
O R I G I N A L  R E S E A R C H

Saikosaponin-d Attenuates Irinotecan-Induced 
Intestinal Toxicity via TAK1/NF-κB Pathway and 
Enhances Antitumor Efficacy
Peng Zheng1,2,*, Rui Ma1,3,*, Xiaoya Liu2, Luda Song3, Bing Ma1,*, Guijun Zou1,*

1Department of General Surgery, The First Medical Center of Chinese PLA General Hospital, Beijing, 100853, People’s Republic of China; 
2Department of General Surgery, The Sixth Medical Center of Chinese PLA General Hospital, Beijing, 100048, People’s Republic of China; 3Medical 
School of Chinese PLA, Beijing, People’s Republic of China

*These authors contributed equally to this work 

Correspondence: Bing Ma; Guijun Zou, Department of General Surgery, The First Medical Center of Chinese PLA General Hospital, Beijing, 100853, 
People’s Republic of China, Email mabingcaowei1983@sina.com; zougj301@163.com

Purpose: Saikosaponin-d (SSD), a bioactive triterpenoid saponin derived from Bupleurum species (a traditional Chinese medicine), is 
recognized for its gastrointestinal protective properties. This study investigates the therapeutic potential and mechanisms of SSD 
against irinotecan (IRI)-induced intestinal mucositis.
Methods: Using a CT26 colorectal cancer Syngeneic mouse model (BALB/c mice), we evaluated the synergistic antitumor efficacy of 
SSD combined with IRI. Concurrently, the protective effects of SSD against IRI-induced intestinal toxicity were assessed in vivo 
(BALB/c mice) and in vitro (lipopolysaccharide (LPS)-stimulated Caco-2 cells). In vivo evaluations included monitoring body weight 
changes, diarrhea severity, colon length, and histopathological alterations. Mechanistic insights into the anti-inflammatory and 
antioxidant effects were elucidated through RT-qPCR, Western blotting, immunohistochemistry, and oxidative stress marker analysis.
Results: SSD significantly mitigated IRI-induced intestinal injury, as demonstrated by attenuated body weight loss, improved diarrhea 
scores, and preserved colon length. Histopathological examination revealed that SSD protected intestinal epithelial integrity and 
enhanced barrier function. Mechanistically, SSD reduced oxidative stress by modulating antioxidant enzyme activities (SOD, GSH-Px) 
and suppressing lipid peroxidation (MDA levels). Furthermore, SSD inhibited proinflammatory cytokine production (IL-6, TNF-α, IL- 
1β) via downregulation of the TAK1/NF-κB pathway in both IRI-treated mice and LPS-challenged Caco-2 cells.
Conclusion: Our findings demonstrate that SSD alleviates IRI-induced intestinal mucositis through suppression of the TAK1/NF-κB 
signaling cascade, highlighting its potential as an adjuvant therapy to enhance the safety profile of IRI-based chemotherapy.
Keywords: intestinal mucositis, oxidative stress modulation, gastrointestinal protection, cytokine reduction, TAK1/NF-κB pathway

Introduction
Chemotherapeutic agents are widely used in cancer treatment, but their non-specific distribution and toxic side effects 
cause significant harm to non-cancerous tissues, limiting their clinical application.1,2 Irinotecan (IRI), a water-soluble 
camptothecin derivative, is used in the treatment of colorectal cancer but can lead to severe intestinal toxicity, particularly 
delayed diarrhea.3,4 Studies have indicated that the regeneration of non-toxic IRI or SN-38 glucuronides into toxic SN-38 
in the intestine is a multifactorial process involving drug metabolism in the enterohepatic circulation, bacterial β- 
glucuronidase, the gut microbiota, the innate mucosal immune system, and intestinal tight junctions.5–7 However, the 
precise mechanisms underlying IRI-induced intestinal toxicity remain incompletely understood. Current consensus posits 
that the intestinal accumulation of the toxic metabolite SN-38 induces epithelial cell damage and barrier dysfunction, 
thereby permitting luminal pathogens, toxins, undigested nutrients, and microbial products to activate immune cells as 
antigenic stimuli, ultimately driving pro-inflammatory cascades.8 Notably, the intestinal toxicity of IRI can result in 
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electrolyte imbalances, dehydration, severe pain, and even death in patients.9 Therefore, current research focuses on 
finding effective adjuvant treatment strategies to mitigate the intestinal toxicity of IRI and enhance its anti-tumor efficacy.

In current medical practice, despite exploring various treatment strategies such as the use of Ganciclovir,10 

P-glycoprotein blockers,11 and tumor necrosis factor-α inhibitors,12 the therapeutic outcomes have not reached an ideal 
level, and this issue remains challenging to resolve. Traditional Chinese medicine has a longstanding history in the 
treatment of tumors, with numerous active components demonstrating potential anti-tumor effects while maintaining low 
toxicity.13,14 Particularly noteworthy is the significant potential of certain herbal extracts and compounds in alleviating 
IRI-induced intestinal toxicity.15 Among the most esteemed traditional Chinese herbs is Bupleurum, known for its 
diverse therapeutic benefits, including anti-inflammatory, anti-tumor, antimalarial, and antipyretic properties.16–18 From 
the root of Bupleurum, various active components can be extracted, with Saikosaponin-d (SSD) being the most abundant. 
Research indicates that SSD possesses anti-inflammatory, anti-tumor, and antiviral effects through multiple 
mechanisms.19,20 For instance, it can inhibit inflammasome activation and improve inflammatory conditions by promot-
ing NLRP3 ubiquitination.21 Additionally, SSD has been found to alleviate chemotherapy-induced neutropenia by 
activating the CBL-dependent ERK pathway.22 Further studies report that SSD reduces ventilation-induced lung injury 
in rats by inhibiting pro-inflammatory cytokine expression, diminishing oxidative stress, and reducing apoptosis.23 

Moreover, SSD exhibits anti-cancer capabilities by inhibiting TNF-α-induced cancer cell invasion.24 It is also validated 
to ameliorate cisplatin-induced nephrotoxicity by inhibiting ROS-mediated MAPK and NF-κB pathways.25 Transforming 
Growth Factor Beta-Activated Kinase 1 (TAK1)/Nuclear factor kappa-B (NF-κB) signaling pathway is increasingly 
recognized as a crucial player in the inflammatory response in many diseases, as well as in chemotherapy-induced 
toxicities.26–28

Although studies have shown that SSD can alleviate chemotherapy-induced toxicities, its effects on IRI-induced 
colitis during colorectal cancer treatment have not yet been explored. We hypothesize that SSD alleviates IRI-induced 
toxicity by modulating the TAK1/NF-kB signaling pathway, thereby reducing inflammation and oxidative stress. This 
study aims to investigate the efficacy and mechanisms of SSD in reducing chemotherapy-related toxic reactions and 
enhancing anti-tumor activity, providing foundational data for its potential clinical application.

Materials and Methods
Reagents
Irinotecan (IRI, with a purity of ≥99%) was procured from Med Chem Express (MCE) Biotechnology Co., Ltd., located 
in Shanghai, China. SSD (with a purity of >98% and a molecular weight of 780.98 Da) was also sourced from Med 
Chem Express (MCE) Biotechnology Co., Ltd. The antibodies used for Western blot analysis, including ZO-1, Occludin- 
1, E-cadherin, and GAPDH, were supplied by Abclone Biotechnology Co., Ltd. in Beijing, China. Antibodies for TAK1, 
IkB-α, p-IkB-α, p65, and p-p65 were obtained from Wuhan Sanying Biotechnology Co., Ltd., Wuhan, China. The HRP- 
conjugated goat anti-rabbit secondary antibody was purchased from ZSGB-BIO Co., Ltd., also based in Beijing, China.

Cells and Animals (Ethical Statement)
Cells: Caco-2 colorectal adenocarcinoma cells (ProCell, CL-0050) were cultured in Minimum Essential Medium (MEM; 
Gibco, 11095080) supplemented with 20% fetal bovine serum (FBS; Gibco, 10091148). CT26 colorectal adenocarci-
noma cells (ProCell, CL-0071) were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, 11965092) 
containing 10% FBS. All cells were incubated at 37°C in a humidified atmosphere with 5% CO2.

Animals: Specific pathogen-free (SPF) female BALB/c mice (6–8 weeks old, body weight 18–25 g) were purchased 
from SPF Biotechnology Co., Ltd. (Beijing, China) and acclimatised for one week before the experiments. The mice 
were housed in individually ventilated cage (IVC) systems under controlled environmental conditions (temperature 23°C 
± 2°C, humidity 55% ± 5%) with ad libitum access to sterilised standard rodent feed and water.

All experiments were conducted in strict accordance with the Guidelines for the Care and Use of Laboratory Animals. 
Ethical approval was obtained from the ethics committee of the Institute of Analysis and Testing, Beijing Academy of 
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Science and Technology (Approval Number: 240408-SWDWF-007). Animal welfare assessments followed the national 
standard Laboratory Animal-Guideline for Ethical Review of Animal Welfare (GB/T 35892-2018).

Mouse Subcutaneous Syngeneic Tumor Model
CT26 cells (2×10⁶) were injected into the left flank of the mice. Once the tumors reached a volume of 50 mm³, the 
mice with Syngeneic were randomly divided into one of four groups (day 0): control group, IRI group, low-dose SSD 
group, and high-dose SSD group. SSD was administered intraperitoneally every other day at doses of 4 mg/kg or 8 mg/ 
kg for 11 days. The dosage of SSD was determined based on the study by Li et al investigating SSD’s efficacy in 
alleviating Dextran Sulfate Sodium (DSS)-induced colitis.29 Irinotecan (50 mg/kg) was injected intraperitoneally from 
days 8 to 11. No treatment was given to the mice on days 12 and 13. Tumor size was assessed every other day using 
calipers, and mice were weighed with a balance. Tumor volume was calculated using the formula: volume (mm³) = 
(length × width²) / 2. On day 14, mice were euthanized, and samples of tumors and intestinal tissues were collected for 
further analysis.

Mouse Model of IRI-Induced Intestinal Mucositis
The mouse model of IRI-induced Intestinal mucositis was established based on previous studies. Mice were intraper-
itoneally injected with 50 mg/kg IRI daily for four consecutive days. Mice exhibiting Intestinal mucositis symptoms were 
randomly divided into four groups, with three mice per group. Except for the untreated control group, the IRI pre-treated 
mice received intraperitoneal injections of SSD at doses of 4 mg/kg or 8 mg/kg once daily from days 1 to 11, and were 
referred to as L-SSD and H-SSD, respectively, based on the dosage. Mice not treated with IRI were used as the blank 
control group and were administered saline in the same manner as the experimental groups. From day 8, mice were 
intraperitoneally injected with IRI for four consecutive days. Body weight, stool consistency, food intake, and water 
consumption were recorded daily. On day 14, mice were euthanised with isoflurane for further experiments.

CCK-8 Cell Viability Assay
Caco-2 cells were seeded into 96-well plates at a density of 500 cells per well and treated with SSDat varying 
concentrations of 0.5, 1, 2.5, 5, 10, 20 and 40 μM for 24 hours. Following treatment, 10 μL of CCK-8 reagent 
(TargetMol, C0005) along with 90 μL of MEM was added to each well. The plates were then incubated at 37°C for 
2 hours. Prior to measuring absorbance, the 96-well plates were gently shaken for 5 minutes. Cell viability was then 
quantitatively measured using a microplate reader set to 450 nm. All experiments were conducted in triplicate to ensure 
reliability of the results.

Oxidative Indicators
Using assay kits provided by the manufacturer, the levels of myeloperoxidase (MPO; Solarbio, BC5715), superoxide 
dismutase (SOD; Beyotime, S0101M), glutathione peroxidase (GSH-Px; Beyotime, S0057S), and malondialdehyde 
(MDA; Beyotime, S0131M) in colon tissue were assessed. These measurements served as indicators of oxidative 
stress.

The DAI Score
During the course of drug treatment, clinical observations included daily monitoring of mouse body weight, feces, and 
changes in blood in the feces.30 Scoring was conducted according to the criteria outlined in Table 1. The Disease Activity 
Index (DAI) was calculated he Disease Activity Index (DAI) was calculated using the formula: DAI= (Weight Loss 
Score+ Fecal Consistency Score+ Blood in Feces Score)/3.

The Diarrhea Score
Diarrhea scores were monitored and assessed for severity during the experimental period, as described by Kurita et al31 

and the observations were systematically recorded daily.
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H&E and Pathological Scoring
After the mice were euthanized, the colon tissue was rapidly isolated, cleaned, photographed, and its length was 
measured. A 1 cm colon segment was collected, fixed in 4% paraformaldehyde for 24 hours, embedded in paraffin, 
and sectioned into 4-μm slices for hematoxylin and eosin (H&E) staining and microscopic observation. The distal colon 
sample was similarly processed following 48-hour fixation. Pathological scoring was performed to assess inflammatory 
cell infiltration, mucosal thickening, goblet cell depletion, structural damage, and crypt loss.32

RT-qPCR
Total RNA was isolated from colon tissue using the TRIzol reagent (Tiangen, Beijing, China). Complementary DNA 
(cDNA) was synthesized with the PrimeScript RT reagent kit (Perfect Real-Time, Takara, Dalian, China). Quantitative 
PCR was conducted on an ABI StepOne+ real-time PCR system utilizing SYBR Green PCR core reagents (Takara, 
Dalian, China) with primer sequences listed in Table 2. Gene expression levels were normalized to GAPDH mRNA 
levels, and relative expression was determined using the ΔΔCt method.

Table 1 Assessment of DAI Scores

Change in Body  
Weight Loss

Stool Blood Stool Consistency Score

None None Normal 0

1–5% Occult blood Loose stool 1

5–10% Bleeding Loose stool 2
10–20% Gross bleeding Diarrhea 3

> 20% Gross bleeding Diarrhea 4

Table 2 Primer Sequences

Genes Species Primer Sequences (5′-3′)

TNF-α Mouse F: 5′-AGGCAACCACCAAGTGGAGGAG-3′ 
R: 5′-GCTGGGTTTGCTACGACGTGG-3′

TNF-α Human F: 5′-CAGAGGGAAGAGTTCCCCCAG-3′ 
R: 5′-CCTGGTTATCTCTCAGCTCCAC-3′

IL-1β Mouse F: 5′-GCAACTGTTCCTGAACTCAACT-3′ 
R: 5′-ATCTTTTGGGGTCCGTCAACT-3′

IL-1β Human F: 5′-ATGATGGCTTATTACAGTGGCAA-3′ 
R: 5′-GTCGGAGATTCGTAGCTGGA-3′

IL-6 Mouse F: 5′-GTTCTCTGGGAAATCGTGGA-3′ 
R: 5′-TGTACTCCAGGTAGCTATGG-3′

IL-6 Human F: 5′-AAATTCGGTACATCCTCGACGGCA-3′ 
R: 5′-AGTGCCTCTTTGCTGCTTTCACAC-3′

IL-10 Mouse F: 5′-GCTCTTACTGACTGGCATGAG-3′ 
R: 5′-CGCAGCTCTAGGAGCATGTG-3′

IL-10 Human F: 5′-GACTTTAAGGGTTACCTGGGTTG-3′ 
R: 5′-TCACATGCGCCTTGATGTCTG-3′

iNOS Mouse F: 5′-CAGCTGGGCTGTACAAACCTT-3′ 
R: 5′-CATTGGAAGTGAAGCGTTTCG-3′

(Continued)
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Western Blot Analysis
Colon tissue was homogenized in RIPA lysis buffer supplemented with PMSF protease inhibitors to prevent protein 
degradation. Protein concentrations were determined using a BCA protein assay kit. Subsequently, 25 micrograms of 
protein from each sample were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred onto a PVDF membrane. The membrane was incubated overnight at 4°C with primary antibodies, 
including ZO-1, E-cadherin, Occludin-1, TAK1, IκB-α, p- IκB-α, p65, p-p65 (all at a 1:1000 dilution), and GAPDH (at 
a 1:2000 dilution). Following this, the membrane was incubated with secondary antibodies at room temperature for 
1.5 hours. Protein bands were visualized using an Enhanced Chemiluminescence (ECL) system and analyzed with 
ImageJ software.

Immunohistochemistry
The colon tissue is fixed in 10% formalin and embedded in paraffin. Sections are cut at 4 micrometers thickness, 
deparaffinized, and rehydrated, followed by heating in citrate buffer for antigen retrieval. The sections are blocked with 
5% bovine serum albumin and subsequently incubated overnight at 4°C with primary antibodies (MUC-2, TAK1). 
Following this, the sections are incubated with biotinylated secondary antibodies for 30 minutes. Color development is 
performed using a DAB kit, with positive signals appearing as brown staining. Finally, the sections are counterstained 
with hematoxylin and observed under a light microscope.

Immunofluorescence
Caco-2 cells are seeded in a six-well plate containing coverslips. Once 70% confluence is reached on the coverslips, 100 
ng/mL LPS is added. After 24 hours, the coverslips are collected, fixed with 4% paraformaldehyde, permeabilized, and 
blocked for non-specific binding. The cells are incubated overnight with TAK1 antibody, followed by incubation with 
a fluorescently labeled secondary antibody. The nuclei are stained with DAPI, and the coverslips are mounted with an 
anti-fade mounting medium before being observed under a fluorescence microscope.

Statistical Analysis
All statistical analyses were performed using SPSS 20.0 software, with graphical representations created through 
GraphPad Prism 9.0. Data normality was evaluated using the Shapiro–Wilk test, and experimental results were expressed 

Table 2 (Continued). 

Genes Species Primer Sequences (5′-3′)

iNOS Human F: 5′-CCCTTCCGAAGTTTCTGGCAGCAGC-3′ 
R: 5′-GGCTGTCAGAGCCTCGTGGCTTTGG-3′

Cox-2 Mouse F: 5′-GCTGGAACATGGAATTACCC-3′ 
R: 5′-CAGTATTGAGGAGAACAGATGGG-3′

Cox-2 Human F: 5′-TGAAACCCACTCCAAACACAG-3′ 
R: 5′-TCATCAGGCACAGGAGGAAG-3′

TAK1 Mouse F: 5′-GCTGCTGCTGCTGCTGCTG-3′ 
R: 5′-GCTGCTGCTGCTGCTGCTG-3′

TAK1 Human F: 5′-GGAAGAGGAGGAGGAGGAGG-3′ 
R: 5′-CTGCTGCTGCTGCTGCTGC-3′

GAPDH Mouse F: 5′-GAGAAGGACCCGAAGAACTG-3′ 
R: 5′-CAGGCTTGTCCAGTAGGAGG-3′

GAPDH Human F: 5′-GAAGGTGAAGGTCGGAGTCA-3′ 
R: 5′-GACAAGCTTCCCGTTCTCAG-3′
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as mean ± SEM (standard error of the mean) derived from a minimum of three independent replicates. The analytical 
approach was tailored to data distribution patterns: Non-normally distributed datasets were analyzed using the Kruskal– 
Wallis nonparametric test, while normally distributed data underwent one-way ANOVA followed by Tukey’s post hoc 
multiple comparisons test when significant intergroup differences were identified (p<0.05). Statistical significance was 
defined as p<0.05 for all comparisons.

Results
SSD Enhances the Anti-Tumor Effect of IRI
As shown in Figure 1A, the chemical structure of SSD is clearly depicted. Figure 1B illustrates the administration mode 
diagram in the mouse subcutaneous syngeneic tumor model, delineating the treatment protocols for each experimental 
group. We further observed that SSD exhibited a synergistic effect with IRI in inhibiting tumor growth, with the 
combination of H-SSD and IRI showing the strongest inhibitory effect compared to IRI monotherapy (Figure 1C). 
Throughout the experiment, tumor volumes and weights in the combination treatment groups were significantly smaller 
than those in the control group (Figure 1D and E). These results demonstrate that the combined administration of SSD 
and IRI can synergistically inhibit in vivo tumor growth.

SSD Alleviates IRI-Induced Intestinal Mucositis in Mice
To evaluate the protective effects of SSD on IRI-induced intestinal mucositis, the drug administration scheme is shown in 
Figure 2A. Mice were sacrificed on day 14, and intestinal tissues were collected. The results showed that mice treated 
with IRI alone exhibited weight loss, diarrhea, and rectal bleeding. Specifically, the IRI group had significantly lower 
body weight and DAI scores compared to the control group (Figure 2B and C). Notably, in the IRI + SSD (8 mg/kg) 

Figure 1 SSD Synergizes with IRI to Suppress Tumor Growth. (A) Molecular Formula. (B) Administration Mode Diagram in Mouse Subcutaneous Syngeneic Tumor Model. 
(C) Tumor Gross Appearance. (D and E) Tumor Volume and Weight. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and n.s. = not significant (p > 
0.05), for each group (n=3).
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group, daily SSD administration at 8 mg/kg significantly alleviated these symptoms, as evidenced by increased body 
weight, reduced DAI scores (P < 0.01), and improved diarrhea scores (Figure 2D). As an indicator of inflammatory 
severity, colon length measurements revealed that the IRI group had shortened colons, whereas SSD treatment in the IRI 
+ SSD (8 mg/kg) group significantly restored colon length (Figure 2E and F). In contrast, the IRI + SSD (4 mg/kg) group 
showed no significant differences in colon length, compared to the IRI group. Thus, SSD at 8 mg/kg effectively 
alleviated IRI-induced intestinal symptoms in mice.

SSD Attenuates IRI-Induced Intestinal Epithelial Barrier Dysfunction
Pathological examination of colon tissues from healthy mice revealed normal architecture with no pathological 
alterations.29 IRI treatment induced intestinal toxicity, significantly compromising the intestinal epithelial barrier 
function, as evidenced by inflammatory cell infiltration, mucosal thickening, reduced goblet cell numbers, and 
loss of crypt structures (Figure 3A). Compared to the control group, the IRI group exhibited significantly 
elevated pathological scores (Figure 3B). Notably, SSD (8 mg/kg) treatment markedly preserved the structural 
integrity of colon tissues and effectively suppressed inflammatory cell infiltration. The pathological scores in the 
IRI + SSD (8 mg/kg) group were significantly lower than those in the IRI group. Although low-dose SSD (4 mg/ 
kg) also improved pathological features, its efficacy was inferior to that of high-dose SSD (8 mg/kg). Western 
blot analysis further demonstrated that IRI + SSD (8 mg/kg) treatment reversed the IRI-induced downregulation 
of intestinal barrier-associated proteins ZO-1, E-cadherin, and Occludin (Figure 3C). Additionally, immunohis-
tochemical analysis revealed a significant reduction in MUC-2 expression levels in the colon tissues of the IRI 
group, indicating impaired mucus secretion and compromised intestinal barrier integrity. SSD (8 mg/kg) treat-
ment effectively restored MUC-2 expression levels in the IRI + SSD (8 mg/kg) group (Figure 3D). In conclu-
sion, 8 mg/kg SSD treatment demonstrated significant protective effects against IRI-induced intestinal epithelial 
barrier damage.

Figure 2 SSD Alleviates IRI-induced intestinal mucositis in Mice. (A) Schematic Diagram of IRI-Induced Mucositis Model. (B) Weight Trend. (C) Disease Activity Index 
(DAI). (D) Diarrhea Score. (E) Colon Morphology. (F) Comparison of Colon Length. Data are presented as mean ± SD. ##p < 0.05, ###p < 0.001 vs Control group; *p < 
0.05, **p < 0.01 vs IRI group, and n.s. = not significant (p > 0.05), for each group (n=3).
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SSD Inhibits Pro-Inflammatory Cytokine Production in IRI-Induced Intestinal Mucositis 
Mice
An imbalance in the expression of pro-inflammatory and anti-inflammatory cytokines plays a critical role in the 
development and progression of colitis. To investigate the regulatory effects of SSD on IRI-induced colonic inflammation 
in mice, we compared cytokine levels with those in normal mice. The study revealed a significant elevation in pro- 
inflammatory cytokines, including IL-1β, IL-6, Cox-2, iNOS, and TNF-α. Quantitative real-time PCR (q-PCR) results 
demonstrated that IRI treatment triggered severe inflammatory responses in mouse colonic tissues. Notably, subsequent 
SSD treatment effectively reduced the elevated levels of these inflammatory cytokines. As shown in Figure 4A–F, SSD 

Figure 3 SSD Attenuates IRI-Induced Intestinal Epithelial Barrier Dysfunction. (A) Intestinal HE staining (5× Magnification and 20× Magnification). (B) Intestinal pathological 
scoring. (C) Western blot images of ZO-1, Occludin, E-Cadherin, and GAPDH. (D) MUC-2 immunohistochemistry (20× Magnification). Data are presented as mean ± SD. 
###p < 0.001 vs Control group; *p < 0.05, **p < 0.01 vs IRI group, for each group (n=3).
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exhibited substantial therapeutic effects by significantly attenuating the abnormal increases in IL-1β, IL-6, TNF-α, Cox-2, 
and iNOS in colonic tissues (p < 0.05). Additionally, Western blot analysis of iNOS and COX-2 further corroborated this 
trend (Figure 4G), indicating a pronounced anti-inflammatory effect of SSD.

SSD Enhances Antioxidant Capacity in IRI-Induced Intestinal Mucositis Mice
Given the close association between oxidative stress and inflammation, antioxidants may serve as a preventive strategy 
for inflammatory diseases.33 By analyzing the activities of glutathione peroxidase (GSH-PX), superoxide dismutase 
(SOD), and myeloperoxidase (MPO), as well as the level of malondialdehyde (MDA), we assessed the antioxidant status 
of colon tissue samples. As shown in Figure 5A and B, after IRI treatment, the activity of GSH-PX in the supernatant of 
mouse colon tissue was significantly reduced, while MDA levels increased. SSD treatment significantly reversed the 
decline in the activity of these oxidative enzymes. Additionally, SOD, a commonly used marker for evaluating neutrophil 
function and activity in inflamed tissues,34 showed significantly lower levels in the IRI-treated group compared to mice 
treated with SSD (4 mg/kg or 8 mg/kg). Furthermore, we evaluated the antioxidant effects of SSD using MPO, another 
oxidative stress marker (Figure 5C and D). Compared to control mice, IRI treatment significantly elevated MPO levels, 
whereas SSD treatment reduced the elevated MPO levels. These results indicate that SSD enhances the antioxidant 
capacity in IRI-induced intestinal mucositis.

SSD Alleviates IRI-Induced Intestinal Mucositis Mice via the TAK1/NF-kB Pathway
To further investigate the mechanism of action of SSD, we focused on the TAK1/NF-κB signaling pathway, a key 
inflammatory pathway. First, we examined the mRNA levels of TAK1 in colonic tissue to analyze the relevant regulatory 
mechanisms. As shown in Figure 6A, treatment with IRI significantly increased the mRNA levels of TAK1 compared to 
the control group, while SSD effectively reduced its expression. Western blotting and Immunohistochemistry results also 
demonstrated a similar trend (Figure 6B and C). Additionally, the statistical analysis graph for TAK1 protein expression 
has been added to (Supplementary Figure 1). As an upstream regulator of the NF-κB signaling pathway, we hypothesized 

Figure 4 SSD Inhibits Pro-inflammatory Cytokine Production in IRI-induced Intestinal Mucositis Mice (A–F) mRNA Levels of IL-1β, IL-6, TNF-α, IL-10, COX-2 and iNOS. 
(G) Protein levels of COX-2 and iNOS. Data are presented as mean ± SD. ###p < 0.001 vs Control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs IRI group, and n.s. = not 
significant (p > 0.05), for each group (n=3).
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that TAK1 may exert its anti-inflammatory effects by inhibiting the activation of NF-κB. Subsequently, we utilized 
Western blotting to detect the levels of p-p65/p65 and p-IκB-α/IκB-α, and found that the levels of p-p65 and p-IκB-α 
proteins were significantly increased in the IRI group compared to the control group. However, treatment with SSD 
significantly reduced the expression levels of these proteins (Figure 6D and G). These results indicate that SSD 
influences the activation of the NF-κB pathway by regulating TAK1 expression, thereby exerting its anti-inflammatory 
effects.

SSD Alleviates LPS-Induced Cellular Inflammation via the TAK1/NF-kB Pathway
To evaluate the anti-inflammatory effects of SSD, this study systematically investigated using a Caco-2 cell model. The 
CCK-8 assay revealed that varying concentrations of SSD (1–40 μM) exhibited no significant cytotoxicity (Figure 7A), 
leading to the selection of 2.5 μM and 5 μM for subsequent experiments. In the LPS-induced inflammatory model of 
Caco-2 cells, SSD treatment significantly suppressed the secretion of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α 
(Figure 7B–D), while upregulating the expression of anti-inflammatory cytokine IL-10 (Figure 7E). Western blot analysis 
revealed dose-dependent suppression of pro-inflammatory mediators iNOS and COX-2 protein expression by SSD 
(Figure 7F), with quantitative band intensity analysis provided in (Supplementary Figure 2). Mechanistic studies 
indicated that SSD exerts its anti-inflammatory effects by regulating the TAK1/NF-κB signaling pathway. qPCR and 
immunofluorescence results showed that SSD treatment significantly downregulated TAK1 mRNA expression 

Figure 5 3.5 SSD Enhances Antioxidant Capacity in IRI-induced Intestinal Mucositis Mice. (A–D) The activities of oxidative stress markers, including GSH-Px, MDA, SOD 
and MPO (A–D). Data are presented as mean ± SD. ###p < 0.001 vs Control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs IRI group, and n.s. = not significant (p > 0.05), for 
each group (n=3).
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Figure 6 SSD Alleviates IRI-induced Intestinal Mucositis Mice via the TAK1/NF-kB Pathway. (A) mRNA levels of TAK1. (B) Protein levels of TAK1. (C) 
Immunohistochemistry of TAK1 (20× Magnification). (D and E) Western blot analysis of the colon tissue (GAPDH, p65, p-p65). (F and G) Western blot analysis of the 
colon tissue (GAPDH, IkB-α, p-IkB-α). Data are presented as mean ± SD. ###p < 0.001 vs Control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs IRI group, and n.s. = not 
significant (p > 0.05), for each group (n=3).
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Figure 7 SSD Alleviates LPS-Induced Cellular Inflammation via the TAK1/NF-kB Pathway. (A) CCK8. (B–E) q-PCR Detection of IL-1β, IL-6, IL-10, and TNF-α Levels. (F) 
Protein levels of COX-2 and iNOS. (G and H) mRNA levels of TAK1. (H) Immunofluorescence of TAK1 molecules in Caco-2 cells (20× Magnification). (I and J) Protein 
levels and quantitative statistics of p-p65, p65, IκB-α, and p-IκB-α. Data are presented as mean ± SD. ###p < 0.001 vs Control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs 
LPS group, and n.s. = not significant (p > 0.05), for each group (n=3).
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(Figure 7G) and altered its protein localization (Figure 7H). Western blot analysis confirmed that SSD inhibited the 
phosphorylation levels of key NF-κB pathway proteins p-p65 and p-IκB-α (Figure 7I and J), consistent with in vivo 
experimental data. In conclusion, this study reveals that SSD suppresses LPS-induced inflammatory responses through 
targeted modulation of the TAK1/NF-κB signaling pathway.

Discussion
Chemotherapy-induced side effects are prevalent in clinical practice and significantly impact patients’ quality of life. 
Traditional Chinese Medicine plays a crucial role as an adjunct therapy during postoperative, radiotherapy, and 
chemotherapy periods. Various Chinese herbal medicines, such as Berberine,35 ginseng,36 and Curcumin,37 have been 
shown to have notable effects in alleviating discomfort associated with cancer. IRI treatment is often accompanied by 
severe gastrointestinal toxicity, manifested as diarrhea and rectal bleeding, which poses a significant challenge to 
patients’ chemotherapy tolerance.38 Additionally, IRI may induce enteric mucositis, leading to structural damage to 
the intestinal lining, further reducing patients’ chemotherapy tolerance and adversely affecting tumor treatment efficacy.

SSD has been reported to exhibit anti-inflammatory, antitumor, and antiviral effects in various disease models; 
however, its potential for preventing and treating IRI-induced intestinal toxicity has not been explored. Based on 
preliminary animal experiments, we confirmed the preventive and protective effects of SSD on IRI-induced intestinal 
mucositis in a mouse model. As shown in Figure 2, SSD treatment significantly reduced the incidence of intestinal 
mucositis and was accompanied by increased body weight in mice. Furthermore, the protective effects of SSD extend 
beyond alleviating intestinal mucositis, demonstrating efficacy in mitigating mucosal damage and ameliorating intestinal 
barrier dysfunction. Previous studies have indicated that IRI treatment directly compromises the integrity of the mucosal 
barrier and intestinal epithelial cells.15 In this study, administration of SSD (8 mg/kg) significantly upregulated the 
protein expression levels of Muc2, ECAD, Claudin-1, and ZO-1.

To investigate the effects of SSD on inflammatory responses, this study analyzed the mRNA expression levels of 
TNF-α, IL-6, IL-1β, and IL-10 in colon tissue. Consistent with previous findings,4,39 we observed elevated mRNA levels 
of TNF-α, IL-6, and IL-1β in the colonic tissues of IRI-induced mice. However, treatment with SSD significantly reduced 
the expression of these pro-inflammatory cytokines, including IL-1β, TNF-α, COX-2, and IL-6 (Figure 4), thereby 
alleviating the severity of mucosal inflammation and maintaining intestinal integrity. Inflammation is closely associated 
with oxidative stress, and previous studies have demonstrated that pro-inflammatory cytokines can induce oxidative 
stress by promoting reactive oxygen species (ROS) production in immune cells.40,41 Building on this evidence and our 
observed accumulation of pro-inflammatory cytokines, we hypothesize that SSD may exert therapeutic effects through 
enhancement of the body’s antioxidant capacity. The results showed that IRI treatment significantly increased oxidative 
stress markers in the colons of model mice (Figure 5). Following SSD co-intervention, GSH-Px and SOD activities were 
significantly elevated, while MDA and MOP levels markedly decreased, demonstrating SSD’s potent antioxidant 
capacity in irinotecan-induced intestinal mucositis.(The original version)

IRI treatment significantly increased oxidative stress markers in the colons of model mice, but subsequent co- 
intervention with SSD led to significant elevations in GSH-Px and SOD activities, along with marked decreases in 
MDA and MOP levels (Figure 5). This finding demonstrates SSD’s potent antioxidant capacity in irinotecan-induced 
intestinal mucositis.(The revised version)

Our findings reveal that SSD exhibits anti-inflammatory effects in LPS-induced RAW264.7 cells, primarily through 
the inhibition of NF-kB activation and the subsequent production of pro-inflammatory cytokines.42 LPS stimulation leads 
to the phosphorylation of IkB-α, which facilitates the translocation of NF-kB from the cytoplasm to the nucleus, thereby 
activating the NF-kB signaling pathway. Notably, NF-kB is recognized as a central component of the inflammatory 
response. Abnormal activation of NF-kB triggers inflammatory responses, leading to an imbalance between pro- 
inflammatory and anti-inflammatory cytokines.43 This imbalance is characterized by an increase in the release of pro- 
inflammatory cytokines such as TNF-α, IL-1β, and IL-6, while the secretion of IL-10 is suppressed. In this study, 
consistent changes in these cytokines were observed in IRI-induced mice. Therefore, targeting the NF-kB pathway is 
particularly used in the treatment of inflammation-related enteritis, especially chemotherapy-induced enteritis. 
Interestingly, the findings of this study reveal that treatment with 8 mg/kg SSD effectively inhibits NF-kB pathway 
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activation by reducing the levels of p-IkB-α protein in the colons of mice. The activation of NF-kB and its associated 
pathways is triggered by various pro-inflammatory cytokines, which further exacerbate the inflammatory response, 
a phenomenon that has been extensively documented in the literature.44 However, research on TAK1 in the context of 
chemotherapy-induced intestinal toxicity remains limited. TAK1, a serine/threonine kinase, serves as a crucial upstream 
regulator of multiple inflammation-related signaling pathways. Previous studies have identified TAK1 as a promising 
therapeutic target for ulcerative colitis (UC).45 TAK1 inhibitors have been shown to effectively suppress downstream 
inflammation-related signaling pathways, thereby downregulating the expression of inflammatory mediators and extra-
cellular matrix components.46

This study demonstrates that SSD may exert its anti-inflammatory and mucosal protective effects through modulation 
of the TAK1/NF-κB signaling pathway, providing an important theoretical foundation for developing novel therapeutic 
strategies for intestinal inflammation. Notably, SSD exhibits a dose-dependent safety profile (8 mg/kg) while improving 
intestinal barrier function, suggesting its potential for clinical translation, particularly in the prevention and treatment of 
mucosal barrier injury-related diseases such as chemotherapy-induced enteritis and inflammatory bowel disease (IBD). 
However, this study has certain limitations: First, the experimental data were derived solely from murine models, lacking 
validation with human tissue samples; second, the long-term toxicity of SSD and its pharmacokinetic profile in complex 
pathological microenvironments require systematic evaluation. Future research should focus on establishing humanized 
organoid models to validate cross-species mechanistic consistency and exploring synergistic effects between SSD and 
other mucosal repair therapies, thereby accelerating clinical translation.

Conclusion
This study demonstrated through a syngeneic transplanted tumor mouse model that the combined application of SSD and 
IRI synergistically inhibits colorectal tumor growth. Notably, SSD significantly alleviated IRI-induced intestinal muco-
sitis, with its mechanism involving the protection of both structural integrity and functional maintenance of the intestinal 
epithelial mucosal barrier. Specifically, SSD exerted anti-inflammatory and antioxidant effects by targeting the TAK1/ 
NF-κB signaling pathway. In vitro experiments further revealed that SSD markedly reduced the expression of inflam-
matory factors in LPS-induced Caco-2 cells through blocking the activation of the TAK1/NF-κB pathway. These findings 
highlight the clinical translational value of SSD in preventing and treating chemotherapy-associated intestinal toxicity. 
Future clinical trials are warranted to validate its efficacy and safety, thereby facilitating its translational application as an 
adjuvant therapy in cancer chemotherapy.
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