDD on the injury of the gut barrier

The impact of antibiotic (ABX) treatment on the ability 
of HLWDD to inhibit inflammation and restore intesti-
nal barrier function in IBD mice was also assessed. The 
results demonstrated that the levels of LPS and IL-1β in 
the HLWDD_ABX group were markedly elevated com-
pared to the HLWDD group (Fig. 8A, B). HLWDD treat-
ment significantly upregulated ZO-1 expression in colon 
tissues, whereas this effect was dramatically diminished 
in the HLWDD_ABX group (Fig.  8C, D). Additionally, 
histological analysis through H&E staining and IHC 
assays revealed that ABX treatment reversed the ben-
eficial effects of HLWDD, including the restoration of 
intestinal structural integrity, upregulation of Mucin-2 
expression, and downregulation of NLRP3, cleaved cas-
pase 3, and CHOP expression (Fig.  8E, F). These find-
ings suggest that the therapeutic effects of HLWDD on 
IBD and intestinal barrier restoration are, at least in part, 
dependent on the gut microbiota, as ABX treatment 
markedly attenuated these benefits.

3.9 � Identification of the phytochemicals of HLWDD
The chemical composition of HLWDD was analyzed 
using LC-QTOF-MS/MS in both positive and nega-
tive ion modes. In the positive mode, 37 major com-
pounds were identified, including alkaloids, flavonoids, 
and organic acids (Fig. 9A). Notable compounds include 
betaine, dihydromyricetin, synephrine, cularine, glaucine, 
epiberberine, hesperetin, coptisine, and palmatine. In 
the negative mode, 31 major compounds were detected, 
comprising phenolic acids, organic acids, and flavonoids 

(Fig.  9B). Key identified metabolites include lactic acid, 
fumaric acid, succinic acid, protocatechuic acid, papaver-
ine, glycyrrhizic acid, and drummondin A. The detailed 
mass spectral data and structural information of these 
compounds are summarized in Tables 2 and 3.

4 � Discussion
Huanglian-Wendan Decoction (HLWDD) has been used 
clinically for gastrointestinal disorders; its underlying 
mechanisms in inflammatory bowel disease (IBD) remain 
largely unknown. In this study, we provide the first evi-
dence that HLWDD markedly ameliorates DSS-induced 
colitis in mice. Importantly, the protective effects of 
HLWDD are mediated not only through suppression 
of intestinal inflammation and endoplasmic reticulum 
(ER) stress but also through modulation of gut microbial 
composition, revealing a mechanism dependent on the 
restoration of gut microbial homeostasis. These findings 
are significant because dysregulation of the gut micro-
biota plays a central role in IBD pathogenesis, influencing 
immune responses, epithelial barrier integrity, and met-
abolic activity. By demonstrating that HLWDD simul-
taneously regulates inflammatory signaling, ER stress 
pathways, and microbial community structure, our study 
provides novel mechanistic insight into how this tradi-
tional herbal formula promotes intestinal homeostasis 
and mitigates colitis, highlighting its potential as a thera-
peutic strategy for IBD.

DSS administration has been shown to trigger classi-
cal IBD manifestations, including body weight loss, rectal 
bleeding, colon shortening, and histopathological dam-
age [39].In agreement with these reports, our study also 
observed similar pathological features in DSS-treated 
mice; however, HLWDD treatment markedly alleviated 
manifestations such as reduced body weight, loose stools, 
bloody stools, and shortened colon length. These findings 
highlight HLWDD’s therapeutic potential and provide a 
foundation for further investigation into its underlying 
mechanisms in IBD.

Impaired intestinal barrier function and an ongo-
ing inflammatory response are the hallmarks of the 
pathogenesis of IBD [40]. DSS would destroy the 
intestinal structure and alter intestinal permeability, 
thereby enhancing the entry of harmful substances 
into the intestine, leading to a continuous inflamma-
tory response. Our study showed that the intestinal 
epithelial cells of mice were seriously affected after 
DSS induction, and the expressions of tight junc-
tion proteins remarkably decreased, resulting in the 
activation of inflammation responses. The TLR4/
MyD88/NF-κB signaling pathway is a key mediator 
of innate immune responses triggered by microbial 
components and plays an important role in intestinal 
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inflammation and epithelial barrier dysfunction in 
IBD [41]. In addition, the IL-6/JAK2/STAT3 pathway 
is a major cytokine-driven inflammatory signaling cas-
cade that contributes to immune dysregulation and 
chronic intestinal inflammation [42]. Therefore, these 

two pathways were selected to investigate the poten-
tial molecular mechanisms underlying the therapeu-
tic effects of HLWDD. LPS, a bacterial endotoxin, can 
activate the TLR4/MyD88/NF-κB pathway by promot-
ing the secretion of IL-6, IL-1β, and TNF-α, thereby 

Fig. 7.  Antibiotics pre-treatment abolished the efficacy of Huanglian-Wendan Decoction (HLWDD) in treating IBD. A Effect of HLWDD 
with or without ABX on the body weight of IBD mice. B Disease activity index of IBD mice. C Representative photographs of the colon. D Effect 
of HLWDD with or without ABX on the colon length of IBD mice. Effect of HLWDD with or without ABX on the levels of DAO (E) and MPO (F) 
in the colon of IBD mice. Data are represented as mean ± SEM, and statistical significance was analyzed by one-way ANOVA, *p < 0.05, **p < 0.01, vs. 
the control group; #p < 0.05, ##p < 0.01, vs. the model group (DSS only)
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Fig. 8.  Antibiotic pre-treatment depleted the alleviation of Huanglian-Wendan Decoction (HLWDD) on the injury of the gut barrier. Effect 
of HLWDD with or without ABX on the levels of LPS (A) and IL-1β (B). The expression of ZO1 in the colon tissues of IBD mice was evaluated 
by Western Blot (C) and quantitatively analyzed (D) for the colons of IBD mice (n=3). E Histological analysis of colon tissues by H&E staining. F The 
expressions of MUC2, NLRP3, CHOP, and cleaved caspase-3 were detected by IHC for the colon tissues of IBD mice. Data are represented as mean 
± SEM, and statistical significance was analyzed by one-way ANOVA, *p < 0.05, **p < 0.01, vs. the control group; #p < 0.05, ##p < 0.01, vs. the model 
group (DSS only)
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aggravating inflammatory responses. IL-6, mainly pro-
duced by mononuclear macrophages, Th2 cells, vas-
cular endothelial cells, and fibroblasts, participates 
in the occurrence and development of inflammation 
and cancer, via inducing inflammation and regulat-
ing immunity [43]. It would also induce the formation 
of JAK2 phosphorylated dimer, which in turn induces 
the phosphorylated STAT3 dimer into the nucleus, and 
promotes the transcription of genes downstream, such 
as IL-1β, IL-18, and NLRP3 [44]. In this study, HLWDD 
significantly decreased the levels of LPS, IL6, IL-1β, 
and TNFα, and alleviated inflammation by suppressing 
TLR4/MyD88/NF-κB and IL6/JAK2/STAT3 pathways.

Endoplasmic reticulum stress (ERS) has recently 
emerged as a key process  in the pathogenesis of IBD. The 
ER is involved in the regulation of cellular Ca 2+ balance 
and protein folding, and the disruption of its homeosta-
sis leads  to induction of the unfolded protein response 
(UPR), which has been linked with the development of 
mucosal inflammation and mucosal epithelial damage 
[45]. DSS-induced  colitis induced ERS in our study, with 
upregulated CHOP and phospho-eIF2α and downregu-
lated PDI expression of protein, as well as an increase in 
total eIF2α compared to control. These findings are  in 
agreement with the reported UPR induction during 
DSS-mediated colitis [46]. After HLWDD treatment, 

Fig. 9.  Identification of phytochemicals in Huanglian-Wendan Decoction (HLWDD) in positive mode (A) and negative mode (B)
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CHOP, phospho-eIF2α, and eIF2α levels were signifi-
cantly reduced, whereas PDI expression was restored. 
IHC staining confirmed the same trend, indicating that 
HLWDD effectively alleviates ERS in colitic tissues. 
Similar effects have been reported for other natural 
compounds such as curcumin and berberine, which also 
reduce ERS signaling and protect mucosal integrity [47].

The gut microbiota is a complex community of 
microbes that plays a vital role in digestion and 

metabolism, immune regulation, infection resistance, 
and drug metabolism [48]. Previous studies have revealed 
that the intestinal microbiota plays a crucial role in the 
onset of IBD by influencing inflammation, metabolic 
pathways, cellular processes, and genetic information 
processing [49, 50]. The gut microbiota consists of ben-
eficial, pathogenic, and neutral bacteria. Probiotics, a 
key component of beneficial bacteria, perform a range of 
essential functions, including the production of digestive 

Table 2  Components identified in HLWDD by LC-QTOF-MS-MS in the positive ion mode

Peak RT Mass Name DB formula DB diff (ppm)

1 1.58 117.0787 Betaine C5H11NO2 2.63

2 1.645 129.0795 6xi-methoxypiperidin-2-one C6H11NO2 − 4.4

3 1.673 143.0954 Dihydromyricetin C15H12O8 12366423

4 1.999 149.084 D-Cathinone C9H11N 0.28

5 2.001 167.0943 Synephrine C9H13NO2 1.86

6 3.618 179.0948 N-methylphenylalanine C10H13NO2 − 0.76

7 9.579 313.1684 3-Epischelhammericine C19H23NO3 − 1.81

8 11.235 341.1628 Cularine C20H23NO4 − 0.25

9 12.251 368.1115 3-O-Feruloylquinic acid C17H20O9 − 2.15

10 13.3 335.0792 Nandazurine C19H13NO5 0.42

11 13.359 339.1475 O-methylbulbocapnine C20H21NO4 − 1.39

12 13.562 351.1111 Oxyberberine C20H17NO5 − 1.09

13 13.697 355.1784 Glaucine C21H25NO4 − 0.18

14 14.763 323.1158 Rutacridone epoxide C19H17NO4 − 0.09

15 15.253 580.1795 Narirutin C27H32O14 − 0.49

16 15.799 272.0692 Aromadendrin-5,7- dimethyl ether C15H12O5 − 2.53

17 16.573 336.1241 Epiberberine C20H18NO4 − 1.4

18 16.696 302.0794 Hesperetin C16H14O6 − 1.03

19 16.704 337.128 Jatrorrhizine C20H19NO4 10.16

20 16.783 320.0927 Coptisine C19H15ClNO4 112393.14

21 17.53 367.1427 Corynoline C21H21NO5 − 1.9

22 18.091 333.1011 Dihydrosanguinarine C20H15NO4 − 2.99

23 18.476 351.15 Palmatine C21H21NO4 − 8.41

24 19.509 365.1631 Tylophorinidine C22H23NO4 − 1.14

25 19.885 439.143 C28H17N5O

26 20.007 349.1323 Dihydrochelerythrine C21H19NO4 − 2.5

27 20.033 469.153 C28H23NO6

28 20.132 469.1535 C29H19N5O2

29 20.373 455.1739 C28H25NO5

30 20.706 485.184 C29H27NO6

31 22.056 724.2211 Arillanin A C33H40O18 0.49

32 23.439 242.0947 Cearoin C15H14O3 − 1.68

33 24.419 372.1208 Isosinensetin C20H20O7 0.18

34 26.182 260.1052 Hemigossypol C15H16O4 − 1.3

35 27.386 402.1316 (3’R,4’R)−3’- Epoxyangeloyloxy-4’- ace-
toxy-3’,4’- dihydroseselin

C21H22O8 − 0.36

36 28.069 432.1425 3,3’,4’,5,5’,6,7-Heptamethoxyflavone C22H24O9 − 1.14

37 28.428 372.1214 5,7,2’,4’,6’-Pentamethoxyflavone C20H20O7 − 1.27
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enzymes that aid in the digestion and absorption of intes-
tinal nutrients, as well as the activation of the immune 
system [51], stimulating the production of secretory 
globulin in the intestinal tract, relieving inflammation, 
reducing the permeability of intestinal mucosa, inhibiting 
the apoptosis of epithelial cells, and protecting the intes-
tinal barrier [52].

As a rich obligate anaerobe in the intestine, Lach-
nospiraceae can recover the hematopoietic function, 
repair the gastrointestinal tract, and support coloniza-
tion resistance against intestinal pathogens via butyric 
acid production and participating in bile acid metabo-
lism [36, 53–55]. Studies reported that Ruminococcaceae 
was regarded as a major microbe for mediating the 
transformation of primary into secondary bile acids and 

enhancing intestinal stem cell growth [56], and Akker-
mansia could relieve metabolic disorders, increase the 
production of propionate and acetate [57], and stimu-
late goblet cells to produce mucin, which strengthens the 
intestinal barrier to prevent bacterial imbalance [35]. A 
series of pernicious bacteria, such as Enterobacteriaceae, 
Parasutterella, and Escherichia, are related to IBD patho-
genesis and progression [33, 58]. Alistipes, also known as 
a conditioned pathogen, has pathogenicity in colorectal 
cancer and promotes the proliferation of cancer cells [59]. 
In this study, HLWDD was found to increase the abun-
dance of beneficial bacteria, including Lachnospiraceae, 
Ruminococcaceae, and Akkermansia, and decrease the 
abundance of pathogenic bacteria, such as Enterobac-
teriaceae, Parasutterella, and Escherichia. Moreover, 

Table 3:  Components identified in HLWDD by LC-QTOF-MS-MS in the negative ion mode

Peak RT Mass Name DB formula DB diff

1 1.556 332.0846 1-Hydroxy-2,3,4,7- tetramethoxyxanthone C17H16O7 14.95

2 1.591 120.0416 Methyl allyl tetrasulfide C4H8O4 5.21

3 1.612 90.0306 Lactic acid C3H6O3 11.7

4 1.648 192.064 D-(-)-Quinic acid C7H12O6 − 3.07

5 1.852 192.0264 Isocitric acid d C6H8O7 3.1

6 1.861 116.0093 Fumaric acid C4H4O4 14.15

7 1.863 134.0201 Malic acid C4H6O5 10.52

8 2.155 291.0943 Sarmentosin epoxide C11H17NO8 4

9 2.41 288.0831 Dianthoside C12H16O8 5.05

10 2.887 118.0267 Succinic acid C4H6O4 − 0.5

11 3.13 162.0521 Danshensu C6H10O5 4.69

12 6.113 198.0522 Salvianic acid A C9H9NaO5 110993.9

13 6.955 154.0261 Protocatechuic acid C7H6O4 3.26

14 8.556 268.0573 Homocystine C8H16N2O4S2 − 8.12

15 9.937 368.1092 Methyl chlorogenate C17H20O9 4.03

16 10.356 486.137 Cassigerol E C28H22O8 − 11.34

17 11.072 594.1577 Oroxin B C27H30O15 1.33

18 11.202 341.1612 Cularine C20H23NO4 4.47

19 13.284 428.1676 Bruceine F C20H28O10 1.56

20 13.915 550.1677 Angustiamarin C26H30O13 1.65

21 13.979 604.251 9(betaH)−9-Dihydro- 19-acetoxy-10- deacetylbac-
catin III

C31H40O12 1.7

22 15.2 580.18 Liquiritigenin-7,4’- diglucoside C27H32O14 − 1.44

23 15.746 558.1329 (+)-Gallocatechin- hexacetate C27H26O13 8.01

24 16.127 610.1898 Mesuein C28H34O15 0

25 16.364 339.1458 Papaverine C20H21NO4 3.72

26 20.09 594.1936 Isosakuranetin-7- rutinoside C28H34O14 2.11

27 22.903 272.0672 Butein C15H12O5 4.57

28 23.814 838.398 Glyyunnanprosapogeni n D C42H62O17 0.88

29 25.629 822.4037 Glycyrrhizic acid C42H62O16 0.12

30 26.645 470.1928 Drummondin A C26H30O8 2.65

31 34.791 256.2393 13-Methyl pentadecanoic acid C16H32O2 3.72
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HLWDD increased the levels of short-chain fatty acids, 
such as acetate, butyrate, and isobutyrate, which have 
been reported to play an important role in maintaining 
intestinal homeostasis and function [60].

The chemical composition of HLWDD was character-
ized using LC-QTOF-MS/MS in both positive and nega-
tive ion modes. In the positive ion mode, 37 compounds 
were identified, mainly including alkaloids, flavonoids, 
and organic acids, such as betaine, dihydromyricetin, 
synephrine, cularine, glaucine, epiberberine, hesperetin, 
coptisine, and palmatine. In the negative ion mode, 31 
compounds were detected, including phenolic acids and 
organic acids, such as lactic acid, fumaric acid, succinic 
acid, protocatechuic acid, papaverine, glycyrrhizic acid, 
and drummondin A. Several of these identified com-
pounds have been reported to exhibit anti-inflammatory, 
antioxidant, and intestinal barrier–protective activities, 
which may collectively contribute to the therapeutic 
effects observed in this study. For example, isoquinoline 
alkaloids such as epiberberine, coptisine, and palmatine 
(berberine-type alkaloids) can suppress activation of 
the NF-κB signaling pathway and reduce inflamma-
tory cytokine production, thereby alleviating intestinal 
inflammation [61]. Flavonoids such as Hesperetin and 
Dihydromyricetin have been reported to attenuate oxi-
dative stress and protect intestinal epithelial cells [62]. In 
addition, Glycyrrhizic acid possesses anti-inflammatory 
and mucosal protective effects and has been shown to 
improve intestinal barrier integrity [63].Phenolic acids 
such as Protocatechuic acid also exhibit antioxidant and 
anti-inflammatory activities that may contribute to the 
alleviation of intestinal [64]. Collectively, these com-
pounds may act synergistically to regulate inflammatory 
signaling, reduce epithelial apoptosis, and alleviate Endo-
plasmic Reticulum Stress, thereby improving intestinal 
barrier function and reducing colitis severity. These find-
ings suggest that the pharmacological effects of HLWDD 
are likely mediated through the combined actions of mul-
tiple bioactive constituents.

Despite the novel findings of this study, several limi-
tations should be noted. The DSS-induced acute coli-
tis model does not fully capture the chronic, relapsing 
nature of human IBD, and future studies using chronic 
or adoptive transfer models are warranted. While 
16S rRNA sequencing revealed associations between 
HLWDD treatment and gut microbial shifts, causation 
remains unproven, and fecal microbiota transplanta-
tion experiments will be necessary to confirm microbial 
involvement. Although LC-MS/MS identified HLWDD 
constituents, the specific bioactive compounds respon-
sible for the observed effects remain unclear. The study 
analyzed whole colon tissue, which does not allow deter-
mination of whether the observed STAT3, NF-κB, and 

ER stress changes occur in epithelial or immune cells; 
future cell-type–specific studies are needed. In addition, 
the mechanistic contribution of key signaling pathways, 
including TLR4, JAK2/STAT3, and NLRP3, was not 
directly tested with pharmacologic inhibitors or genetic 
tools, which should be explored in future work to validate 
their roles in mediating HLWDD’s effects.

5 � Conclusion
In conclusion, this study demonstrates that Huanglian-
Wendan Decoction (HLWDD) effectively alleviates 
DSS-induced IBD by suppressing intestinal inflamma-
tion, improving epithelial barrier integrity, and restoring 
gut microbial balance. Mechanistically, HLWDD modu-
lated key inflammatory signaling pathways and reduced 
endoplasmic reticulum stress–associated apoptosis while 
enhancing tight junction protein expression. Importantly, 
the loss of its protective effects following antibiotic-
induced microbiota depletion highlights the critical role 
of gut microbiota in mediating its therapeutic action. 
These findings suggest that HLWDD represents a prom-
ising microbiota-targeted strategy for IBD management 
and warrants further clinical investigation.
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