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Purpose: The objective of this study was to investigate the effects of agrimonolide (AM) on mice 
with dextran sulfate sodium (DSS)-induced colitis and elucidate its protective mechanisms. 
Methods: A 3 % DSS solution was used to induce colitis, and intragastric administration of AM at 
doses of 25 and 50 mg/kg was performed. A comprehensive assessment was conducted to eval-
uate inflammatory responses and mucosal integrity in the colon. Inflammatory factors were 
quantified using enzyme-linked immunosorbent assay (ELISA). The proportions of T helper cell 
17 (Th17) and regulatory T cells (Treg) cells in mesenteric lymph nodes (MLNs) was analyzed 
through RT-qPCR and flow cytometry. Proteins associated with the Notch and JAK2/STAT3 
pathways were examined via RT-qPCR, western blotting, and immunofluorescence. Additionally, 
the impact of AM on Treg and Th17 cell differentiation was investigated in vitro. 
Results: Pre-treatment with AM significantly alleviated colon inflammation in mice, as evidenced 
by reduced body weight loss, shorter colon length, lower disease activity index (DAI) score, and 
decreased myeloperoxidase (MPO) content. Notably, AM pre-treatment attenuated the production 
of pro-inflammatory cytokines, including interleukin (IL)-1β, tumor necrosis factor (TNF)-α, and 
IL-6, in mice with DSS-induced colitis. Additionally, AM pre-treatment significantly enhanced the 
expression of tight junction proteins (Occludin and ZO-1), thereby preserving gut barrier func-
tion. Moreover, we observed that AM administration decreased the ratio of Th17 cells while 
increasing the frequency of colonic Treg cells, thus modulating the Th17/Treg balance both in 
vivo and in vitro. Furthermore, in the AM-treated group, the expression of Notch-1, Jagged1, delta 
like 4 (DLL4), phospho-janus kinases 2 (p-JAK2)/JAK2, and p-signal transducer and activator of 
transcription 3 (STAT3)/STAT3 in colonic tissue was reduced compared to the DSS group. 
Remarkably, the therapeutic effects of AM in colitis mice were blocked by a Notch activator. 
Conclusion: These findings underscore the effectiveness of AM in alleviating symptoms and 
pathological damage in DSS-induced colitis mice by rebalancing Th17/Treg cell homeostasis 
through modulation of the Notch and JAK2/STAT3 signaling pathways. These insights into AM’s 
mechanisms of action offer potential avenues for novel therapeutic strategies.  
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1. Introduction 

In recent years, there has been a notable increase in the incidence of inflammatory bowel disease (IBD), including ulcerative colitis 
(UC) and Crohn’s disease (CD) [1,2]. UC, characterized by superficial ulcers in the mucosa of the rectum and colon, poses a significant 
risk of colon cancer if left untreated [3,4]. However, the clinical management of UC presents a complex challenge. Current treatments 
often involve the use of medications such as 5-aminosalicylic acid (5-ASA), glucocorticoids, or immunomodulators. Despite their 
widespread use, these drugs have limitations in terms of efficacy and safety for long-term use, often failing to achieve consistent 
remission or cure and leading to serious side effects. Given the inadequate outcomes associated with traditional therapies for UC, there 
is an urgent need to explore new alternative approaches to its treatment. 

Dysregulation of intestinal immune homeostasis caused by over-activation of T cells is a key feature of UC, leading to the secretion 
of pro-inflammatory mediators, aberrant immune cells aggregation, and disruption of intestinal mucosal tissue. CD4+ T helper cells 
plays a pivotal role in the adaptive immune response, contributing to immune defense, immune surveillance, and immune homeostasis 
[5,6]. In response to immune signals, naïve CD4+ T lymphocytes differentiate into mature effector T lymphocytes, including regulatory 
T (Treg) cells and T helper 17 (Th17) cells [7,8]. Th17 cells are associated with the pathogenesis of many common autoimmune 
diseases, such as rheumatoid arthritis (RA) and IBD [9–11]. In recent decades, targeting and regulating Th17 and Treg cell differ-
entiation has become a crucial strategy for the treatment or prevention of UC. 

The Notch signaling pathway is a conserved and crucial mechanism for maintaining immune homeostasis by regulating cell dif-
ferentiation and modulating the inflammatory response to cell fate decision [12]. In mammals, this pathway comprises Notch receptors 
(Notch1-4), ligands such as Jagged1, Jagged2, Delta1, Delta3, and Delta4, and downstream signaling components. Notch signaling is 
involved in various aspects of T cell development and differentiation, including the formation of different effector T cell sub-
populations [13,14]. Pre-clinical model studies have highlighted that targeting the Notch pathway can enhance the therapeutic po-
tential of immunotherapy, emphasizing the importance of elucidating how the Notch signaling pathway modulates T cell 
differentiation and function. These findings suggest that Notch blockade could be a potential therapeutic target for UC. 

Agrimonia Pilosa Ledeb, a traditional Chinese medicine (TCM), is used for hemostasis, antidiarrhea, and detoxication in China. 
Agrimonolide (AM), identified as a main active compound of Agrimonia Pilosa Ledeb, has demonstrated anti-inflammatory, 

Fig. 1. a.m. alleviated DSS-induced colitis in mice induced by DSS. (A) the chemical structure of AM. (B) Schematic diagram of the animal 
experiment. (C) Body weight of mice. n = 6 each group. (C) Representative colon images. n = 6 each group (D) Colon length. n = 6 each group. (E) 
Disease activity index of mice. n = 6 each group. (F) Representative images of H&E-stained colon sections in different groups (Scale bar = 100 μm). 
n = 4 each group. (G) MPO activity in the serum. n = 4 each group. The values are expressed as the mean ± SD, *P < 0.01, **P < 0.001. 
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antioxidative, and anticancer properties, indicating significant pharmacological value [15–17]. Additionally, the protective effects of 
Agrimonia Pilosa Ledeb in DSS-induced colitis have been documented [18]. However, the molecular mechanisms underlying the 
anti-UC activity of its bioactive components remain unexplored. 

This research aimed to elucidate the protective effects of AM in the progression of DSS-induced colitis and to determine its un-
derlying mechanism. The results revealed that AM effectively alleviated DSS-treated colitis by modulating the Th17/Treg balance 
through inhibition of Notch activation and the JAK2/STAT3 signaling pathway. This study aims to identify potential therapeutic 
Chinese herb medicines for the treatment of UC. 

2. Materials and methods 

2.1. Chemicals and material 

Agrimonolide (purity >98 %, Fig. 1A) was procured from MedChemExpress. The antibodies, including anti-mouse CD45 PC7, anti- 
mouse CD3 FITC, anti-mouse CD4 PE, anti-mouse interleukin (IL)-17A APC, anti-mouse CD25 PB-A, and anti-mouse Foxp3 PC5.5, were 
purchased from Biolegend (MA, USA). Sulfasalazine (SASP) was obtained from Sigma (MA, USA). 

2.2. DSS-induced colitis mouse model and treatment 

6-week-old male C57BL/6J mice were used in this study. All mice were obtained from Nanjing University of Chinese Medicine 
(Jiangsu, China) and acclimatized for 7 days before the initiation of experiments. The animal experiment was approved by the Ethics 
Committee of Nanjing University Of Chinese Medicine (Approval No. 2022042501). Mice were randomly divided into five groups: 
Control (0.5 % sodium carboxymethyl cellulose [CMC-Na]), DSS, low-dose AM (25 mg/kg/day, ig), high-dose AM (50 mg/kg/day, ig), 
and salicylazosulfapyridine (SASP, positive control). Mice in the AM groups received 25 mg/kg or 50 mg/kg of the AM solution via 
gavage, respectively. Colitis was induced by administering 3 % dextran sodium sulfate (DSS) dissolved in the drinking water of C57BL/ 
6J mice. Fig. 1B illustrated the detailed grouping and treatment of mice. For the experiment involving activation of the Notch signaling 
pathway, a solution of Jagged1 (MedChemExpress, MCE) at a dose of 25 mg/kg was intraperitoneally injected once every other day 
[19,20]. Finally, all mice were euthanized by cervical dislocation immediately following blood collection. In addition, distal colon 
tissues were collected for histological examination, and the remaining of the colon tissue was stored at − 80 ◦C for further analysis. 

2.3. Disease activity index (DAI) 

The DAI is calculated based on body weight loss, stool consistency, and rectal bleeding, as previously described with a few 
modifications [21]. The scoring system is as follows: weight loss (0–0%; 1–1% ~ 5 %; 2–5% ~ 10 %; 3–10 % ~ 20 %; 4–20 %), di-
arrheas (0—normal; 2—loose stools; 4—diarrhea), and rectal bleeding (0—normal; 4—gross bleeding). 

2.4. Myeloperoxidase (MPO) activity in the colon 

The MPO activity assay was performed per manufacturer’s instructions using a kit form Nanjing Jiancheng Co., Ltd (Nanjing, 
China). In brief, mouse colon tissues were weighed and homogenized, followed by incubation at 37 ◦C for 15 min. The homogenate was 
then mixed with a chromogenic agent and incubated at 37 ◦C for 30 min. Afterward, it was combined with the detection reagent and 
incubated at 60 ◦C for 10 min. The absorbance was measured at 460 nm. 

2.5. Hematoxylin and eosin (H&E) staining 

The colonic tissue was sliced to a thickness of 4 μm. The section was then deparaffinized, rehydrated and stained with eosin and 
hematoxylin. Finally, the sections were observed under a microscope (BX61VS, Olympus, Japan). 

2.6. Immunohistochemistry staining 

Immunohistochemistry staining was performed on formaldehyde-fixed and paraffin-embedded tissue sections per manufacturer’s 
instructions. Briefly, tissue sections were incubated at 4 ◦C overnight with primary antibodies against Occludin (1:200) and ZO-1 
(1:200), followed by incubation with HRP-conjugated secondary antibodies. Finally, the samples were observed using a light mi-
croscope (BX61VS, Olympus, Japan). 

2.7. Enzyme-linked immunosorbent assay (ELISA) 

The colonic samples were weighed and homogenized in cell extraction buffer at a ratio of 100 mg tissue per 1 mL of buffer. The 
homogenates were then centrifuged at 18000 rpm for 20 min, and the protein concentration of the samples was normalized. The levels 
of IL-1β (detection range: 1.56 pg/mL-100 pg/mL), tumor necrosis factor (TNF)-α (detection range: 46.88 pg/mL-3000 pg/mL) and IL- 
6 (detection range: 15.6 pg/mL-1000 pg/mL) in murine colonic tissues homogenates were assessed using an ELISA kit (Abcam, MA, 
USA) per manufacturer’s instructions. Absorbance per well was measured at 450 nm. 

J. Jiang et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e33803

4

2.8. Measurement of the colonic permeability 

Colonic permeability was detected using Fluorescein isothiocyanate-dextran 4 kDa (Sigma, USA). Blood samples were collected 4 h 
after mice received 60 mg/kg FD4 via intragastric administration. Serum was separated and examined for FD4 concentration. A 
fluorescence spectrophotometer (excitation 485 nm, emission 520 nm) was subjected to analyze serum FD4 concentrations. 

2.9. In vitro Treg and Th17 cell differentiation 

Spleens were harvested from C57BL/6J mice and processed into a single-cell suspension. Naïve CD4+ T cells were purified from 
C57BL/6J mice per manufacturer’s instructions, utilizing a naïve CD4+ T cell isolation kit (Biolegend, MA, USA). These naïve CD4+ T 
cells were cultured in Iscove’s Modified Dulbecco Medium (IMDM) supplemented with 20 % foetal bovine serum (FBS). For Th17 cells 
differentiation, naïve T cells were cultured for 4 days with plate-bound anti-CD3ε (10 μg/mL), anti-CD28 (1 μg/mL), anti-mouse CD25, 
recombinant mouse IL-6, recombinant human TGF-β1, recombinant mouse IL-23, anti-mouse IL-4 and anti-mouse IFN-γ. To induce 
Treg cell differentiation, naïve T cells were cultured for 4 days with plate-bound anti-mouse-CD3ε (5 μg/mL), anti-mouseCD28, re-
combinant mouse IL-2 (200 U/mL), and recombinant human TGF-β1. The frequencies of Th17 and Treg cells were determined by flow 
cytometry. 

2.10. Real-time fluorescence quantitative polymerase chain reaction (RT-qPCR) assays 

Total RNA was extracted from tissues and cells using TRIzol reagent (Invtrogen, USA), followed by reverse transcription of 1000 ng 
RNA into cDNA using PrimeScript™ RT. Amplification reactions were carried out with specific primer pairs and qPCR SYBR Green 
Master Mix. The fold induction of target gene levels was determined using the comparison method and normalized to the internal 
control β-actin. The primer sequence used in this study are listed in Table 1. 

2.11. Flow cytometry 

Treg and Th17 cells were detected using flow cytometry. Initially, mesenteric lymph nodes (MLNs) and spleens were stained with 
anti-CD4, anti-CD25, and anti-Foxp3 antibodies to identify Treg cells. For the identification of Th17 cells, lymphocytes were stimulated 
with a Cell Stimulation Cocktail (plus protein transport inhibitors) containing phorbol 12-myristate 13-acetate (PMA), ionomycin, 
brefeldin A for 6 h in 5 % CO2 at 37 ◦C. Subsequently, the cells were stained with a Zombie Fixable Viability Kit for 15 min at RT in the 
dark. Then, the cells were stained with anti-CD45, anti-CD4 and anti-IL-17 antibodies. Cells were initially stained using the Zombie 
Fixable Viability Kit. Anti-CD45 and anti-CD4 antibodies were then applied for a 30-min incubation at 4 ◦C in darkness. Following this, 
the cells were fixed and permeabilized using a Foxp3/Transcription staining buffer set for 30 min at room temperature in darkness. The 
percentages of CD4+CD25+Foxp3+ (Treg) cells and CD4+IL-17+ (Th17) cells were analyzed using FlowJo V.10 software. The gating 
strategies for the FACS analysis of the percentages of Th17 cells and Treg cells were shown in Supplementary Fig. 1 in the Supplemental 
information. 

Table 1 
Primer sequences for RT-qPCR amplification.  

Gene  Sequences (5’→3′) Ref. 

RORγt F CGCCTCACCTGACCTACCC [22] 
R TGGCTGTCTGGACCCTGTTC  

Foxp3 F TGCAGTTCCTTTGTGTCCGA [22] 
R ATAGTCACCCCAACACAGCG  

IL-17A F TACCTCAACCGTTCCACGTC [22] 
R TTTCCCAACCGCATTGACACA  

TNF-α F ACTCCAGGCGGTGCCTATGT [23] 
R GTGAGGGTCTGGGCCATAGAA  

IL-1β F TCCAGGATGAGGACATGAGCAC [23] 
R GAACGTCACACACCAGCAGGTTA  

IL-6 F CCACTTCACAAGTCGGAGGCTTA [24] 
R TGCAAGTGCATCATCGTTGTTC  

β-actin F CTGAGAGGGAAATCGTGCGT [25] 
R CCACAGGATTCCATACCCAAGA  

Notch 1 F ACAGTAACCCCTGCATCCAC [26] 
R GGTTGGACTCACACTCGTTG  

Jagged1 F CCAGCCAGTGAAGACCAAGT [26] 
R CAATTCGCTGCAAATGTGTT  

Delta-like ligand 4 (DDL4) F GGAACCTTCTCACTCAACATCC [26] 
R CTCGTCTGTTCGCCAAATCT   
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2.12. Western blotting (WB) 

Colonic tissue was lysed on ice for 30 min in radio immunoprecipitation assay (RIPA) buffer and collected using a cell scraper. 
Subsequently, 30–40 μg of protein from each sample was separated using 10 % (w/v) sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, USA). Next, the membrane was 
blocked with 5 % BSA for 1 h and incubated overnight with primary antibodies, including ZO-1 (1:1000, #5406, Cell Signaling 
Technology, CST), Occludin (1:1000, #91131, CST), phospho (p)-IKKα/β (1:1000, #2697, CST), IKKα (1:1000, #2682, CST), p-IκBα 
(1:1000, #2859, CST), IκBα (1:1000, #4812, CST), p-p65 (1:1000, #3033, CST), p65 (1:1000, #8242, CST), Notch1 (1:1000, #3608, 
CST), Jagged1 (1:1000, #70109, CST), DLL4 (1:1000, #2589, CST), p-JAK2 (1:1000, #3776, CST), JAK2 (1:1000, #3230, CST), p- 
STAT3 (1:1000, #9145, CST), STAT3 (1:1000, #30835, CST), and GAPDH (1:1000, #5174, CST). After incubation, the membrane was 
probed with a secondary antibody (1:5000, ab6721, Abcam, MA, USA) for 1 h. Protein bands were visualized using enhanced 
chemiluminescence (ECL) reagents (Beyotime, China), and the integrated density was quantified using ImageJ software. 

2.13. Statistical analysis 

GraphPad Prism 8 were employed to analyze the experimental data. One-way ANOVA was subjected to analyze differences be-
tween groups. Data were presented as the means ± SD, and significance was determined at P < 0.05. 

Fig. 2. a.m. inhibited the secretion of inflammatory cytokines in mice with colitis. (A and B) The concentration and mRNA expression levels 
of IL-6, TNF-α, and IL-1β in the colon tissue of mice. n = 5 each group. (C) The NF-κB signaling pathway was examined using Western blotting. n = 5 
each group. The values are expressed as the mean ± SD, *P < 0.01, **P < 0.001. 
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3. Results 

3.1. Agrimonolide alleviated DSS-induced colitis in mice 

A mouse model of DSS-induced colitis was employed to evaluate the efficacy, safety, and mechanism of AM. Administration of AM 
led to an increase in body weight compared to the DSS group (Fig. 1C). Colon shortening is a key macroscopic indicator of intestinal 
damage, and both dose of AM and SASP effectively restored colon length in colitis mice (Fig. 1D and E). The severity of colitis was 
further assessed by DAI score, which was significantly elevated in DSS-treated mice but significantly reduced with AM pretreatment 
(Fig. 1F). Histological analysis revealed alleviation of mucosal damage, inflammatory cell infiltration, and crypt structure destruction 
in the AM-treated mice group (Fig. 1G). After 10 days of AM administration, symptoms and colon damage were notably mitigated 
compared to the DSS group. MPO activity, indicative of neutrophile granulocyte infiltration, was significantly increased in DSS-treated 
colitis, but AM pretreatment effectively suppressed MPO activity in colon tissues (Fig. 1H). Overall, pretreatment with AM effectively 
attenuated the symptoms of DSS-induced colitis. 

3.2. Agrimonolide suppressed the production of immune-inflammatory cytokines in mice induced by DSS 

Inflammatory cytokines, including IL-1β, TNF-α, and IL-6, play a crucial role in the progression of colitis pathogenesis [27]. To 
assess the inflammatory response in colonic tissue treated with AM, ELISA and RT-qPCR assays were conducted. As shown in Fig. 2A, 
DSS induction obviously increased the secretion of IL-1β, TNF-α, and IL-6 compared to the control group. However, AM pretreatment 
notably suppressed the upregulated of these inflammatory factors in the colonic tissue of DSS-induced colitis mice. Similar results were 
observed in RT-qPCR experiments (Fig. 2B). The activation of the nuclear factor-κB (NF-κB) signaling pathway is closely associated 
with the inflammatory response, and our findings indicated that AM pretreatment significantly reduced the phosphorylation levels of 
IKKα/β, IκBα, and p65, key molecules in the NF-κB pathway (Fig. 2C). These findings support the conclusion that AM effectively 
inhibited the levels of immune-inflammatory cytokines, thereby alleviating colonic inflammatory damage in mice with UC. 

3.3. Agrimonolide enhanced the recovery of the intestinal mucosal barrier in mice with colitis 

During the progression of UC, abnormal changes in the permeability of the intestinal mucosa led to bacteria translocation and 
aberrant inflammation of the colon [28]. Initially, we conducted immunohistochemistry and Western blot analysis to evaluate the 
expression of tight junction (TJ) proteins in colon tissue. As shown in Fig. 3A and B, the expression of TJ proteins, including Occludin 
and ZO-1, was markedly decreased following DSS administration compared to the control group. However, AM treatment significantly 
increased the protein expression levels of Occludin and ZO-1. To further assess intestinal permeability, we used FITC-dextran. The 
results indicated that AM had a protective effect on the intestinal barrier damage induced by DSS (Fig. 3C). 

Fig. 3. a.m. improved recovery of intestinal mucosal barrier in mice with colitis. (A) The colonic protein levels of Occludin and ZO-1 in each 
group were examined by Western blotting. n = 4 each group. (B) Representative images of immunohistochemistry staining for Occludin and ZO-1 in 
different groups. (Scale bar = 50 μm). n = 4 each group. (C) The serum FITC-dextran concentrations of mice in each group. n = 5 each group. The 
values are expressed as the mean ± SD, *P < 0.01, **P < 0.001. 
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3.4. Effect of agrimonolide on the proportions of Th17 and Treg cells in mice induced by DSS 

It is well recognized that the imbalance of Th17/Treg cells in the intestinal mucosa plays a crucial role in the pathogenesis of UC 
[29,30]. To investigate the effect of AM pretreatment on Treg/Th17 homeostasis, we characterized T cell responses in the MLNs using 
flow cytometry. We observed a significant increase in the absolute number of CD4+IL-17A+ Th17 cells within the CD3+ T cell 
compartment in the MLNs of DSS-treated mice compared to the control group (Fig. 4A). However, this increase was markedly reversed 
by AM pretreatment. Additionally, AM pretreatment elevated the percentage of CD4+CD25+Foxp3+ Treg cells within the CD4+T cells 
compartment compared to the DSS group (Fig. 4B). To further explore the regulatory effect of AM on Th17/Treg cell imbalance, we 
examined Th17 and Treg-specific transcription factors ROPγt and Foxp3 using RT-qPCR and Western blot assays. As presented in 
Fig. 4C and D, there were significant changes in the protein and mRNA levels of ROPγt and Foxp3 in the colonic tissues of AM-treated 
mice compared to the DSS group. A similar trend was observed in the spleen (Fig. 4E and F). 

Fig. 4. a.m. suppressed Th17/Treg cell differentiation in intestinal microenvironment. (A) Representative plots of CD4+IL-17A+Th17 cells 
and (B) CD4+CD25+Foxp3+Treg cells in the MLNs of DSS and DSS+AM group. n = 4 each group. (C) The mRNA level of Foxp3 and RORγt were 
determined using RT-qPCR. n = 4 each group. (D) The protein expression of Foxp3 and RORγt were tested using Western blot. n = 4 each group. (E) 
Representative plots of CD4+IL-17A+Th17 cells and (F) CD4+CD25+Foxp3+Treg cells in the spleen of mice. n = 4 each group. The values are 
expressed as the mean ± SD, *P < 0.01, **P < 0.001. 
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Fig. 5. a.m. inhibited Notching pathway signaling in DSS-treated mice. (A) The mRNA level of Notch 1, Jagged1 and DDL4 in mice colonic 
tissue were examined using RT-qPCR. n = 4 each group. (B) Western blotting was employed to detect the protein expression of Notch 1, Jagged1 and 
DDL4 in mice colonic tissue. n = 4 each group. (C) Western blotting was employed to detect the protein expression of p-JAK2, JAK2, p-STAT3 and 
STAT3 in mice colonic tissue. n = 4 each group. (D) Immunofluorescence was used to measure the expression of Notch1 and STAT3. n = 4 each 
group. The values are expressed as the mean ± SD, *P < 0.01, **P < 0.001. 
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In summary, these results indicate that AM effectively repressed the imbalance between Th17 and Treg cells in the MLNs and spleen 
of DSS-induced mice. 

3.5. Agrimonolide preserved the balance of Th17/Treg cells in mice induced by DSS through modulation of the Notch and JAK2/STAT3 
signaling pathway 

As previously mentioned, AM modulated the hyperimmunity in DSS-treated colitis via skewing the imbalance in Th17 and Treg 
differentiation. Aberrant activation of the Notch signaling pathway can disturb Th17/Treg cell homeostasis [31]. Considering these 
findings, we evaluated whether AM modulates this cell balance via the Notch pathway in DSS mice. The expression levels of Notch-1, 
Jagged-1, and DLL4 were measured using RT-qPCR and Western blotting assays. As shown in Fig. 5A, the mRNA level of Notch-1, 
Jagged-1, and DLL4 were markedly increased in the colonic tissues of DSS-treated mice. Furthermore, Western blot results indi-
cated that the protein expression levels of Notch-1, Jagged-1, and DLL4 were higher in DSS-induced mice than in the control group 
(Fig. 5B). Notably, AM pre-conditioning significantly repressed the Notch signaling pathway in colonic tissue, as evidenced by a 
significant reduction in mRNA levels and protein levels of Notch-1, Jagged-1, and DLL4. The JAK2/STAT3 pathway has a potential role 
in modulating the balance of Th17/Treg. The expression of p-JAK2 and p-STAT3 in the colon of the DSS group were obviously higher 
than those in the control group. However, pretreatment with AM in DSS mice inhibited the phosphorylation of JAK2 and STAT3 
(Fig. 5C). As illustrated in Fig. 5D, immunofluorescence assay further confirmed these results, showing reduced protein expression of 
Notch1 and STAT3. 

In conclusion, these findings indicate that alterations in the Notch and JAK2/STAT3 signaling pathways partially account for the 
effects of AM activity on Th17/Treg responses in mice with DSS-induced colitis. 

3.6. Agrimonolide inhibited Th17 cell differentiation and promoted Treg cell differentiation in vitro 

To corroborate our in vivo findings, we conducted in vitro experiments to assess the effect of AM on the modulation of Th17/Treg 
cells. As presented in Fig. 6A, the proportion of CD4+IL17A+Th17 T cells was elevated in the Th17 group, but this increase was reduced 
following AM treatment. Additionally, the inhibitory effects of AM on gene expression of RORγt were determined by RT-qPCR 
(Fig. 6B). Flow cytometry analysis and RT-qPCR further demonstrated significant changes in the frequency of CD25+Foxp3+ Treg 
cells and the mRNA level of Foxp3 after AM intervention compared to the Treg group (Fig. 6C and D). In conclusion, AM decreased the 
number of Th17 cells and increased the proportion of Treg cells in vitro. 

3.7. The protective effect of AM against DSS-induced colitis relied on the Notch signaling pathway 

To further investigate the role of Notch signaling in AM-alleviated colitis in mice, we used the Notch activator Jagged1. Colitis mice 
were administrated Jagged1 with or without AM. Notably, Jagged1 significantly diminished the therapeutic effects of AM in DSS- 
induced mice, as evidenced by changes in colon length (Fig. 7A). Additionally, Jagged1 treatment increased the percentage of 
CD4+IL-17A+ Th17 cells and decreased the proportion of CD4+CD25+Foxp3+ Treg cells in MLNs (Fig. 7B). Taken together, these 

Fig. 6. a.m. repressed Th17 cell differentiation and promoted Treg production in vitro. (A) Representative plots of CD4+IL-17A+Th17 cells in 
CD4+ cells. n = 5 each group. (B) RT-qPCR assay was subjected to examine the mRNA level of RORγt. n = 5 each group (C) Representative plots of 
CD4+CD25+Foxp3+Treg cells in CD4+ cells. n = 5 each group. (D) RT-qPCR assay was subjected to examine the mRNA level of Foxp3. n = 5 each 
group. The values are expressed as the mean ± SD, *P < 0.01, **P < 0.001. 
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findings suggest that the Notch signaling pathway plays a crucial role in AM-mediated restoration of the Th17/Treg balance. 

4. Discussion 

The incidence of UC has been steadily rising globally [32]. Patients with UC often suffer from both mental and physical challenges, 
including symptoms like diarrhea, bloody stool, mucosal injury, and colonic ulcers, and are at a higher risk of developing colorectal 
cancer compared to non-UC individuals [33]. Currently, therapeutic strategies for UC focus on modulating the inflammatory milieu 
and promoting intestinal barrier repair. In this study, established a mouse model of DSS-induced colitis to investigate the therapeutic 
potential and underlying mechanisms of AM against UC. Our initial findings confirmed that AM preconditioning significantly 
ameliorated DSS-induced colitis, as evidenced by body weight, colon length, DAI scores, and pathological features. Additionally, we 
observed a decreased in MPO activity in the colon tissue of DSS-induced colitis mice treated with AM, indicative of reduced 
inflammation and potentially decreased immune cell infiltration. 

Given that increased levels of proinflammatory cytokines IL-1β, TNF-α, and IL-6 are known to drive intestinal inflammation, we 
selected these cytokines as targets to explore the impact of AM on DSS-induced colitis. As anticipated, AM demonstrated inhibitory 
effects on the aberrant levels of IL-1β, TNF-α, and IL-6 in DSS-induced colitis mice. The NF-κB pathway is activated in DSS-induced 
colitis mice, leading to the overproduction of inflammatory factors. These cytokines further promote the infiltration of inflamma-
tory cells and the development of intestinal inflammation. Additionally, AM has been shown to attenuate DSS-induced colitis by 
inhibiting inflammation through the inactivation of the NF-κB pathway. As crucial constituents of the TJ complex, transmembrane 
proteins such as Occludin and ZO-1 play a vital role in preserving barrier integrity [34]. Therefore, we confirmed that AM significantly 
restored the expression of Occludin and ZO-1 in the mice with UC, potentially enhancing intestinal mucosal barrier integrity. 

The onset of UC is closely associated with an overactive Th17 immune response and impaired functioning of Treg functioning [35, 
36]. Research has shown that the NF-κB signaling pathway plays a significant role in maintaining the balance between these two 
immune cell types. The transcription of IL-17 is regulated by the Th17-specific transcription factor retinoic acid-related orphan 

Fig. 7. Protective effect of AM against DSS-induced colitis depended on Notch signaling pathway. (A) Colon length of mice. n = 5 each group. 
(B) Representative plots of CD4+IL-17A+Th17 cells and CD4+CD25+Foxp3+Treg cells. n = 5 each group. The values are expressed as the mean ± SD, 
*P < 0.01, **P < 0.001. 
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receptor γt (RORγt) [35,36], while Foxp3 is a Treg-specific transcription factor crucial for the differentiation and normal physiological 
function of Treg cells [37]. Our study found that AM inhibited the differentiation of IL-17-producing cell subsets and increased the 
number of Treg cells in the MLNs and spleen. Consistent with in vivo results, AM treatment significantly inhibited Th17 cell differ-
entiation and promoted Treg cell production in vitro. These findings suggest that AM improves DSS-induced colitis by correcting the 
imbalance between Th17 and Treg cells. 

Emerging evidence indicates that the Notch signaling pathway is implicated in numerous inflammation-related diseases, including 
intestinal inflammation. Notably, this pathway induces the differentiation of naïve CD4+ T cells into Th17 and Treg cells and facilitates 
their interconversion [38]. Clinical evidence has shown that molecules associated with Notch signaling are highly activated in patients 
with UC, correlating with elevated Th17 responses [39–41]. Given these findings, we investigated whether AM modulates Notch 
signaling to alleviate colitis symptoms. Our research highlights the significant role of the Notch signaling pathway, demonstrating that 
the therapeutic effects of AM and its regulation of Th17 and Treg cells in colitis mice are mediated through this pathway. Additionally, 
existing evidence has shown that the Janus kinase 2 (JAK2) and signal transducer and activators of transcription 3 (STAT3) are tightly 
linked to the severity of UC clinical features and play distinct roles in T cell proliferation and differentiation. Research suggests that 
excessive activation of the STAT3 pathway can drive a Th17-like conversion of Tregs, leading to an escalation of the immune response. 
Our experimental results indicate that AM modulates the Notch and JAK2/STAT3 signaling pathways to reshape the balance of 
Th17/Treg cells, thereby treating colitis. 

In conclusion, our study demonstrates that AM effectively attenuated clinical symptoms, reduced inflammatory cytokine expres-
sion, and repaired the intestinal mucosal barrier in DSS-induced colitis mice. Mechanistically, AM corrected the imbalance of Th17/ 
Treg cells by inhibiting the Notch and JAK/STAT3 signaling pathways. These findings provide a solid theoretical basis for the 
application of AM in treating patients with UC. However, further preclinical studies are necessary to validate these results and explore 
the therapeutic potential of AM. 
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