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ABSTRACT: Mesona chinensis Benth is a traditional medicinal and edible plant commonly used in China. Previous 

studies have found that Mesona chinensis Benth polysaccharide (MBP) can exhibit anti-inflammatory and antioxidant 

activities, also alleviate colitis development in mice. To further investigate the effects of MBP on intestinal cell and 

intestinal barrier, dextran sodium sulfate (DSS)-induced inflammation models in Caco-2 cells were constructed. Our 

investigation results showed that DSS induced strong cytotoxicity on Caco-2 cells, while MBP intervention enhanced 

cell viability and alleviated cell damage through inhibiting lactate dehydrogenase (LDH) production. Moreover, DSS 

induced a dysregulated oxidative stress state, which can be ameliorated by MBP intervention through enhancing 

superoxide dismutase (SOD) activity, decreasing reactive oxygen species (ROS) content and reducing the secretion of 

inflammatory factors such as tumour necrosis factor-α (TNF-α) and interleukin 6 (IL-6), as well as decreasing the 

expression of cyclooxygenase (COX-2) protein. Additionally, MBP can ameliorate cell cycle arrest and attenuate 

apoptosis which was caused by DSS via the Caspase-3/Bcl-2/Bax pathway. Furthermore, MBP intervention could 

maintain the integrity and stability of Caco-2 monolayer cell, which was indicated by fall of fluorescent yellow 

permeability, rise of trans-epithelial electrical resistance (TEER) value and expression content of tight junction 

proteins (TJs) such as ZO-1, Occludin, and Claudin. These findings suggested that MBP may be developed as an 

intestinal protective agent, which will expand the application range and value of Mesona chinensis Benth. 

Keywords：Mesona chinensis Benth polysaccharide; Intestinal injury; Caco-2 monolayer model; anti-inflammatory; 

antioxidant 

1. Introduction

The intestinal epithelium is the largest and most important single-cell barrier, separating the lamina 

propria from the external environment. It serves as the first defence line of the mucosal immune system, 

regulating the passage of solutes and antigens [1-2]. On one hand, it allows the entry of necessary nutrients 

into the organism’s internal circulation, on the other hand, effectively prevents the passage of foreign 

harmful substances, such as antigens and biotoxins. Impaired intestinal barrier function is associated with 

the development of ulcerative colitis (UC). Studies have shown that dysfunction of the intestinal barrier will 
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result in invasion of the intestinal luminal antigens into lamina propria, thus it is an important factor 

promoting the development of intestinal inflammation. Therefore, protecting the intestinal barrier can help 

mitigate the progression of colitis [3-5].  

Mesona chinensis Benth, also known as the Hsian-tsao, has a long history of use in China for both 

edible and medicinal purposes. In recent years, extensive research has been conducted on the functional 

active components and biological activities of Mesona chinensis Benth. Its mainly active ingredients, such as 

polysaccharides, flavonoids, terpenes and phenols, exhibit biological activities such as antioxidant, 

hypoglycemic, hypolipidemic, hypotensive, antiviral and anti-hypoxia properties. Mesona chinensis Benth 

polysaccharide (MBP), as the main ingredient of water-soluble extracts, has shown many potential activities. 

Previous studies found that MBP exerts protective effects in vitro against oxidative imbalance and 

inflammatory states in RAW264.7 cells and regulatory effects in L02 cells [6-7]. Furthermore, MBP has 

demonstrated significant anti-inflammatory effects on ulcerative colitis induced by DSS in mouse through 

the TLR4/MAPK/NF-κB signaling pathways, along with the regulation of intestinal microbiota [8-10].  

In vivo the effect of MBP on UC was studied on mouse, which is far from human in genetic 

relationship. In order to comprehensively understand the underlying regulatory mechanisms of MBP on 

human ulcerative colitis, in this study, DSS-induced Caco-2 cell injury models were constructed to 

systematically investigate the protective effects of MBP for oxidative stress and cell apoptosis on intestinal 

cells. Caco-2 monolayer cell models can simulate the complex anatomy of the intestine and realistically 

reflect the damage and repair of the intestinal barrier, which is highly advantageous for the dynamic study of 

colitis [11-12].  

2. Materials and methods 

2.1 Plant materials 

Mesona chinensis Benth was purchased from Ganzhou City, Jiangxi Province. Following the laboratory 

procedure [13-14], the powder of Mesona chinensis Benth was dissolved in ultrapure water and stirred at 100℃ 

for 2 h, then collected and immersed in 80% (v/v) ethanol and steeped overnight. After three rounds of 

deproteinization and dialysis of the leachate, the precipitated extract was lyophilized to obtain MBP. MBP has 

a molecular weight of 157 kDa and is composed of glucose, xylose, galactose and galacturonic acid in a molar 

ratio of 1.49:2.54:0.68:6.33. Additionally, the content percentages of total sugar uronic acid and protein in 

MBP were 39.01%, 29.30% and 27.52%, respectively. MBP has α-(1→4)-galacturonic acid backbone [6]. 

2.2 Establishment of cellular models 

The human epithelial cell line Caco-2 cell was purchased from National Collection of Authenticated 

Cell Cultures, Caco-2 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Solarbio, 

Beijing, China) with 10% fetal bovine serum (FBS; Biological Industries, Israel). The concentrations of 

MBP and DSS were determined in pre-experiment. Caco-2 cells in the logarithmic growth phase were 

inoculated at a density of 2×105 cells/mL with 100 μL per well in 96-well plates and incubated for 24 h. 
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Following this, for MBP group, the cells were treated with different concentrations of MBP (40, 80, 160, 

320 μg/mL) and further incubated for 24 h. For the negative control (NC) and model control (MC) groups, 

cells were incubated with normal medium for the same duration. The following day, 4% DSS was added to 

all groups except NC and incubated for an additional 24 h. After the medium was changed, the optical 

density (OD) values at 450 nm were measured using cell counting kit-8 (CCK8; Dojindo Molecular 

Technologies, Inc., Kumamoto, Japan) assay to calculate the cell viability rate for each group as described in 

the reference [15]. 

2.3 Extracellular LDH content and cytokine release in Caco-2 cells  

The pre-treatment of cells was conducted as described in section 2.2. Subsequently, medium 

supernatant from each group were collected and transferred into 96-well plate. To each well of a 96-well 

plate, 50 μL of the LDH assay reagent (Promega, America) were added. The plate was then incubated at 

room temperature for 1 h. The luminescence signals were measured using a multifunctional microplate 

reader, and LDH concentrations for each group were calculated accordingly. Following the identical cell 

treatment procedure, cytokine in the medium was detected with TNF-α and IL-6 assay kits (Boster 

Biological Technology, Wuhan, China). 

2.4 Determination of SOD activity in Caco-2 cells  

Cells in the logarithmic growth phase were inoculated at a density of 2×105 cells/mL, with 2 mL per 

well in 6-well plates, and incubated for 24 h. Subsequently, MBP of different concentrations (40, 80, 160, 

320 μg/mL) were added and the incubation continued for additional 24 h. Each group had three replicate 

wells. Following the MBP treatment, the cells were exposed to 4% DSS and incubated for another 24 h. At 

the end of the incubation, the cells were washed twice with PBS buffer. IP cell lysis buffer (containing 1% 

protease inhibitor PMSF) was added and the cells were allowed to stand on ice for 10-15 min. The lysed 

cells were collected by centrifugation at 4℃ and 10000 r/min for 5 min. The supernatant was collected and 

SOD activity was determined with SOD assay kit (Beyotime Biotechnology, Shanghai, China), following the 

manufacturer's instructions. The protein content of the cell supernatant was measured using a bicinchoninic 

acid assay (BCA; Beyotime Biotechnology, Shanghai, China) kit. The final results were expressed as units 

of SOD activity per milligram of protein. 

2.5 Determination of apoptotic state and cell cycle of Caco-2 cells  

Following the same pre-treatment as described in section 2.4, the cells were digested with trypsin 

(without EDTA) and collected by centrifugation, the cells were then washed 3 times with pre-cooled PBS 

buffer. Thereafter, 5 μl Annexin V-FITC and 10 μl PI in Annexin V-FITC/PI Apoptosis Kit (Multi 

Sciences, Hangzhou, China) were added sequentially to the cell suspension. The mixture was gently 

vortexed and then incubated for 5 min at room temperature in the dark. After incubation, the cells were 

analysed using a flow cytometer. 
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After cells were collected with the same treatment as described above, 1 mL of DNA Staining solution 

and 10 μl of permeabilization solution in Cell Cycle Staining Kit (Multi Sciences, Hangzhou, China) 

were added into each sample and thoroughly mixed, then incubated at room temperature in the dark for 30 

min. Thereafter, the samples were analysed on flow cytometer to determine DNA content. 

2.6 Intracellular ROS levels in Caco-2 cells  

Following the same procedure as described in section 2.5, 1 mL of DMEM medium (containing 10 

mmol/L DCFH-DA) was added to the cell pellet and mixed well. The cells were then incubated for 30 min 

avoid from light. After the incubation, the intracellular fluorescence intensity was immediately measured on 

flow cytometry (BD Biosciences, C6 Plus, USA) under dark conditions. The flow cytograms of each group 

were recorded to analyse the relative levels of ROS within the cells. 

2.7 Western blotting 

The methodology followed is as described in the reference [16]. Briefly, after the cells were treated 

according to the procedure outlined in section 2.4, they were washed 3 times with pre-cooled PBS buffer. 

Subsequently, IP lysis buffer (1:20) containing 1 mmol/L PMSF was added, after incubation, samples were 

separated by SDS-PAGE and then transferred onto a PVDF membrane. The membrane was blocked with 

5% BSA and then sequentially incubated with the appropriate primary antibody and corresponding 

HRP-conjugated secondary antibodies. After the final incubation, the ECL substrate solution was added to 

the membrane, and the target protein bands were exposed in a gel imaging system, and the protein content 

was analysed by Quantitative One software. IP lysis buffer, PMSF, and ECL substrate solution were 

purchased from Beyotime Biotechnology, Inc., HRP-conjugated secondary antibodies were purchased from 

Cell Signaling Technology, Inc. (America). 

2.8 Caco-2 monolayer cell model 

The previous method was referred to and slightly modified [16-17]. Caco-2 cells in the logarithmic 

growth phase were seeded in 12-well transwell plates (Corning) at a cell density of 3×105 cells/mL. For each 

well, 0.5 mL of the cell suspension was added to the Apical (AP) side of the incubation chambers, while 1.5 

mL of medium was added to the outer Basolate ral (BL) side. The medium was replenished every 48 h 

during the first week, after which it was changed daily.  

2.8.1 Establishment of Caco-2 monolayer cell model 

The methodology was referred to with minor modifications [18]. Prior to use, the electrodes should be 

submerged in 75% alcohol for 15 min and then washed with PBS and culture medium sequentially. For the 

measurement, the longer section of the electrode was immersed in the BL side of the chamber, while the 

shorter end was inserted vertically into the AP side. Once the resistance reading stabilizes, the value is 

recorded. TEER was monitored using a cell transmembrane resistance meter (Millicell ERS-2, Merck, 

America) every 2 days during the initial 2 weeks, and then the TEER value was measured daily. After 21 

days of cell growth, the TEER value was stabilized at 600-800 Ω•cm2 for three consecutive days indicated a 
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well-developed monolayer was formed. On the 22nd day, the impact of different concentrations of MBP on 

the reduction of cell resistance values, induced by DSS, was assessed. 

2.8.2 Fluorescent yellow penetration 

After cultured for 21 days, the Caco-2 monolayer cell model was treated following the procedures 

outlined in section 2.2. The culture medium was aspirated, and the cells were washed three times with 

HBSS. After the final wash, 1.5 mL HBSS was added to the AP side, and 2.6 mL HBSS was added to the 

BL side. The cells were equilibrated in an incubator for 30 min. Subsequently, 0.5 mL of fluorescent yellow 

solution at a concentration of 0.4 mg/mL was added to the equilibrated AP side. 1.5 mL HBSS was added to 

the BL side, and the cells were incubated for 100 min. At 20-min intervals, 100 μL of samples were 

aspirated from the BL side and an equal volume of HBSS was replenished. The fluorescent intensity of all 

samples was measured at an excitation wavelength of 492 nm using Multiskan FC  microplate reader 

(Thermo, America). To generate a standard curve, fluorescent yellow solutions at concentrations of 0.015, 

0.02, 0.04, 0.06 and 0.08 mg/mL were prepared in HBSS buffer. The absorbance values of the solutions 

were measured at 492 nm using a microplate reader. A standard curve was plotted with fluorescent yellow 

concentration on the horizontal axis and OD value on the vertical axis. The permeability of the fluorescent 

yellow was calculated using the following equation. 

𝑃𝑎𝑝𝑝 ൌ
dQ

dt ൈ A ൈ C଴
 

Where Papp is the apparent permeability coefficient (cm/s), dQ/dt is the rate of fluorescent yellow 

transportation during the study period (mg/s), A is the effective growth area of cells (cm2), and C0 is the 

primary concentration of the fluorescent yellow (mg/mL). 

2.8.3 Detection of TJs protein  

Proteins were extracted from transwell plates following the procedure detailed in section 2.8 and TJs 

proteins (ZO-1, Occludin, Claudin) were detected using western blotting. 

2.9 Statistical analysis 

Data is presented as mean ± standard deviation (SD) with a minimum of three independent measurements 

taken for each sample. Graphs were plotted using Graphpad Prism software, and data were analysed by 

one-way analysis of variance (ANOVA) with IBM SPSS Statistics 21.0 to detect differences between groups. 

P < 0.05 and P < 0.01 indicate significant and highly significant differences, respectively.  

3. Results 

3.1 MBP mitigated the viability reduction of DSS-induced Caco-2 cells  

Effects of four concentrations of MBP (40, 80, 160, and 320 μg/mL) on cell viability were presented in 

Fig. 1A. Both in NC and MC groups, the cell viability was significantly lower without MBP treated compared 

with the four concentrations of MBP. Specifically, in NC group, MBP at a concentration of 320 μg/mL 

enhanced the cell viability by 37.27%. In the MC group, DSS induced significant cell viability reduction for 
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cell without MBP pre-incubation, the treatment of MBP mitigated the reduction. Notably, at a concentration of 

320 μg/mL, MBP significantly improved cell survival by 83.47%. 

 
Fig. 1. Toxicity test of MBP and it exhibited protected effect in DSS-induced injury Caco-2 cells. (A) cell viability, (B, C) 

LDH contents, (D)TNF-α, and (E) IL-6. P < 0.01**, compared with MC group. 

3.2 MBP reduced LDH release from DSS-induced Caco-2 cells 

LDH is a stable cytoplasmic enzyme, when the cell are damaged, it will rapidly release from the 

cytoplasm membrane, thus it is used as a biomarker in cytotoxicity [19]. There was no significant change in the 

extracellular LDH content of Caco-2 cells exposed to various concentrations of MBP (Fig. 1B), indicating that 

MBP did not exert toxic effects on Caco-2 cells. Furthermore, Caco-2 cells treated with DSS (Fig. 1C) 

exhibited a significant increase in extracellular LDH content (187%) compared to the normal group. However, 

the addition of MBP at different concentrations significantly reduced the extracellular LDH content (P < 0.01) 

relative to MC group without MBP treatment. This reduction rates of LDH release increased with the 

concentrations of MBP, indicating a protective effect of MBP against DSS-induced cytotoxicity. 

3.3 MBP reduced cytokine release from DSS-induced Caco-2  

Polysaccharide treatment has been reported to inhibit the expression of inflammatory cytokines, 

including TNF-α and IL-6 [20]. After treated with DSS (Fig. 1D and E), the secretion of TNF-α and IL-6 by 

Caco-2 cells was significantly higher in comparison with that of the NC group (P < 0.01). In contrast, the 
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secretion of these cytokines was significantly reduced with pre-treatment of MBP at concentrations of 160, 

320 μg/mL, with reduction rate of 48%-55% for TNF-α and 25%-29% for IL-6, respectively (P < 0.01). 

3.4 MBP elevated SOD activity in DSS-induced Caco-2 

SOD is a common class of antioxidant enzymes that plays a crucial role in maintaining the cellular redox 

homeostasis by removing excess oxygen free radicals [21]. In our study, SOD activity was significantly reduced 

in the MC group compared to the NC group (P < 0.05) (Fig. 2A). Upon incubation with high concentrations of 

MBP (160, 320 μg/mL), SOD activity was significantly elevated by 64% and 91%, respectively (P < 0.01), in 

comparison to the MC group. This indicates that MBP has the potential to enhance antioxidant activity in cells 

under oxidative stress. 

 
Fig. 2. Effect of MBP on the level of oxidative stress factors in DSS-induced injury Caco-2 cells. (A) SOD and (B, C) ROS. 

n = 3, P < 0.05*, P < 0.01**, compared with MC group. 

3.5 MBP reduced ROS levels in Caco-2 cells induced by DSS 

ROS are essential for normal cell physiological functions and serve as by-products of cellular 

metabolism. They are typically maintained in a stable dynamic equilibrium. However, an excessive 

accumulation of ROS can trigger cell death processes, such as apoptosis or autophagy [22-23]. Fig. 2B and C 
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illustrated the effect of various concentrations of MBP on ROS levels in Caco-2 cells induced with DSS. 

Compared to the NC group, ROS levels in the MC group were significantly higher (P < 0.01), indicating a 

disruption in oxidative state following DSS treatment. In contrast, the addition of MBP at concentrations 

ranging from 80 to 320 μg/mL significantly reduced intracellular ROS content, with highly significant 

reductions of 14%-17%. 

3.6 MBP mitigated Apoptotic status in DSS-induced Caco-2 cells 

Apoptosis is a highly regulated form of cell death and implicated in various pathologies. It can be 

triggered by an overproduction of ROS [24]. Our results indicate that DSS treatment significantly induces 

apoptosis, predominantly in the form of late apoptosis, as indicated by the upper right region in Fig. 3A. 

The apoptotic effect of DSS was substantially mitigated by treatment with different concentrations of MBP. 

Specifically, the apoptotic rate was reduced by 4%-50% when compared to the MC group (Fig. 3C), 

demonstrating a dose-dependent attenuation of apoptosis, which was similar to the trend of ROS results. 
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Fig. 3. Effects of MBP on the apoptosis in DSS-induced injury Caco-2 cells. (A) apoptotic state, (B) cell cycle, and (C) the 

ratio of each cycle. n = 3, P < 0.01**, compared with MC group. 

3.7 MBP reduced cell ratios at G0/G1 phase in DSS-induced Caco-2 cell 

The fluorescence intensity of PI directly reflects the DNA content in the cell after it binds to DNA, 

allowing for the differentiation of cells at various stages of the cell cycle [25-26]. In our study, compared to the 

NC group, where 30.41% of cells were in the G0/G1 phase, DSS treatment significantly increased this 

proportion to 53.74%. Concurrently, the number of cells in the S and G2/M phases decreased, indicating that 

DSS treatment blocked the progression of cells in the G0/G1 phase (Fig. 3B and D). Following MBP 

treatment, the ratio of cells in the G0/G1 phase was reduced obviously at a concentration of 320 μg/mL (P < 

0.01). 

3.8 Expression of related proteins 

The impact of MBP on the ratios of cleaved-caspase3/caspase3 and B-cell lymphoma-2 (Bcl-2)/Bax, as 

well as the expression of COX-2, Occludin and Claudin proteins in DSS-induced Caco-2 cells were 

investigated (Fig. 4). Compared to the MC group, MBP treatment significantly reduced the 

cleaved-caspase3/caspase3 ratio and COX-2 protein levels (P < 0.01) (Fig. 4A). In contrast, the Bcl-2/Bax 

ratio and the levels of Occludin and Claudin proteins were significantly higher in the MBP pretreatment group 

(Fig. 4B). MBP treatment effectively inhibited the overactivation of caspase3 and the overexpression of 

COX-2 protein, restored the Bcl-2/Bax ratio, and increased the expression of Occludin and Claudin, which are 

important for maintaining cell integrity. Compared to the MC group, MBP treatment at 320 μg/mL 

significantly reduced the cleaved-caspase3 to caspase3 ratio and COX protein expression (P < 0.01) by 61.9% 

and 35.4%, respectively. MBP treatment at 160 μg/mL significantly increased Bcl-2/Bax ratio and Claudin 

protein expression by 4.3-fold and 3.5-fold, respectively, compared to the MC group (P < 0.01). 
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Figure 4. Effect of MBP on the protein expression of Cleaved-caspase3, caspase3, Bcl-2, Bax, COX-2, Occludin and 

Claudin in DSS-induced injury Caco-2 cells (A-E). n = 3, P < 0.01**, compared with MC group. 

3.9 MBP reversed reduction of transmembrane resistance value on DSS-induced Caco-2 monolayer cell 

model 

TEER value is a key indicator of the tightness and integrity of a monolayer cell model, with higher values 

suggesting tighter cell connections [27]. Our findings indicate that MBP incubation did not affect the 

resistance values, suggesting that it did not impair the densification of the monolayer model (Fig. 5A). In 

contrast, the addition of DSS led to a decrease resistance values across all groups. Notably, pre-treatment with 

MBP significantly reversed the decrease in resistance (P < 0.01). 

3.10 MBP reduced fluorescent yellow permeation in DSS-induced Caco-2 cells 
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Our results demonstrated that the fluorescence yellow permeability of the MC group was significantly 

higher than that of the other groups (Fig. 5B). After 100 min of incubation of fluorescent yellow, the Papp 

value of MC group is substantially higher than the normal range, while the Papp values of other groups 

remained within the normal range (Fig. 5C). These findings indicate that the integrity of the monolayer cell 

model was significantly impaired after DSS treatment. However, this impairment was notably mitigated 

following incubation with MBP at four different concentrations (P < 0.01), suggesting that MBP could 

protect and restore the barrier function of the cell monolayer. 

 
Fig. 5. Effect of MBP on Cell membrane resistance (A), fluorescent yellow permeability (B), and the Papp value of 

fluorescent yellow (C) at 100 min of incubation. P < 0.01**, compared with MC group. 

3.11 Expression of TJs protein 

The expression of three TJs proteins (ZO-1, Occludin, Claudin) was found to be decreased after DSS 

injury when compared to the NC group (Fig. 6A and B). However, after pretreated with MBP, the expression 

of the three proteins was significantly restored. The group pretreated with MBP at a concentration of 320 

μg/mL showed a significant increase in the expression of ZO-1, Occludin, and Claudin proteins by 163%, 

207%, and 182%, respectively, compared to the MC group (P < 0.01). 

 
Fig. 6. Effects of MBP on DSS-induced TJs protein expression in Caco-2 monolayer cells. n = 3, P < 0.01**, 

compared with the MC group. 
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4. Discussion 

Under stressful or pathological conditions, the balance of the intestinal can be disrupted, thus forming an 

aerobic and inflammatory environment by producing oxygen and pro-inflammatory cytokine [28]. Intestinal 

oxidative and inflammatory stress can destroy the epithelial barrier, affecting nutrients digestion and 

absorption, which can cause a variety of harmful diseases [29]. Therefore, the stabilization of the intestine state 

is crucial for the maintenance of host health. Although some naturally derived polysaccharides possess 

antioxidant, anti-apoptotic and anti-inflammatory capacity [30-32], it is not completely clear regarding their 

potential mechanisms.  

Caco-2 cells are usually used as a model for intestinal epithelial cells, which can mimic a similar physical 

function of normal intestinal cells in vitro [12]. In this study, the capacity of MBP to mitigate the damage 

induced by DSS and its underlying mechanism on Caco-2 cells were investigated. The results of cell viability 

and LDH indicated that exposure to MBP did not exert any toxic effects on Caco-2 cells. In published 

research, excessive production of ROS disrupts cellular defences, leading to oxidative stress and irreversible 

mitochondrial damage, which are pivotal in the pathogenesis of intestinal inflammation [22]. MBP of 80, 160, 

320 μg/mL significantly mitigated the DSS-induced elevation of intracellular ROS levels through enhancing 

the activity of the antioxidant enzyme SOD. Excessive oxidative stress initiates an inflammatory response, 

with pro-inflammatory cytokines such as TNF-α and other chemokines playing a significant role in mediating 

the inflammatory response in Caco-2 cells [19]. Consistent with anticipated outcomes, except for the group 

treated with 40 μg/mL of MBP, the levels of TNF-α and IL-6 was lower in the groups treated with MBP 

(80-320 μg/mL), relative to MC group.  

Pro-inflammatory cytokines, produced by cells in inflammatory state, induce the expression of a class of 

membrane-bound proteins, including COX-2, and elevated COX-2 further induces apoptosis, which is 

involved in a variety of pathophysiological processes [33]. The expression of COX-2 protein in cells after MBP 

treatment was significantly reduced when compared to the MC group. The most pronounced effect was 

observed at high doses of MBP, in accord with the outcomes of the cell viability and toxicity assay. These 

findings suggest that restoration of cellular oxidative stress balance is a key mechanism by which MBP 

mitigates DSS-induced cytotoxicity. 

Excessive oxidative stress can induce DNA damage and trigger apoptosis, a process that is a key target 

for many bioactive compounds [34-35]. Our results indicate that MBP is involved in programmed cell death and 

reduces apoptosis in Caco-2 cells following DSS treatment. Specifically, pretreatment with 320 μg/mL of 

MBP significantly decreased the proportion of cells in G0/G1 phase, bringing it closer to the levels observed 

in the NC group. This suggested that MBP might restore the normal growth cycle of Caco-2 cells. Caspases, a 

family of cysteine-containing aspartate-specific proteases, play a critical role in the apoptosis. Among them, 

Caspase-3 is cleaved and activated to generate Cleaved-caspase-3, which is a key effector of apoptosis [30]. In 

addition, the Bcl-2 family of proteins, which includes both anti-apoptotic (Bcl-2) and pro-apoptotic proteins 

(Bax), is crucial during apoptosis. Western Blot experiments revealed that DSS induced activation of 
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caspase-3 proteins in Caco-2 cells, but this activation was mitigated by MBP pre-treatment. The ratio of 

cleaved-caspase-3 was significantly reduced, while the ratio of Bcl-2 to Bax protein was significantly 

increased. In summary, these findings suggest that MBP ameliorated DSS-induced growth cycle arrest and 

attenuated apoptotic state in Caco-2 cells, potentially through modulation of the Caspase-3/Bcl-2/Bax 

signalling pathway. 

In addition, the expression of TJs protein in Caco-2 cell was assessed to examine the integrity of tight 

junctions between cells. Tight junction proteins play important role in maintaining the stability and integrity 

of intestinal barrier. Claudins form the characteristic tight junction strands and create paracellular channels, 

ZO-1 and occludin regulate epithelial apoptosis and proliferation, facilitate viral entry, and organize 

specialized epithelial structures [36-37]. The results indicated that 80-320 μg/mL of MBP significantly increased 

the expression of Claudin protein in DSS-induced Caco-2 cells. However, no significant change was observed 

in Occludin protein expression. To further investigate the effects of MBP and DSS on intestinal epithelial cell 

barrier integrity, TEER, fluorescent yellow permeability and TJs protein expression in Caco-2 cell monolayer 

model was tested. DSS treatment has been shown to damage intestinal cells and increase intestinal 

permeability [38-39]. Polysaccharide from Poria cocos (PCP) improves intestinal barrier function by increasing 

the expression of Wnt/β-Catenin and Lrp5 proteins, and modulates intestinal barrier function by altering the 

microbial composition of the gut [40]. Peach gum polysaccharide alleviates pneumonia by restoring the 

integrity of the intestinal barrier, increasing the production of short-chain fatty acids (SCFAs), reducing the 

inflammatory response and oxidative stress [41].  Dendrobium officinale oligosaccharides modulate the gut 

microbiota structure and increased the secretion of SCFAs to maintain intestinal homeostasis in colitis mice 
[42].  In addition, Artemisia argyi polysaccharides also increased the content of SCFAs, alleviated intestinal 

inflammation and intestinal flora dysbiosis in LPS-treated mice by regulating intestinal flora [43]. 

In this study, DSS treatment induced decreased TEER values, increased monolayer permeability, and 

reduced expression of three types of TJs proteins (ZO-1, Occludin and Claudin). However, pretreatment with 

MBP significantly stabilized the TEER value, enhanced intercellular tightness to prevent the permeability of 

fluorescent yellow, and significantly promoted the expression of TJs protein. Thus, the results suggest that 

MBP had the potential to ameliorate DSS-induced damage to Caco-2 cell in vitro by maintaining barrier 

integrity and modulating TJ protein expression.  

5. Conclusions 

In the present study, we demonstrated that DSS has a significant toxic effect on Caco-2 cells, manifested 

as dysregulated oxidative stress state and cell apoptosis, damaged intestinal barrier function and integrity, the 

mechanism was revealed as reducing SOD activity and the expression of TJ-related proteins, including ZO-1, 

occluding and claudin, increasing release of inflammatory factors such as TNF-α and IL-6, as well as 

increasing the expression of COX-2 protein. MBP exhibited the protection effect on DSS-induced Caco-2 

cells by improving the cell viability and alleviating the oxidative stress and inflammatory state induced by 

DSS. Furthermore, MBP mitigated DSS-induced apoptosis in Caco-2 cells via the Caspase-3/Bcl-2/Bax 
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pathway and maintained the integrity and stability of Caco-2 monolayer cell through upregulating expression 

of TJs proteins. Our findings suggest that the protective effects of MBP on DSS-induced damage in human 

Caco-2 cells may be attributed to its ability of improving intestinal barrier integrity, antioxidant activity and 

anti-inflammatory effect. This study could improve the understanding about the potential mechanisms of 

MBP protection against DSS-induced toxic effect on Caco-2 cell, and highlight the potential of MBP as a 

therapeutic agent for the treatment of ulcerative colitis. 
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