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Xiaoyankangjun tablet alleviates dextran 
sulfate sodium‑induced colitis in mice 
by regulating gut microbiota and JAK2/STAT3 
pathway
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Abstract 

Xiaoyankangjun tablet (XYKJP) is a traditional Chinese medicine formulation used to treat intestinal disorders in clini-
cal practice. However, the specific therapeutic mechanism of action of XYKJP in colitis has not yet been elucidated. 
This study aimed to reveal the multifaceted mechanisms of action of XYKJP in treating colitis. The model estab-
lished based on DSS-induced colitis in C57BL/6 mice was employed to estimate the effect of XYKJP on colitis, which 
was then followed by histological assessment, 16S rRNA sequencing, RT-qPCR, ELISA, and Western blot. XYKJP allevi-
ated the symptoms of DSS-induced colitis mainly by reducing oxidative stress, inflammatory responses, and intestinal 
mucosal repair in colitis tissues. In addition, XYKJP regulated the intestinal flora by increasing the relative abundance 
of Akkermansia and Bifidobacterium and reducing the relative abundance of Coriobacteriaceae_UCG-002. Mecha-
nistically, XYKJP increased the content of short-chain fatty acids (SCFAs) in the feces, particularly propanoic acid 
and butyric acid, activated their specific receptor GPR43/41, furthermore activated the Nrf2/HO-1 pathway, and sup-
pressed the JAK2/STAT3 pathway. XYKJP significantly alleviated the symptoms of experimental colitis and functioned 
synergistically by regulating the intestinal flora, increasing the production of SCFAs, and activating their specific recep-
tors, thereby repressing oxidative stress and inflammation.
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1  Introduction
Colitis, a challenging inflammatory disease of the gas-
trointestinal tract, presents with clinical symptoms such 
as pain, diarrhea, bloody stools, and weight loss [1]. The 
disease is triggered by a variety of pathogenic factors, 
including inheritance, immune dysfunction, intesti-
nal barrier damage, and an imbalance in intestinal flora 
complexes [2]. The World Health Organization (WHO) 
classifies colitis as a modern, stubborn disease due to the 
difficulty in achieving full recovery and the associated 
risk of cancer [3]. Current clinical drugs used for coli-
tis, such as glucocorticoids, 5-aminosalicylic acid, and 
immunosuppressants, have limitations and come with 
a range of adverse side effects, including allergic reac-
tions and intolerance [4]. Fecal microbial transplantation 
(FMT) has shown promise in improving colitis symptoms 
by regulating flora imbalance; however, various aspects of 
donor selection and regimen strategies associated with 
FMT need to be evaluated [5]. Therefore, the search for 
novel drugs with balanced efficacy and biosafety is a criti-
cal need, providing reassurance about the future of colitis 
treatment.

The Xiaoyankangjun tablet (XYKJP) is a compound 
preparation for Traditional Chinese medicine (TCM) 
(pharmaceutical batch number: Z20220026) obtained 
from the Renmin Hospital of Wuhan University. XYKJP 
is composed of Scutellaria baicalensis Georgi. (Huang-
qin), Sanguisorba officinalis L. (Diyu), and Punica gra-
natum L. (Shiliupi). The XYKJP formula, a mainstay at 
Renmin Hospital of Wuhan University for over 30 years, 
has consistently shown excellent therapeutic effects 

against bacillary dysentery and intestinal disorders. Its 
key components, baicalin, ellagic acid, and gallic acid, 
are distinguished by their potent anti-inflammatory and 
antioxidant effects, providing a clear understanding of its 
mechanisms of action [6–8].

As one of the main herbs in XYKJP prescriptions, 
Huang Qin has been commonly used for thousands of 
years for its various protective effects against liver and 
intestinal disorders [9]. For instance, Huang Qi decoc-
tion inhibits DSS-induced colitis inflammation in vivo by 
modifying the intestinal flora and amino acid synthesis, 
activating the mTOR pathway, and restoring intestinal 
barrier integrity [10]. The Huang Qin-derived homo-
geneous polysaccharide, named SP2-1, was effective in 
alleviating the symptoms of ulcerative colitis, regulating 
the population and abundance of intestinal flora, and 
ultimately restoring colonic function [11]. Diyu, a promi-
nent traditional herbal medicine, is a beacon of hope in 
the treatment of tissue repair and inflammatory diseases, 
and in the prevention and treatment of tumors due to 
its potential immune-enhancing, hemostatic, and anti-
bacterial activities [12]. In a DSS-induced colitis model, 
Diyu and its active ingredients protect against intestinal 
inflammation by inducing macrophage autophagy [13]. 
Shiliupi, the pericarp of pomegranate, is a medicinal plant 
with a wide range of distributions and applications [14]. 
For generations, shiliupi has been used to treat ulcers 
and diarrhea and has anti-inflammatory, anti-viral, and 
anti-fibrotic properties. Shiliupi has also been reported 
to inhibit colitis and improve intestinal flora, thus play-
ing a key role in gastrointestinal disorders [15]. XYKJP is 
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a composite of huangqin, diyu, and shiliupi, with robust 
synergistic modulation of anti-inflammatory and flora 
regulatory functions, and deserves further investigation.

To date, the potential of XYKJP in combating colitis has 
not been fully investigated in previous studies. Accord-
ingly, this study was designed to elucidate the roles and 
mechanisms of XYKJP in the treatment of colitis. We 
evaluated the protective role of XYKJP against DSS-
induced colitis using a mouse model. In this study, we 
found that XYKJP plays a critical role in reversing intesti-
nal dysbiosis, a condition characterized by an imbalance 
in the gut microbiota, in colitis. We also detected oxida-
tive stress-related biomarkers, inflammatory cytokines, 
and potential nuclear factor erythroid 2-related factor 
2 (Nrf2)/heme oxygenase 1 (HO-1) and janus kinase 2 
(JAK2)/signal transducer and activator of transcription 3 
(STAT3) pathways in the colitis tissues. Our study con-
tributes to deciphering the novel mechanisms of XYKJP 
in colitis and the development of novel therapeutic 
strategies.

2 � Results
2.1 � LC–MS analysis of XYKJP components
To obtain information about the compound composition 
of XYKJP, the methanolic extract of XYKJP was analyzed 
by LC–MS, and 10 compounds were identified (Fig.  1). 
Among them, baicalin, gallic acid, and ellagic acid were 
identified as the quality markers of Scutellaria baicalen-
sis, Dictyostelium, and Punica granatum, respectively, 
according to the rigorous standards of the Chinese Phar-
macopoeia. The contents of baicalin (35.40 mg/g), gallic 
acid (6.93 mg/g), and ellagic acid (21.20 mg/g) are high in 
comparison and are the main active substances that exert 
medicinal effects.

2.2 � XYKJP relieved the symptoms of colitis in mice
Next, we explored the potential of XYKJP to alleviate 
colitis symptoms in vivo. We observed a dose-dependent 
reduction in weight loss, disease activity index (DAI) 
score, and splenic index in the XYKJP group compared 
to the DSS group (Fig.  2A–C). Stool blood levels also 
showed significant improvement with XYKJP treatment 
(Fig.  2D). Furthermore, XYKJP treatment significantly 
alleviated DSS-induced colonic shortening (Fig.  2E1–
E2). Myeloperoxidase (MPO) activity was significantly 
reduced by XYKJP treatment, indicating a suppres-
sion of inflammatory symptoms in DSS-treated mice 
(Fig.  2F). Importantly, hematoxylin and eosin (H&E) 
staining revealed a reversal of structural damage to the 
colonic mucosa, dislodgment of thrush cells, severe 
inflammatory cell infiltration, and edema in the mucosal 
and submucosal layers of the DSS group (Fig. 2G1–G2). 
XYKJP treatment effectively reversed these effects in a 

dose-dependent manner, raising intriguing questions 
about its potential to significantly improve the pathologi-
cal symptoms of colitis.

2.3 � XYKJP alleviated gut dysbiosis of colitis in mice
The intestinal microbiota, a key player in maintaining 
intestinal homeostasis, has been a subject of significant 
research. The reduced diversity and altered composition 
of the intestinal flora in patients with colitis are crucial 
pathological features [16]. Our study, which found that 
the DSS group had lower Chao and Shannon indices than 
the control group, and that XYKJP treatment resulted in 
an upward trend in the Chao index (Fig. 3A), contributes 
to this body of knowledge.

The β-diversity was assayed by using principal coor-
dinates analysis (PCoA), which was based on the 
unweighted UniFrac statistical algorithm, indicating that 
the intestinal microbiota structure was significantly dif-
ferent from that of the Ctrl group, DSS group, and XYKJP 
group (Fig.  3B). The dominant bacteria were Bacteroi-
detes, Firmicutes, Verrucomicrobia, and Proteobacteria 
in XYKJP groups. Firmicutes and Proteobacteria abun-
dances in the DSS group increased; however, the abun-
dance of Verrucomicrobia decreased (Fig.  3C). XYKJP 
treatment markedly decreased Firmicutes abundance and 
restored Verrucomicrobia abundance (Fig. 3D).

At the genus level, XYKJP treatment was found to have 
a significant positive impact. It increased Coriobacte-
riaceae UCG-002 abundance (Fig.  3E) and beneficial 
bacteria, including Akkermansia, Bifidobacterium, and 
Ruminococcaceae_UCG-013 (Fig. 3G). In essence, XYKJP 
induced a relative abundance of beneficial bacteria and 
decreased harmful bacteria, offering hope for improving 
intestinal microbiota dysregulation in mice with colitis.

Our study used LEfSe analysis to identify statistically 
significant biomarkers in the different groups and to 
identify the dominant microorganisms. The numbers of 
specific taxa in the control, DSS, and XYKJP groups were 
3, 10, and 11, respectively (Fig. S1B). Linear discriminant 
analysis (LDA) was carried out to distinguish bacterial 
taxa with remarkable differences (LDA score ≥ 4). The 
results showed that XYKJP, by restoring the balance of 
the intestinal microbiota, partially ameliorated the intes-
tinal microbiota imbalance in mice with colitis (Fig. S1).

2.4 � XYKJP treatment promoted the production 
of short‑chain fatty acids (SCFAs) and activated 
GPR41/43 proteins

SCFAs are the main metabolites of intestinal bac-
teria and are considered mediators of the intestinal 
microbiota in the regulation of intestinal immune 
function. In our study, we compared two groups: the 
DSS group, which was induced with dextran sulfate 
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Fig. 1  Analysis of active components in XYKJP by LC–MS. Liquid chromatogram: The chromatographic peak of the standard of the sample. Peak 
1: 4-hydroxy-5,8-dimethyl quinoline-3-carboxylic acid; Peak 2: (2,6-dimethyl morpholino) (1-methyl-5-nitro-1H-pyrazol-4-yl) methanone; Peak 3: 
Ellagic acid; Peak 4: Luteolin; Peak 5: Tricin 5-O-β-D-glucoside; Peak 6: Gallic acid; Peak 7: Baicalin; Peak 8: 2,2,6,6-Tetramethyl-4-piperidinol; Peak 9: 
Benzophenone; Peak 10: Pentamidine
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Fig. 2  XYKJP improved the pathological symptoms of colitis mice. A Each group’s mice body weight changed daily within 10 days. B The result 
of the DAI score was estimated daily. C The result of the spleen index was calculated. D Perianal blood stains were observed and photographed. E-1, 
E-2 The result of each group’s mice colon length was measured and then calculated. F The result of the MPO activity of colon tissues. G-1, G-2 The 
result of representative H&E images of the colon (scale bars = 200 μm) were captured to obtain the pathological evaluation. Data were expressed 
as ± SEM (n = 10), *P < 0.05, **P < 0.01, ***P < 0.001
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sodium to simulate a condition of intestinal inflam-
mation, and the control group, which did not receive 
this induction. We found that the total SCFA content 
was lower in the DSS group than in the control group. 
However, XYKJP treatment significantly reversed this 
downregulation of total SCFAs (Fig.  4A) and mark-
edly increased propionic acid (Fig.  4C) and butyric 

acid (Fig.  4D). GPR41/43 are SCFA receptors which 
have multiple functions in inflammation and oxidative 
stress [17], thus, we examined their expression levels. 
The results showed that GPR41/43 protein levels sig-
nificantly decreased in the DSS group, whereas the 
decreased levels were inhibited by XYKJP (Fig. 4G–I). 
These results suggest that XYKJP promotes the repair 

Fig. 3  XYKJP alleviated the dysbiosis of the intestinal flora of DSS-induced colitis mice. A-1 The result of the Chao index. A-2 The result 
of the Shannon index. B Principal Coordinates Analysis (PCoA) for β-diversity. C The result of the relative abundance of two dominant bacteria. D 
Differences of gut microbes at the phylum level. E Differences of gut microbial at the genus of level. F The heat map at the genus level. G The result 
of the relative abundance of four dominant bacteria. Data were expressed as ± SEM (n = 6), *P < 0.05, **P < 0.01, ***P < 0.001
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of intestinal homeostasis by regulating the production 
of SCFAs and activating GPR41/43 proteins.

2.5 � The effect of XYKJP on oxidative stress in colitis tissues
Reactive oxygen species (ROS) production, a signifi-
cant factor in oxidative stress imbalance and tissue 
damage, is a key pathological manifestation of colitis 
[18]. This prompted us to investigate the effects of 
XYKJP on oxidative stress in colon tissues. We found 
that the ROS level, significantly increased compared to 
the control group, could be effectively downregulated 
by XYKJP, with this effect becoming more pronounced 
with increasing XYKJP concentration (Fig. 5A, B). The 
DSS group showed decreased Nrf2 and HO-1 expres-
sion, which was significantly upregulated by XYKJP 
treatment (Fig.  5C, D). ELISA results showed a sig-
nificant increase in the expression of superoxide dis-
mutase (SOD) and glutathione (GSH), and a reduction 
in malondialdehyde (MDA) and H2O2 levels due to 
XYKJP treatment (Fig.  5E, H). These results, which 
highlight the key points of our study, provide a strong 
foundation for further research and potential clinical 
applications, instilling confidence in the robustness of 
our findings.

2.6 � XYKJP inhibited inflammation by regulating 
inflammatory cytokines and JAK2/STAT3 signaling 
pathways

Inflammation, a crucial pathological response to coli-
tis, was the focus of our investigation. We estimated the 
effect of XYKJP on inflammatory cytokines in colitis tis-
sues and found that XYKJP treatment led to a reduction 
in the levels of IL-1β, TNF-α, and IL-6, and a significant 
improvement in the level of IL-10 and IL-22, as demon-
strated by ELISA (Fig.  6A). Furthermore, our qRT-PCR 
results indicated that XYKJP inhibited IL-6, TNF-α, 
and IL-1β, and markedly increased the IL-22 expression 
(Fig.  6B). In the pathogenesis of colitis, IL-6 and IL-22 
are inflammation-associated markers that correlate with 
the activation of the JAK and STAT3 pathways. Our 
western blot analysis revealed that XYKJP significantly 
suppressed JAK2 and STAT3 phosphorylation (Fig. 6C), 
suggesting that XYKJP’s potential therapeutic effects on 
colitis may be mediated through the inhibition of the 
JAK2/STAT3 pathway.

2.7 � JAK2 inhibitor AG490 enhanced the XYKJP‑related 
therapeutic effects of colitis

Our exploration of the JAK2-specific inhibitor AG490 
and its potential relationship with the protective 

Fig. 4  XYKJP promoted the secretion of SCFAs and activated GPR41/GPR43 proteins. A The statistical results of total SCFAs. B The statistical results 
of acetic acid. C The statistical results of propionic acid. D The statistical results of butyric acid. E The statistical results of isobutyric acid. F The 
statistical results of isovaleric acid. G The representative images of western blotting for GPR41 and GPR43. H The expressional changes of GPR41 
proteins. I The expressional changes of GPR43 proteins. Data were expressed as ± SEM (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001
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effects of XYKJP has led to intriguing findings [19]. 
Compared to the DSS group, we observed a rever-
sal of weight loss, but increased DAI following treat-
ment with XYKJP and AG490 (Fig.  7A, B). The colon 
length was also considerably increased colon length by 

XYKJP and AG490 (Fig.  7C, D). H&E staining results 
further demonstrated that both XYKJP and AG490 
treatment groups were able to reduce inflamma-
tory infiltration and goblet cell loss at the colon site, 
and even restore the mucosal structure of the colon 

Fig. 5  XYKJP ameliorated oxidative stress and regulated colon tissues’ Nrf2/HO-1 signaling pathway. A The levels of ROS were measured using 
an IF assay with DAPI staining under a fluorescence microscope. B The statistical results of the semiquantitative image of ROS levels. C The 
representative western blotting images for Nrf2 and HO-1 proteins. D The expressional changes statistical results of Nrf2 and HO-1 proteins. E–H 
The statistical results of changes in the levels of MDA, H2O2, SOD, and GSH content, respectively. Data were expressed as ± SEM (n = 3), *P < 0.05, 
**P < 0.01, ***P < 0.001
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(Fig.  7E, F). Moreover, XYKJP treatment decreased 
p-JAK2 and p-STAT3 expression, in addition, XYKJP 
treatment decreased mRNA expression for IL-6 and 
increased IL-22 mRNA expression, which was signifi-
cantly enhanced by AG490 (Fig.  7H, I). These results 
hint at the potential of XYKJP in inhibiting the JAK2/

STAT3 pathway to protect the colon tissues, opening 
up new avenues for further research and potential clin-
ical applications.

Fig. 6  XYKJP regulated the inflammatory cytokine levels in DSS-induced colitis tissues. A-1 to A-5 The ELISA statistical results of IL-6, TNF-α, IL-1β, 
and IL-10, IL- 22. B-1 to B-4 The mRNA statistical results of IL-6, TNF-α, IL-1β, and IL-22. C-1 The representative images of western blotting of p-JAK2, 
JAK2, p-STAT3, and STAT3 protein were normalized to β-actin. C-2 The expressional changes statistical results of p-JAK2/JAK2, p-STAT3/ STAT3 
protein by Image J software. Data were expressed as ± SEM (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001
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2.8 � XYKJP promoted intestinal mucosal repair 
by promoting tight junction (TJ) protein expression

The mucus layer of the intestinal epithelium, a cru-
cial defense mechanism against pathogens, is primarily 
composed of TJ proteins, including zonula occluden-1 
(ZO-1), occludin-1, and claudin-1. Our research, as 
depicted in Fig. 8A, revealed that the DSS group exhib-
ited a reduced expression of ZO-1, occludin-1, and clau-
din-1, while XYKJP treatment increased the expression 
of these proteins in a dose-dependent manner, a signifi-
cant finding in the field of gastroenterology and immu-
nology. Immunofluorescence (IF) is a cellular imaging 
technique used to detect and localize proteins. Fluores-
cently labeled antibodies are conjugated to the detected 
protein molecules to form immunocomplexes that emit 
fluorescence. The location and expression of the target 
protein at the cellular or tissue level are observed by flu-
orescence microscopy. As in Fig. 8B, IF staining further 
supported these findings, which showed that occludin-1 

and claudin-1 proteins were absent in colitis tissues but 
were localized in normal intestinal epithelial cell mem-
branes after XYKJP treatment, suggesting that XYKJP 
can promote the repair of intestinal barrier function 
by increasing the expression of TJ proteins. Therefore, 
XYKJP promoted the recovery of colonic mucosal barrier 
function in mice with colitis by upregulating TJ protein 
expression.

2.9 � Correlation analysis among colitis, oxidative stress, 
inflammation, intestinal flora, and SCFAs

The correlations between Nrf2 and HO-1 expressions and 
various markers such as IL-10, SOD, GSH, acetic acid, 
and butyric acid levels, ZO-1, Occludin-1, and Claudin-1 
expression, as well as their negative correlations with 
MDA IL-1β, and TNF-α levels (Fig.  9), present a com-
plex web of relationships. Similarly, the positive correla-
tions of p-STAT3/STAT3 and p-JAK2/JAK2 expression 
with IL-1β, TNF-α, and MDA levels, and their negative 

Fig. 7  XYKJP may ameliorate DSS-induced colitis mainly by inhibiting the JAK2/STAT3 pathway in DSS-induced colitis tissues. A The daily changes 
of each group’s mice body weight in 10 days. B The DAI scores of each group’s mice were assessed daily for 10 days. C–D The result of each group’s 
mice colon length was measured and then calculated. E–F The results of typical H&E pictures (scale bars = 200 μm) were obtained for pathologic 
evaluation. G The representative images of western blotting of p-JAK2, JAK2, p-STAT3, and STAT3 protein were normalized to β-actin. H The 
expressional changes statistical results of p-JAK2/JAK2, p-STAT3/ STAT3 protein by Image J software. I The statistical results of changes of mRNA 
for IL-6 and IL-22 by qRT-PCR. Data were expressed as ± SEM (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001
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correlations with IL-10, acetic  acid, butyric acid, GSH, 
and SOD, and the expressions of occludin-1, claudin-1, 
Nrf2, and HO-1, add to this intricate network.

3 � Discussion
Colitis is a significant public health challenge globally, 
necessitating the swift development of novel and potent 
drugs. XYKJP, a TCM preparation comprising Huang 
Qin, Diyu, and Shiliupi from the Wuhan University Ren-
min Hospital, has shown promise in treating intestinal 
disorders. In this study, we specifically investigated the 
role of XYKJP in treating colitis. Our results demon-
strated that XYKJP effectively suppressed DSS-induced 
colitis in mice, as indicated by reduced weight loss, DAI 
score, colon length, and histological scores.

Recent studies have confirmed that intestinal flora 
imbalance plays an ineluctable or definite pathogenic 
role in the pathogenesis of colitis. Dysregulation of the 
gut microbiota and disruption of host symbiosis may be 
important factors in the progression of colitis [20]. Our 
results showed that Akkermansia, Ruminococc-accac_
UCG_014, Prevotellaceae_Ga6A1_group, and Rumino-
cocca cea_UCG_005, which are considered favorable for 

Fig. 8  XYKJP improved the gut barrier disruption in colon tissues. A-1 to A-2 The representative images of ZO-1, occludin-1, and claudin-1 
protein and the corresponding expression measured by image J software. B-1 to B-2 The expression of occludin-1 and claudin-1 in colon tissues 
was detected by IF. Data were expressed as ± SEM (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001

Fig. 9  The heat map of Pearson’s correlation coefficients 
among colitis, oxidative stress, inflammation, and intestinal flora 
and SCFAs. The color scale on the right indicated the correlation 
of samples, ranging from red (positive correlation) to light blue 
(negative correlation)
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the production of SCFAs, were relatively enriched upon 
XYKJP treatment. SCFAs are one of the principal metab-
olites of the intestinal bacterial flora and are thought 
to be involved in several aspects of the host, including 
metabolic and immune processes. The Nrf2/HO-1 path-
way and gut barrier-related genes in the intestine interact 
with SCFAs [21]. SCFAs can activate G protein-coupled 
receptors (GPRs) in intestinal epithelial cells, causing a 
series of downstream responses, including the regula-
tion of various immune cell activities and participation 
in the regulation of the host immune system. XYKJP 
significantly increased the SCFA content, suggesting a 
potential breakthrough in the treatment of colitis, nota-
bly propionic and butyric acids. Butyrate acid and propa-
noic acid, key components of XYKJP, play a crucial role 
in reducing colonic mucosal injury and decreasing IL-1β, 
TNF-α, and IL-6 in the colitis mouse model. Further-
more, butyric acid can directly induce the expression of 
TJ proteins in epithelial tissues, thereby enhancing the 
intestinal mucosal barrier function [22]. Propionic acid 
in the gut has systemic anti-inflammatory effects [23]. 
GPR41/43/109a are the main receptors for propionic 
and butyric acids. Shao et al. reported that SCFA exerts 
anti-inflammatory and antioxidant functions through 
specific receptors such as GPR41, GPR43 [24]. XYKJP 
significantly increased the expression of GPR41/43. This 
knowledge about the role of SCFAs and GPR receptors 
in the therapeutic effects of XYKJP is crucial for under-
standing how XYKJP relieves the symptoms of colitis by 
modulating intestinal flora dysbiosis, improving benefi-
cial bacterial abundance, increasing the concentration of 
SCFAs, and activating GPR41 /43 receptors.

The pathology of colitis is a complex process, and our 
research has shed light on a crucial aspect of it. We have 
found that it is accompanied by the formation of reac-
tive oxygen species (ROS), which contribute to an imbal-
ance in oxidative stress and organismal damage, causing 
an inflammatory response. MDA is a major degrada-
tion product produced when ROS attacks intracellular 
unsaturated fatty acids [25]. SOD and GSH are important 
antioxidants that balance redox reactions and reduce the 
damage caused by free radicals [26]. GA and BA inhibit 
ROS production and upregulate superoxide expres-
sion of SOD, CAT, and HO-1 [27]. Similarly, our results 
showed that XYKJP reduced MDA levels while increas-
ing SOD and GSH levels, thus exhibiting antioxidative 
stress potential. These findings are of utmost importance 
for the protection of colitis tissues and for the future of 
colitis treatment.

The Nrf2/HO-1 pathway controls oxidative stress and 
maintains redox equilibrium [28]. Nrf2 is an important 
transcription factor in antioxidant stress and is mainly 
involved in the transcription of HO-1, which regulates 

intracellular ROS levels in response to various stimuli 
[29]. Hu et al. demonstrated that Huang Qin could acti-
vate Nrf2, critical for protecting cells from oxidative 
stress, inflammation, and apoptosis [10]. Similarly, our 
results confirmed that XYKJP upregulated the expres-
sion of Nrf2 and HO-1 to reduce oxidative stress. In 
addition, Nrf2 activates the expression of TJ proteins 
in intestinal epithelial cells, such as ZO-1, thereby pro-
tecting the intestinal barrier [30]. In our study, cor-
relation analysis showed that ZO-1, Occludin-1, and 
Claudin-1 expression was positively correlated with 
Nrf2 expression. Additionally, XYKJP increased ZO-1, 
Occludin-1, and Claudin-1 expression, suggesting that 
XYKJP exerted a protective effect against the intestinal 
barrier and mucosal barrier damage.

Excessive imbalance in inflammatory responses 
is a major pathogenic factor in colitis. As Jang et  al. 
reported, Huang qin could decrease the secretions of 
IL-1β, IL-6, and ROS and act as an immunomodulatory 
agent [31]. Consistent with this finding, XYKJP signifi-
cantly modulated the overall levels of these factors in 
an anti-inflammatory manner, sparking interest in the 
potential of XYKJP to exert an anti-inflammatory effect 
by modulating the secretion of inflammatory cytokines.

IL-6/JAK2/STAT3 signaling is a vital axis involved in 
cell homeostasis and inflammatory signal amplification 
in various diseases, such as colitis [32]. DSS-induced 
colitis was alleviated by Gegen Qinlian decoction, 
which was mediated by the suppression of IL-6/JAK2/
STAT3 signaling. The main components of XYKJP, BA, 
GA, and EA, are not just names, but they are the key 
players in reducing the phosphorylation of STAT3 and 
JAK2, and inhibiting STAT3 nuclear transfer [33, 34]. 
Our research also confirms that XYKJP inhibits IL-6 
expression and phosphorylation of JAK2 and STAT3, 
thereby reducing the inflammatory response to colitis.

As shown in Fig.  10, XYKJP inhibited the synthe-
sis of reactive oxygen species (ROS), hydrogen perox-
ide (H2O2, and malondialdehyde (MDA), promoted 
the synthesis of superoxide dismutase (SOD) and glu-
tathione (GSH), and exerted antioxidant activity by 
triggering the Nrf2/HO-1 signaling pathway. By inhib-
iting the JAK2/STAT3 pathway, XYKJP exerted anti-
inflammatory effects by regulating the secretion of IL-6, 
TNF-α, IL-1β, IL-10, and IL-22. XYKJP also enhanced 
the expression of TJ-related proteins, including ZO-1, 
Occludin-1, and Claudin-1, which are crucial for main-
taining the integrity of the intestinal barrier function. 
Simultaneously, XYKJP can remodel the intestinal flora 
and promote the synthesis of SCFAs, including pro-
pionic and butyric acids. Based on this mechanism, 
XYKJP effectively ameliorated the pathological symp-
toms of colitis.
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4 � Conclusion
In summary, our results showed that XYKJP effectively 
alleviated the symptoms of DSS-induced colitis in mice. 
Specifically, XYKJP modulated the composition of the 
intestinal flora, increased the content of SCFAs, espe-
cially propionic acid and butyric acid, and activated the 
expression of GPR41/43, a specific receptor for these 
acids, in model mice. This inhibits the activation of the 
JAK2/STAT3 pathway, which in turn regulates the secre-
tion of inflammatory factors to exert anti-inflammatory 
effects and activates the Nrf2/HO-1 pathway to exert 
antioxidant effects. In addition, XYKJP increased the 
expression of tightly linked proteins and promoted the 
repair of intestinal barrier function. These results pro-
vide definitive evidence that further research in this area 
could lead to significant advancements in the treatment 
of colitis. XYKJP can treat colitis and suggests that it is a 
potential candidate for the treatment of colitis.

5 � Experimental section
5.1 � Materials
Dextran sulfate sodium (DSS; MW: 40,000) and met-
aphosphoric acid were purchased from Aladdin Tech-
nology (Shanghai, China), providing a diverse range of 
materials for our study. The myeloperoxidase (MPO) 
detection kit was purchased from Jiancheng Biotech-
nology Co., Ltd. (Nanjing, China). Mouse ELISA kits of 
interleukin (IL)-10, tumor necrosis factor (TNF)-α, IL-6 
and IL-1β were obtained from Neobioscience (Shenzhen, 

China). Neutral-buffered paraformaldehyde was pur-
chased from Wuhan Service Bio (Wuhan, China). An 
enhanced bicinchoninic acid (BCA) protein assay kit, 
NP-40 lysis buffer, protease and phosphatase inhibitor 
cocktails for mammalian cells and tissue extracts, and 
assay kits for superoxide dismutase (SOD), water-soluble 
tetrazolium-8, glutathione (GSH), and malondialdehyde 
(MDA) were obtained from Beyotime (Shanghai, China). 
Occludin-1, claudin-1, Zonula Occludens (ZO-1), sig-
nal transducer and activator of transcription 3 (STAT3), 
p-STAT3, nuclear factor erythroid 2-related Factor 2 
(Nrf2), heme oxygenase (HO-1), Janus kinase 2 (JAK2), 
p-JAK2, GPR41/43 and β-actin were purchased from 
ABclonal Technology Co., Ltd. (Wuhan, China). A micro-
plate reader (Spark 20  M Sunrise) was purchased from 
Tecan Trading (Shanghai, China). The electrophoresis 
apparatus, mini-transfer tank, and electrophoresis power 
supply were procured from Liuyi Biotechnology (Beijing, 
China).

Huangqin (Radix Scutellariae, the dried root of Scutel-
laria baicalensis Georgi) voucher specimens (No. 
SC-2019028), Shiliupi (Garden Burnet Root, dried root 
of Sanguisorba officinalis L.) voucher specimens (No. 
SC-2019016) and diyu (Pomegranate Rind, the dried 
rind of Punica granatum L.) voucher specimens (No. 
SC-2019020) were deposited in the Herbarium of Medi-
cal Plants, College of Pharmacy, South-Central Minzu 
University. XYKJP (pharmaceutical batch number: 
Z20180126) was provided by Renmin Hospital of Wuhan 
University. We used Sulfasalazine (SASP, Shanghai Sine 
Tianping Pharmaceutical Co., Ltd. Shanghai, China) 
enteric-coated tablets as positive controls, a choice that 
underscores the robustness of our study’s methodology.

For the animal experiment, the XYKJP sample solution 
was prepared as follows: 0.3, 0.6, and 1.2 g/kg of XYKJP 
powder were dissolved in 20 mL of saline.

5.2 � Preparation of XYKJP
XYKJP is composed of Huangqin, Shiliupi, and Diyu. 
Huangqin, Shiliupi, and Diyu were weighed in a ratio 
of 3:2:2 and were extracted twice with six volumes of 
60% ethanol for 1  h. The filtrate was concentrated, and 
the extract powder was obtained by spray drying. The 
dry extract powder was evenly mixed with crosslinked 
povidone, sodium carboxymethyl starch, and micro-
crystalline cellulose, and then a suitable amount of 60% 
ethanol solution was applied to make particles and dried 
at 50 °C, then pressed into tablets with a final drug dose 
of 30 mg/100 mg.

XYKJP is composed of Huangqin, Shiliupi, and Diyu. 
These ingredients were weighed in a ratio of 3:2:2 and 
were subjected to a thorough extraction process. They 
were extracted twice with six volumes of 60% ethanol for 

Fig. 10  The possible mechanistic routes to XYKJP for the treatment 
of colitis
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1 h, ensuring the maximum extraction of beneficial com-
pounds. The filtrate was concentrated, and the extract 
powder was obtained by spray drying. The dry extract 
powder was then mixed with crosslinked povidone, 
sodium carboxymethyl starch, and microcrystalline cel-
lulose, and a suitable amount of 60% ethanol solution was 
applied to make particles and dried at 50 °C, then pressed 
into tablets with a final drug dose of 30 mg/100 mg. This 
thorough extraction process guarantees the efficacy of 
the product.

5.3 � LC–MS analysis of XYKJP components
The UHPLC system (Ultimate 3000 UPLC, Dionex) con-
nected to a Q Exactive /MS (Thermo Scientific, Bremen, 
Germany) was selected to analyze the compound compo-
sition of XYKJP as the LC–MS platform. The main active 
ingredients were separated by using an Accucore™ aQ 
C18column (100 × 2.1 mm, 2.6 μm) with a constant flow 
of 0.2 mL/min. The column temperature was 25 °C. The 
injection volume was 5 μL. The mobile phases were sol-
vent (A): Acetonitrile, B: 0.1% aqueous solution of for-
mic acid. The gradient elution process was meticulously 
designed and executed: 95–90% (0–3  min), 90–83% A 
(3–9 min), 83–80% A (9–11 min), 80–72% A (11-14 min), 
72–70% A (14–16 min), 70–65% A (16–19 min), 65–63% 
A (19–21  min), 63–45% (21–29  min), 45–37% (29–
33 min), 37–5% (33–43 min). The samples were analyzed 
by a Q-Exactive mass spectrometer in an ESI ± ms ion 
source. The capillary temperature was 300 °C, the sheath 
gas was 30 Arb, the auxiliary gas  was 10 Arb, the max 
spray current was 100.00 µA, and the probe heater temp 
was 320 °C.

5.4 � Animal experiments
All ethical procedures complied with the requirements of 
the Ethics Committee of South-Central Minzu University 
and followed the Guide for the Care and Use of Experi-
mental Animals (Licence No. SYXK (Hubei) 2016–0089). 
C57BL/6 mice (SPF, 6–8 w), a commonly used model for 
this type of research due to their genetic stability and 
susceptibility to certain diseases, were supplied by the 
Liaoning Provincial Laboratory Animal Resource Center 
(Licence No: SCXK (Liaoning) 2020-01) and fed in an 
SPF animal laboratory.

The 60 mice were meticulously and randomly divided 
into 6 groups (n = 10), each serving a specific pur-
pose: Ctrl group, DSS group (DSS), DSS + 0.3  g/kg 
XYKJP intervention group (L-XYKJP), DSS + 0.6  g/kg 
XYKJP intervention group (M-XYKJP), DSS + 1.2  g/kg 
XYKJP intervention group (H-XYKJP), and DSS + 0.2  g/
kg SASP group (SASP). In the JAK2-STAT3 pathway 
inhibitor experiments, 50 mice were similarly and ran-
domly divided into five groups (n = 10): Ctrl, DSS, 

DSS + H-XYKJP, DSS + AG490 (5 mg/kg, intraperitoneal), 
DSS + H-XYKJP + AG490 (5 mg/kg).

All mice were carefully acclimatized and fed for 7 days 
before the experiments, ensuring their comfort and well-
being. On day 8, all mice, except the control group, were 
fed 3.0% DSS in drinking water for 1  week. XYKJP and 
SASP dissolved in saline were orally administered to mice 
in the corresponding groups for 10 consecutive days. 
The control and DSS groups were treated with saline 
(0.1 mL/10 g).

5.5 � Disease activity index (DAI) score and spleen index
After modeling and intervention in each group, the 
mice were observed and the DAI (including stool bleed-
ing, stool consistency, and weight loss) was evaluated 
(Table  1). All mice were euthanized on day 18 with the 
utmost care and respect for ethical considerations, and 
the entire colon was extracted and measured for length. 
The spleen was collected and weighed to calculate the 
spleen index. All other samples were stored at −80 °C for 
subsequent evaluation.

5.6 � Histopathological assay
The isolated colon tissues were fixed with 4% para-
formaldehyde and then placed in paraffin and cut into 
4-μm-thick slices, then stained with hematoxylin and 
eosin (H&E). Colonic histopathologic changes were 
scored according to previous studies [35].

5.7 � Reactive oxygen species (ROS) measurement
ROS levels were detected by immunofluorescence analy-
sis in a thorough and systematic manner. The process 
began with staining colon tissue sections using a ROS 
kit, followed by the incubation of the probes (dichloro-
dihydrofluorescein diacetate, DCFH-DA, 10  μM) in the 
dark at 37 °C for 30 min. This was then followed by three 
washes with high-dextrose dulbecco’s modified eagle’s 
medium (DMEM). The results, a product of our meticu-
lous protocol, were observed using a fluorescence micro-
scope (ECLIPSE Ti2, Nikon, Japan), and the fluorescence 
intensity (MFI) of ROS was assessed using ImageJ [36].

Table 1  Evaluation of DAI scores

DAI score Weight loss (%) Stool consistency Occult/gross 
bleeding

0 None None None

1 1–5 Soft –

2 5–10 Loose stool Hemoccult

3 10–15 – –

4  > 15 diarrhea Gross bleeding
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5.8 � Measurement of myeloperoxidase (MPO) activity
An MPO kit was used to determine MPO activity in 
the colon tissue. Briefly, appropriate colonic tissue was 
weighed and added to the prepared reagent at a ratio of 
1:19. A 5% tissue homogenate was harvested, and the 
MPO activity was quantified. The OD density was meas-
ured at 460  nm. MPO activity was calculated using the 
following equation:

MPO (U/g colon tissues) = (OD value of the sample–
OD value of the control)/11.3 × sample volume (g).

5.9 � Quantification of superoxide dismutase (SOD), 
malondialdehyde (MDA), and glutathione (GSH) levels

Colon tissue was homogenized on ice with 5  mL of 5% 
trichloroacetic acid (TCA) per gram. The homogenate 
was then centrifuged at 4  °C for 15  min at 1000  g, and 
the supernatant was collected for a comprehensive bio-
chemical analysis.The levels of SOD, MDA and GSH were 
meticulously determined according to the manufacturer’s 
instructions, leaving no stone unturned in the pursuit of 
accurate results.

5.10 � Cytokine measurements in colon tissue
To explore the effects of XYKJP’s anti-inflammatory 
properties, the contents of tumor necrosis factor-α (TNF-
α), interleukin 6 (IL-6), interferon-γ (IFN-γ), interleukin 
10 (IL-10), and interleukin 1 beta (IL-1β) were measured 
by enzyme-linked immunosorbent assay (ELISA) kits 
respectively.

5.11 � Quantitative real‑time PCR (qRT‑PCR) analysis
The gene expression of inflammatory factors IFN-γ, IL-6, 
interleukin 22 (IL-22), IL-1β, and TNF-α was analyzed 
using qRT-PCR. Total RNA was extracted using the TRI-
zol reagent, followed by cDNA amplification. The prim-
ers used for the target genes are listed in Table 2. Finally, 
qRT-PCR (Applied Biosystems, Singapore) was per-
formed, with the highly reliable β-actin serving as the ref-
erence gene, based on the 2(-ΔΔCt) method [37].

5.12 � Western blotting analysis
Proteins were enzymatically extracted using NP-40 lysis 
buffer containing a cocktail of protease and phosphatase 
inhibitors (50:1). The proteins were separated by 10% 
SDS-PAGE, a thorough process, and then transferred 
into a polyvinylidene difluoride (PVDF) membrane for 
1.5 h. The membranes were then blocked with 5% skim 
milk and incubated overnight at 4 °C with primary anti-
bodies (Table  3). Subsequently, the PVDF membranes 
were incubated with a secondary antibody for 1  h. The 
target proteins were identified using ECL reagents and 
analyzed using the ImageJ software (NIH Image, USA).

5.13 � 16S rRNA sequencing
To assess the regulatory effects of XYKJP on the intesti-
nal flora, we performed 16S rRNA gene sequencing. The 
bacterial DNA in the colon contents was extracted using 
a DNA Kit (MN NucleoSpin 96 Soi), which was used to 
amplify the V4 region.16S rRNA gene V4 sequencing 
was conducted using an Illumina NovaSeq 6000 plat-
form (Beijing Baimaike Biotechnology Co., Ltd, Beijing, 
China). We then provided detailed information on library 
construction, bacterial abundance analysis, and most 
importantly, the functional prediction of fecal samples, 
which holds the key to our significant findings, in the 
Supplementary Methods.

5.14 � Determination of short‑chain fatty acids (SCFAs)
To detect the levels of SCFAs, we homogenized 50  mg 
of fecal samples with 50 ml of 1% (V/V) aqueous metha-
nol solution (containing 25.0% HPO3), shaken on a vortex 
shaker for 10 min, then centrifuged at 1.2 × 104 g at 4 °C for 
10  min, then collected supernatant for subsequent analy-
sis. SCFA content was meticulously  analyzed using gas 

Table 2  List of primer sequences for RT-qPCR

Gene Forward primer (5’–3’) Reverse primer (5’–3’)

β-actin GAC​CTG​TAC​GCC​AAC​ACA​GT CTC​AGG​AGG​AGC​AAT​GAT​CT

IL-6 CCG​CTA​TGA​AGT​TCC​TCT​C GGT​ATC​CTC​TGT​GAA​GTC​TC

TNF-α AAC​TCC​AGG​CGG​TGC​CTA​TG TCC​AGC​TGC​TCC​TCC​ACT​TG

IL-1β AGC​TTC​AGG​CAG​GCA​GTA​TC TCA​TCT​CGG​AGC​CTG​TAG​TG

IFN-γ ATG​AAC​GCT​ACA​CAC​TGC​ATC​ CCA​TCC​TTT​TGC​CAG​TTC​CTC​

IL-22 CAT​GCA​GGA​GGT​GGT​ACC​TT CAG​ACG​CAA​GCA​TTT​CTC​AG

Table 3  Anti-body used for western blot experiment

Premary Company Cat Dilution

occludin-1 ABclonal A2601 1:1000

ZO-1 ABclonal A0659 1:1000

claudin-1 ABclonal A2196 1:800

p-STAT3 ABclonal AP0705 1:1000

STAT3 ABclonal A11216 1:1000

p-JAK2 ABclonal AP0917 1:1000

JAK2 ABclonal A11497 1:1000

Nrf2 ABclonal A1244 1:1000

HO-1 ABclonal A19062 1:1000

GPR41(FFAR3) Sigma-Aldrich MABN898 1:100

GPR43(FFAR2) Sigma-Aldrich ABC299 1:100

β-actin ABclonal AC026 1:200000
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chromatography (GC). These conditions are described in 
the Supplementary Methods.

5.15 � Statistical analysis
All the data were expressed as the mean ± SEM. The results 
were evaluated using Student’s t-test and one-way analysis 
of variance (ANOVA). ImageJ software was used to analyze 
the histological and fluorescent images. Bar graphs were 
generated using the Prism 8.0.2 software (GraphPad, La 
Jolla, CA, USA).

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s13659-​024-​00468-6.
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