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Abstract
BACKGROUND
Ulcerative colitis is a chronic inflammatory disease of the colon with an unknown etiology. Alkaline sphingomyelinase (alk-SMase) is specifically expressed by intestinal epithelial cells, and has been reported to play an anti-inflammatory role. However, the underlying mechanism is still unclear.

AIM
To explore the mechanism of alk-SMase anti-inflammatory effects on intestinal barrier function and oxidative stress in dextran sulfate sodium (DSS)-induced colitis.

METHODS
[bookmark: _Hlk157154135][bookmark: _Hlk157154721]Mice were administered 3% DSS drinking water, and disease activity index was determined to evaluate the status of colitis. Intestinal permeability was evaluated by gavage administration of fluorescein isothiocyanate dextran, and bacterial translocation was evaluated by measuring serum lipopolysaccharide. Intestinal epithelial cell ultrastructure was observed by electron microscopy. Western blotting and quantitative real-time reverse transcription-polymerase chain reaction were used to detect the expression of intestinal barrier proteins and mRNA, respectively. Serum oxidant and antioxidant marker levels were analyzed using commercial kits to assess oxidative stress levels.

RESULTS
[bookmark: _Hlk157155109][bookmark: _Hlk157155136][bookmark: _Hlk157155295][bookmark: _Hlk157155571]Compared to wild-type (WT) mice, inflammation and intestinal permeability in alk-SMase knockout (KO) mice were more severe beginning 4 d after DSS induction. The mRNA and protein levels of intestinal barrier proteins, including zonula occludens-1, occludin, claudin-3, claudin-5, claudin-8, mucin 2, and secretory immunoglobulin A, were significantly reduced on 4 d after DSS treatment. Ultrastructural observations revealed progressive damage to the tight junctions of intestinal epithelial cells. Furthermore, by day 4, mitochondria appeared swollen and degenerated. Additionally, compared to WT mice, serum malondialdehyde levels in KO mice were higher, and the antioxidant capacity was significantly lower. The expression of the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) in the colonic mucosal tissue of KO mice was significantly decreased after DSS treatment. mRNA levels of Nrf2-regulated downstream antioxidant enzymes were also decreased. Finally, colitis in KO mice could be effectively relieved by the injection of tertiary butylhydroquinone, which is an Nrf2 activator.

CONCLUSION
Alk-SMase regulates the stability of the intestinal mucosal barrier and enhances antioxidant activity through the Nrf2 signaling pathway.

Key Words: Alkaline sphingomyelinase; Intestinal mucosal barrier; Antioxidant capacity; Dextran sulfate sodium-induced colitis; nuclear factor erythroid 2-related factor 2

Tian Y, Li X, Wang X, Pei ST, Pan HX, Cheng YQ, Li YC, Cao WT, Petersen JDD, Zhang P. Alkaline sphingomyelinase deficiency impairs intestinal mucosal barrier integrity and reduces antioxidant capacity in dextran sulfate sodium-induced colitis. World J Gastroenterol 2024; In press

Core Tip: The protective effect of alkaline sphingomyelinase (alk-SMase) against intestinal inflammation has been demonstrated, but the underlying molecular mechanism remains unclear. In the present study, we found that alk-SMase deficiency exacerbated damage to the intestinal mucosal barrier in dextran sulfate sodium-induced colitis. Additionally, alk-SMase was shown to enhance antioxidant activity, thereby reducing susceptibility to proinflammatory factors in colitis. Furthermore, our findings revealed that alk-SMase may maintain intestinal barrier stability and increase antioxidant capacity through the nuclear factor erythroid 2–related factor 2 signaling pathway.

INTRODUCTION
Ulcerative colitis (UC), which is a kind of inflammatory bowel disease (IBD), is a chronic and recurrent inflammatory disease of the colon that causes destruction and inflammation in the colonic mucosa and a persistent increase in the risk of developing colorectal cancer (CRC)[1,2]. However, the etiology of UC is unclear, and it is believed that UC is related to many factors, such as genetics, the environment, infection and immunomodulatory disorders, and damage to the intestinal mucosal barrier is the core of its pathogenesis[3]. The intestinal mucosal barrier includes the mechanical barrier, immune barrier, microbial barrier and chemical barrier. Any instability in intestinal barrier function leads to the destruction of intestinal mucosal tissue and causes inflammatory disease[4,5]. However, inflammation might be an important risk factor for the development of colitis-associated CRC[6,7].
It is well known that the intestinal mucosa is exposed to immune and inflammatory stimuli triggered by various pathogenic and oxidative factors[8,9]. Currently, most people believe that intestinal inflammation is caused by a weakened intestinal mucosal barrier and increased permeability of the intestinal mucosa, which leads to the passage of intestinal pathogenic bacteria through the barrier[10-12]. Therefore, intestinal barrier integrity and normal immune function are crucial for maintaining cellular homeostasis[13,14].
Alkaline sphingomyelinase (alk-sMase), which is also called nucleotide pyrophosphatase/phosphodiesterase 7 (NPP7), is specifically expressed in the gut in mammals and in the human liver and is the key enzyme for hydrolyzing phospholipids, such as SM, lysophosphatidylcholine (lyso-PC) and platelet activating factor (PAF), in the intestinal lumen[15,16]. In addition, a recent study reported that alk-sMase might play a role in intestinal immune homeostasis through the regulation of dendritic cell and T-lymphocyte numbers in mesenteric lymph nodes and both the small and large intestines[17]. Therefore, the potential role of alk-sMase in intestinal inflammation has attracted increasing attention. Sjöqvist et al[18] reported that chronic colitis was associated with a reduction in mucosal alk-SMase activity, and the authors first suggested the role of alk-SMase in intestinal inflammation. Several studies have confirmed the anti-inflammatory effects of the enzyme on colitis and colitis-associated carcinogenesis[19-21]. Our previous research showed that alk-SMase deficiency increased autotaxin (NPP2) and upregulated the levels of the proinflammatory factor lysophosphatidic acid in a dextran sulfate sodium (DSS)-induced colitis model. Furthermore, the early increase in PAF could trigger DSS-induced inflammation[20]. However, whether alk-SMase affects specific factors related to the stability and permeability of the intestinal mucosa is still unknown.
In this study, we used alk-SMase gene knockout (KO) mice to further investigate the effect of alk-SMase on intestinal barrier function and mucosal permeability in DSS-induced colitis; DSS is a widely used colitis model because of its simplicity and many similarities with human UC[22]. We identified significant changes in several key molecules related to intestinal stability, permeability and antioxidant activity, thus deepening our understanding of the protective roles of these enzymes in the intestinal tract.

MATERIALS AND METHODS
Animals
Duan’s group at Lund University, Sweden generously provided Alk-SMase-/- mice generated from mice on a C57BL/6 background[23]. The alk-SMase+/+ mice and alk-SMase-/- mice used in the experiments were crossbred from alk-SMase+/- mice. The genotypes of the animals were confirmed by polymerase chain reaction (PCR). All mice were kept in the animal facilities under laboratory conditions (23 °C, 12 h/12 h light/dark, 50% humidity, commercial standard pellets and free access to drinking water). The animal protocol was designed to minimize pain or discomfort. All the experimental animals were anesthetized with isoflurane prior to the operation.

Treatment of mice with DSS
Twelve-week-old mice were provided 3% DSS (MW 36000-50000) (MP Biomedicals, Santa Ana, CA, United States) in their daily drinking water for 4 or 6 d and were fed a normal diet during the induction of acute colitis. The disease activity index (DAI) was measured by examining weight loss, stool consistency and blood in the stool during the experiments according to previous methods[20] (Table 1). After DSS was induced, the mice were anesthetized by isoflurane inhalation, and blood was harvested for subsequent analysis. The organs were removed, and the colon length was measured. Colon tissue sections (0.5 mm) were stained with hematoxylin-eosin, and histopathological examinations were performed by microscopy. Colonic mucosal tissues were scraped for subsequent experiments. For the colitis model treated with tertiary butylhydroquinone (t-BHQ) (Sigma-Aldrich, St Louis, MO, United States), KO mice in the t-BHQ group were intraperitoneally injected with 50 mg/kg/d t-BHQ for 6 d and subsequently sacrificed. The experiments were performed as described above.

Detection of intestinal permeability
A fluorescein isothiocyanate dextran (FITC-D) experiment was performed to examine intestinal permeability. Briefly, on days 0, 4 and 6 after 3% DSS treatment, the mice were administered 4 kDa FITC-D (50 mg/100 g body weight) by gavage and sacrificed after 4 h. Serum was obtained by centrifugation at 1000 × g for 15 min, after which the fluorescence of FITC-D was measured with a fluorescence microplate reader at excitation and emission wavelengths of 485 nm and 535 nm, respectively. The concentration of FITC-D in serum was calculated based on the standard curve.

[bookmark: _Hlk157157449]Analysis of lipopolysaccharide in serum and secretory immunoglobulin A in mucosal tissue by enzyme-linked immunosorbent assay
[bookmark: _Hlk157157485]Mouse serum lipopolysaccharide (LPS) concentrations were analyzed using an enzyme-linked immunosorbent assay (ELISA) kit (AndyGene Biotechnology, Beijing, China). An anti-mouse LPS antibody was added to the microporous plate. Serum samples and standards were pipetted into separate wells, followed by the addition of a biotin-conjugated LPS antibody. The LPS in the sample or standard was sandwiched between pairs of antibodies. After the wells were thoroughly washed, HRP-conjugated streptavidin was added. The solution turned blue after the addition of the TMB substrate (HRP catalyzes the enzyme-substrate reaction). The LPS concentration of each serum sample was calculated using the standard curve. Intestinal mucosal tissue was homogenized and centrifuged, after which the proteins were extracted. The supernatant was carefully collected. The level of secretory immunoglobulin A (sIgA) in the intestinal mucosa was assessed by an ELISA kit (AndyGene Biotechnology) according to the manufacturer’s instructions.

Assessment of intestinal ultrastructural changes by electron microscopy
Colon sections (0.5 cm) were removed and fixed in 2% glutaraldehyde. After fixation, embedding and staining, 60 nm continuous sections were cut. These sections were stained with 1% uranyl acetate for 20 min and lead citrate for 7 min. The microvilli, cell structure, organelles and cell junctions of intestinal mucosal epithelial cells were observed by electron microscopy.

Protein isolation and western blotting
Colonic mucosal tissues were first lysed in RIPA buffer and subsequently homogenized on ice using a homogenizer. The supernatants of the homogenates were collected after centrifugation at 13500 × rpm at 4°C for 15 min. Total extracted proteins (50 μg) were separated by sodium-dodecyl sulfate gel electrophoresis, transferred to nitrocellulose membranes and blocked with 5% skim milk for 1 h at room temperature. Afterward, the membranes were incubated with primary antibodies overnight at 4°C. The primary antibodies used were claudin-3 (1:800 dilution) (Abcam, Cambridge, United Kingdom), claudin-5 (1:800 dilution) (Abcam), occludin (1:400 dilution) (Abcam), zonula occludens-1 (ZO-1) (1:500 dilution) (Abcam), nuclear factor erythroid 2-related factor 2 (Nrf2) (1:500 dilution) (Santa Cruz Biotechnology, Dallas, TX, United States) and β-actin (1:8000 dilution). The membranes were washed with TBST buffer three times for 10 min each. Then, the membranes were incubated with the appropriate peroxidase-conjugated secondary antibodies (1:20000 dilution), after which chemiluminescence was detected. ImageJ software was used to measure the optical density of the bands. The expression levels of the target proteins relative to β-actin were calculated.

[bookmark: _Hlk157156892][bookmark: _Hlk157155045]Total RNA isolation and quantitative real-time reverse transcription-PCR
Total RNA was isolated from colonic mucosal tissues using TRIzol reagent (Invitrogen of Thermo Fisher Scientific, Waltham, MA, United States). To remove the inhibitory effect of DSS on qPCR, the RNA was purified using lithium chloride[24]. RNA concentration and purity were determined by using a Nanodrop (Thermo Fisher Scientific), and RNA integrity was verified by 2% agarose gel electrophoresis. Briefly, the RNA was reverse-transcribed into cDNA using ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan). Real-time PCR was performed according to the instructions of the SYBR Green Real-time PCR Master Mix Kit (Toyobo). The primers used are shown in Table 2. The relative expression levels of the target genes were normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)[25,26] in each sample by the 2-ΔΔCt method.

Detection of serum oxidant and antioxidant markers
The concentration of malondialdehyde (MDA) and the activities of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) were determined using commercially available kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions. The assay for SOD activity was based on its ability to inhibit the oxidation of hydroxylamine by O2-· produced from the xanthine-xanthine oxidase system. One unit of SOD activity was defined as the amount that reduced the absorbance at 550 nm by 50%. GSH-Px activity was assayed by quantifying the rate of oxidation of reduced glutathione to oxidized glutathione by H2O2, as catalyzed by GSH-Px. MDA levels were measured according to the thiobarbituric acid (TBA) method (Nanjing Jiancheng Bioengineering Institute). The method was based on spectrophotometric measurements of the color produced during the reaction of TBA with MDA. MDA concentrations were calculated by measuring the absorbance of TBA reactive substances at 532 nm.

Statistical analysis
The data are presented as the mean ± standard error of the mean. Each experiment was performed in triplicate and independently repeated a minimum of three times, and every experiment was performed with a sample size of no less than 3 mice per group. Statistical significance was assessed using an unpaired Student’s t-test for 2-group comparisons. Multigroup comparisons were performed using one-way analysis of variance (ANOVA), followed by using the Least Significant Difference test. A P-value < 0.05 was considered statistically significant. Data analysis was conducted using SPSS 20.0 software (IBM Corp., Armonk, NY, United States), while graphical representations were created using GraphPad Prism software, version 5 (GraphPad Software, Inc., La Jolla, CA, United States).

RESULTS
alk-SMase (NPP7) deficiency exacerbates DSS-induced colitis
In this study, 3% DSS successfully induced acute colitis in both wild-type (WT) and KO mice. As shown in Figure 1A, the body weights of WT and KO mice were slightly decreased on day 4 but were substantially decreased from day 5 to day 6 of DSS treatment. On day 6, the weight of KO mice decreased by 23.1%, whereas that of WT mice decreased by 14.5%. Similarly, the changes in the DAI scores were consistent with the effects on body weight, and the scores were significantly higher in KO mice than in WT mice on day 6 (Figure 1B). Compared with those of WT mice, the colon lengths of KO mice were significantly shorter before DSS treatment or after DSS treatment for 6 d, as shown in Figure 1C. The changes in tumor necrosis factor-alpha and interleukin-6 levels were significantly higher in KO mice than in WT mice after DSS treatment for 4 d (Figure 1D).
Histopathological changes were characterized, and there were different degrees of epithelial damage, inflammatory cell infiltration, goblet cell depletion and crypt damage (Figure 1E). Before DSS induction, the colonic mucosal epithelium of WT and KO mice was intact, and abundant goblet cells were observed, with a clear mucosal structure and no inflammatory cell infiltration. On day 4 after DSS induction, WT mice exhibited relatively minor epithelial cell damage, reduced goblet cells, mild glandular hyperplasia, and infiltrating inflammatory cells. In contrast, KO mice exhibited extensive infiltration of inflammatory cells in the submucosal layer of connective tissue and a small amount of necrosis and desquamation of mucosal epithelial cells. By day 6, WT mice exhibited disorderly arranged glands, with partial necrosis and loss and a significant decrease in goblet cells. KO mice exhibited disruption of the intestinal epithelial layer, marked vascular dilation, abnormal morphology of goblet cells with a large cellular cavity, and widespread inflammation and inflammatory cells extending to blood vessels, the submucosa, and even the muscle layers.

alk-SMase (NPP7) deficiency increases intestinal mucosal permeability in DSS-induced colitis
To explore why the KO mice had more severe colitis than the WT mice, intestinal permeability after DSS administration was examined by measuring changes in the serum concentration of FITC-D. As shown in Figure 2A, the intestinal permeability of WT mice and KO mice did not change before DSS induction. However, on day 4 (P < 0.005) and day 6 (P < 0.05) after DSS induction, the intestinal permeability of KO mice was significantly higher than that of WT mice. Therefore, we verified that alk-SMase deficiency enhanced intestinal epithelial permeability on day 4 of DSS-induced colitis.
To observe the extent of colonic epithelial cell damage, we compared the levels of the bacterial translocation marker LPS in the serum of WT and KO mice (Figure 2B). We found that the serum concentration of LPS was significantly increased in WT and KO mice after DSS induction, but there was no significant difference between WT and KO mice on day 4, while serum concentrations were significantly higher in KO mice than in WT mice on day 6. The damage to the colonic mucosal epithelial cells in the KO mice had occurred on day 4 and was more severe on day 6.

alk-SMase deficiency changes the expression of intestinal barrier proteins
The expression of ZO-1, occludin, claudin-2, claudin-3, claudin-5 and claudin-8 in mouse colonic mucosal tissues before and after DSS induction was examined. Before DSS treatment (day 0), the mRNA levels of claudin-3 and claudin-8 were significantly lower in KO mice than in WT mice, but claudin-5 mRNA levels were significantly lower (Figure 3A). However, the mRNA levels in KO mice were significantly lower than those in the WT mice after DSS induction (day 4) (Figure 3B). Western blotting was subsequently performed to detect the protein expression of ZO-1, occludin, claudin-3 and claudin-5. Before DSS treatment (day 0), the expression levels of all the proteins in KO mice were lower than those in WT mice (P < 0.05) (Figure 3C). However, after DSS induction for 4 d, the decreases in proteins levels in KO mice were more significant than those in WT mice (P < 0.01) (Figure 3D). Furthermore, the level of mucin 2 (MUC2), which is an important secretory protein in the gut, was significantly lower in KO mice than in WT mice on days 0 and 4 after DSS induction. We also examined the levels of the intestinal secretory protein sIgA, which is an important component of the intestinal mucosal immune barrier. On day 4 after DSS induction, sIgA levels were lower in WT and KO mice than before DSS induction, but no significant difference was observed between the two groups. However, on day 6, KO mice exhibited significantly lower levels of sIgA than WT mice, suggesting greater impairment of the intestinal immune barrier in KO mice (Figure 3E and F).

Ultrastructural changes in the colonic epithelial cells of alk-SMase KO mice
As shown in Figure 4, before DSS treatment (day 0), the ultrastructure of colonic mucosal epithelial cells was normal, as shown by electron microscopy. However, there was slight loss of microvilli, swollen mitochondria and impaired tight junctions (TJs) in WT mice and KO mice on day 4 of DSS induction. The damage to the intestinal mechanical barrier in KO mice was more severe than that in WT mice on day 4. Moreover, we found widespread mitochondrial swelling and degeneration in intestinal epithelial cells after DSS induction for 4 d. However, on day 6, compared with WT mice, KO mice exhibited more severe colonic epithelial damage, and the intestinal epithelial cells in KO mice showed abscission of microvilli, widening of intercellular spaces, severe disruption of TJs, nuclear pyknosis, and epithelial ablation, as shown by the arrows in Figure 4.

alk-SMase deficiency decreases antioxidant capacity in vivo
To verify whether mitochondrial damage caused changes in oxidative stress levels, changes in the antioxidant capability of serum were measured after DSS induction for 4 d. There was no difference in the levels of the antioxidant enzymes GSH-Px and SOD before DSS induction, but these levels were significantly lower in KO mice than in WT mice after DSS induction (Figure 5A and B). In contrast, the MOD of KO mice was significantly higher than that of WT mice after DSS induction (Figure 5C).

alk-SMase deficiency attenuates the antioxidant activity of colon tissues
To explore the extent to which antioxidant capacity decreased, changes in the expression of the key transcription factor Nrf2 in colonic mucosal tissues were examined. As shown in Figure 6A and B, the expression of Nrf2 in KO mice was significantly lower than that in WT mice after DSS stimulation for 4 d. Heme oxygenase-1 (HO-1), which is an antioxidant enzyme regulated by Nrf2, was further examined, and the mRNA level in KO mice was significantly lower than that in WT mice. Similarly, on day 4 after DSS treatment, the mRNA levels of GSH-Px, glutamate-cysteine ligase catalytic subunit (GCLc), and SOD in KO mice were significantly lower than those in WT mice (Figure 6C).

Nrf2 activation can rescue the effects of alk-SMase deficiency in colitis 
To verify the effect of alk-SMase on the Nrf2 signaling pathway, KO mice were intraperitoneally injected with the Nrf2 activator t-BHQ every day during DSS induction. Body weight loss (Figure 7A), active state, stool consistency and blood in the stool were effectively alleviated by t-BHQ in KO mice. The increased DAI of KO mice after DSS treatment was significantly decreased by t-BHQ-mediated activation of Nrf2 (Figure 7B). Furthermore, the changes in the thymus, spleen, and liver weights caused by the knockout of alk-SMase were significantly reversed to almost the same levels as those in WT mice after t-BHQ treatment of experimental colitis (Figure 7C-E). The colons of the KO mice treated with t-BHQ were obviously longer than those of KO mice that were not treated with t-BHQ (Figure 7F).

DISCUSSION
Alk-SMase is the key enzyme that hydrolyzes SM in the intestinal lumen. It can also hydrolyze many other phospholipids, such as lyso-PC and PAF[15,16]. In this study, alk-SMase KO mice were used to elucidate the pathogenesis of intestinal inflammation in an experimental colitis model and explore the mechanisms underlying the anti-inflammatory effect of alk-SMase. Our results were consistent with those of previous studies, in which weight was lower, the colon was shorter and the DAI was higher in alk-SMase KO mice than in control mice[20]. These findings confirmed that mice with alk-SMase deficiency developed more severe colitis than normal animals after DSS exposure. In this colitis model, we noticed significant changes in body weight and the DAI score on day 5 after DSS induction and only slight changes in all symptoms on day 4, indicating that intestinal epithelial damage did not occur on day 4. Therefore, it was reasonable to select the fourth day of DSS induction as the time point for follow-up experiments to observe the molecular changes induced by DSS in the intestine[27].
Previous studies have demonstrated the progressive downregulation of alk-SMase activity in patients with chronic UC and colorectal adenocarcinoma[18]. Intestinal alk-SMase has been shown to exert anti-inflammatory effects through the hydrolysis of SM and lyso-PC and inactivation of PAF[16,20,28,29]. However, the specific role of alk-SMase, which is a key enzyme involved in the hydrolysis of phospholipids in intestinal cell membranes, in intestinal barrier function and the underlying mechanism of its anti-inflammatory effect are poorly understood.
To assess damage to the intestinal mucosal barrier, we initially investigated changes in intestinal permeability in mice with DSS-induced colitis by measuring the concentration of FITC-D in the blood, which serves as a reliable indicator of an increase in permeability[30]. We observed a significant increase in FITC-D concentrations in the serum of all the mice following DSS induction, and KO mice exhibited higher levels of FITC-D than WT mice beginning on day 4. These findings suggest that KO mice experience more severe intestinal permeability during the inflammatory response than WT mice, indicating that alk-SMase deficiency exacerbates damage to the intestinal mucosal barrier in a DSS-induced colitis model.
The mechanical barrier of the intestine is crucial for preventing pathogen migration into the mucosa and subsequent inflammation; this barrier consists of TJs, adherens junctions, and desmosomes and plays a crucial role in maintaining the normal permeability of the intestinal mucosa[31]. Proteins such as occludin, claudins, and ZO-1, ZO-2, and ZO-3 are integral components of these junctions[32-34]. Clinical studies have demonstrated that patients with Crohn’s disease exhibit decreased protein expression and redistribution of occludin, claudin-3, claudin-5, and claudin-8, while patients with UC exhibit decreased protein expression and redistribution of occludin, claudin-1, and claudin-4[33,34]. The physical and biochemical functions of the intestinal epithelium and its associated mucus layer are important not only for the colonization of beneficial bacteria but also for the maintenance of mucosal immune homeostasis[10].
To evaluate alterations in intestinal permeability, we assessed the expression of various proteins implicated in the integrity of the intestinal mucosal barrier. Our findings revealed that the deletion of alk-SMase in mice resulted in a significant reduction in the protein levels of ZO-1, occludin, claudin-3, and claudin-5 and in the mRNA level of MUC2 before and after DSS induction, indicating that the colonic mucosal barrier was unstable in KO mice that did not receive any inflammatory agents[35,36]. However, when stimulated with an inflammatory agent, the susceptibility of intestinal epithelial cells increased significantly, resulting in exacerbated intestinal barrier function damage in KO mice. Notably, these changes in protein expression were observed on day 4 of DSS treatment and preceded the onset of severe epithelial cell damage induced by DSS. Moreover, the levels of sIgA, an immune protein secreted by intestinal epithelial secretory cells[37], did not significantly change in mucosal tissue on day 4 after DSS induction but did significantly decrease on day 6. This observation suggested that intestinal secretory cells did not experience severe damage on the 4th d but did exhibit damage by the 6th d, which aligns with our initial hypothesis. These findings suggest that alk-SMase plays a critical role in maintaining mucosal barrier function by upregulating the expression of intestinal TJ proteins and mucin secretory molecules during the early stages of inflammation.
Furthermore, we performed electron microscopy to examine the ultrastructure of intestinal epithelial cells. Our observations revealed significant alterations in intercellular junctions, the inflammatory response, and organelles following inflammatory induction, and there were more pronounced changes in alk-SMase KO mice than in WT mice. Notably, alk-SMase-deficient intestinal epithelial cells exhibited substantial damage in the presence of the inflammatory agent. These ultrastructural changes provide evidence of intestinal mucosal barrier damage that could lead to increased intestinal permeability. Additionally, during the ultrastructural examination, we observed common mitochondrial swelling in intestinal epithelial cells following DSS-induced inflammation, particularly in the context of alk-SMase deletion, indicating more pronounced mitochondrial degeneration. DSS-induced murine colitis has been previously reported to affect mitochondrial function, resulting in reduced intestinal barrier function and increased permeability[38-40].
To investigate whether alk-SMase exerts protective effects through the mitochondrial antioxidant pathway, we observed changes in the activity of several serum antioxidant enzymes. In general, mitochondria can be stimulated by cellular oxidative stress and produce antioxidants that play a key role in the anti-inflammatory response and in protecting against inflammatory agent invasion[41]. We observed changes in the activities of several serum antioxidant enzymes, such as GSH-Px and SOD, and the serum oxidative stress product MDA; we found that alk-SMase-deficient mice showed greater oxidative stress and decreased antioxidant capacity than WT mice after DSS induction. Several studies have reported the significant roles of SM, PC, and lyso-PC in maintaining intestinal mucosal barrier function and regulating permeability in UC[42-44]. Lipid peroxidation has been suggested to be a mechanism underlying sustained membrane permeability[45]. alk-SMase deficiency disrupts phospholipid metabolism and alters the levels of oxidized lipid molecules, which may contribute to changes in mucosal barrier function and the increase in permeability, thereby influencing the progression of colon inflammation.
In the DSS-induced colitis model, intestinal inflammation regulates oxidative stress. Our study aimed to investigate the changes in oxidative stress molecules in intestinal mucosal tissue. Nrf2 is a transcription factor that binds to the promoters of downstream genes to upregulate expression and initiate the transcription of oxidative stress-related and anti-inflammatory genes[46,47]. In this study, we observed that alk-SMase regulated Nrf2 expression in colonic mucosal tissues during DSS-induced colitis. This regulation impacted the transcription levels of Nrf2 and its downstream genes, including HO-1, GSH-Px, GCLc, and SOD[48]. The downregulation of these antioxidant enzymes in the colonic mucosal tissues of alk-SMase-deficient mice confirmed the role of alk-SMase in regulating antioxidant capacity by decreasing Nrf2 levels in the DSS-induced colitis model.
The Nrf2 signaling pathway plays a crucial role in gastrointestinal tract function and is directly involved in the development of IBD. Drugs that modulate Nrf2 may be used to treat IBD[49]. Additionally, the previous study demonstrated that t-BHQ reduced intestinal epithelial cell injury and intestinal mucositis via activation of Nrf2[50]. To further confirm that alk-SMase regulates intestinal inflammation through the Nrf2 signaling pathway, alk-SMase KO mice with DSS-induced colitis were treated with t-BHQ, an activator of Nrf2[51]. In the present study, DSS inflammatory responses were effectively alleviated, and there were improvements in colonic length, body weight loss, stool bleeding, stool consistency, and disease signs. These results indicated that the downregulation of Nrf2 expression induced by alk-SMase deficiency was reversed.
Additionally, several studies have shown that Nrf2 can strengthen TJs in the intestinal epithelium[52,53]. Activation of the ERK/Nrf2/HO-1 signaling cascade reportedly enhanced the expression of occludin and ZO-1 proteins in the intestinal epithelial layer[54]. Furthermore, Nrf2 has been shown to bind to the promoter regions of certain claudins and increase their expression[55]. In our study, alk-SMase could maintain intestinal permeability, increase antioxidant capacity in colitis mice, and upregulate Nrf2. This effect may be one of the molecular mechanisms underlying the anti-inflammatory effect of alk-SMase. We propose that alk-SMase regulates intestinal mucosal barrier function and antioxidant capacity through the regulation of the Nrf2 signaling pathway. However, further research is needed to explore the relationship between these events and whether alk-SMase exerts anti-inflammatory effects through other pathways.

CONCLUSION
In conclusion, alk-SMase regulates the stability of the intestinal mucosal barrier and enhances antioxidant activity through the Nrf2 signaling pathway.

ARTICLE HIGHLIGHTS
Research background
Ulcerative colitis (UC) is a chronic inflammatory condition of the colon with unknown causes. Alkaline sphingomyelinase (alk-SMase), expressed in intestinal epithelial cells, shows anti-inflammatory effects, but its mechanism remains to be clarified.

Research motivation
This study was motivated by the need to understand the mechanism behind the anti-inflammatory effects of alk-SMase, particularly in relation to intestinal barrier function and oxidative stress in dextran sulfate sodium (DSS)-induced colitis.

Research objectives
The primary objective was to explore how alk-SMase impacts intestinal barrier function and manages oxidative stress, contributing to its anti-inflammatory role in DSS-induced colitis.

Research methods
Mice were given 3% DSS drinking water to induce colitis. The study assessed disease activity, intestinal permeability, bacterial translocation, and the ultrastructure of intestinal epithelial cells. Western blotting and quantitative real-time reverse transcription-polymerase chain reaction were employed to evaluate intestinal barrier proteins and mRNA, and serum oxidant and antioxidant levels were analyzed.

Research results
In gene knockout (KO) mice, inflammation and intestinal permeability were more severe compared to wild-type mice after DSS induction. There was a significant reduction in intestinal barrier proteins and an increase in serum malondialdehyde levels, indicating lower antioxidant capacity. Notably, the administration of the nuclear factor erythroid 2-related factor 2 (Nrf2) activator tertiary butylhydroquinone (t-BHQ) relieved colitis in KO mice.

Research conclusions
This study introduces the model that alk-SMase regulates intestinal barrier stability and antioxidant activity via the Nrf2 pathway, offering a new perspective on managing colitis. We employed a novel approach by using alk-SMase KO mice and treating them with t-BHQ to isolate and understand the specific effects of alk-SMase and Nrf2 in colitis.

Research perspectives
The findings underscore the potential of alk-SMase in maintaining intestinal barrier stability and increasing antioxidant capacity, offering insights into novel therapeutic approaches for colitis. Future research will delve into the mechanisms by which alk-SMase influences the Nrf2 pathway, further illuminating its therapeutic potential in colitis.
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[bookmark: _Hlk157153996]Figure 1 Alkaline sphingomyelinase deficiency exacerbates dextran sulfate sodium-induced colitis in mice. The mice were treated with 3% dextran sulfate sodium (DSS) in drinking water for 6 d. A: Body weight (BW) was measured, and the percentage of BW loss was calculated (n = 6 per group); B: The disease activity index (DAI) was calculated according to the stool bleeding score, BW loss, stool consistency, and disease signs (n = 4 per group); C: After 6 d of DSS treatment, the colon was removed, and the length of the colon was measured (before DSS, n = 3 per group; after DSS, n = 4 per group); D: The mRNA levels of tumor necrosis factor (TNF)-alpha and interleukin (IL)-6 in colonic mucosal tissue were analyzed (n = 4 per group); E: Histopathological characterization of the colon was performed. Arrows: Decreased goblet cells; dysplastic glands; dilated congested blood vessels; destroyed mucosal layer; severe damage to the intestinal epithelium; intensive inflammatory cell infiltration to the submucosa and muscularis. aP < 0.05, bP < 0.01, cP < 0.005 compared with wild-type (WT). KO: Gene knockout.

[image: ]
Figure 2 Alkaline sphingomyelinase deficiency increases intestinal permeability in dextran sulfate sodium-induced colitis. The mice were treated with 3% dextran sulfate sodium (DSS) water, and blood was collected on days 0, 4, and 6. A: The mice were administered 4 kDa fluorescein isothiocyanate dextran (FITC-D) by gavage 4 h before blood sampling, after which the fluorescence intensity of FITC-D in serum was measured (n = 5-9 per group); B: Serum lipopolysaccharide (LPS) concentrations were detected on days 0, 4, and 6 after DSS treatment (n = 3 per group). aP < 0.05, cP < 0.005 compared with wild-type (WT) mice. KO: Gene knockout.
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Figure 3 Changes in intestinal mucosal barrier proteins in mice after dextran sulfate sodium induction. The mice were given normal drinking water before dextran sulfate sodium (DSS) treatment, and then the mice were given 3% DSS water for 4 d. Quantitative real-time reverse transcription-polymerase chain reaction and western blot analysis of intestinal barrier proteins were performed on homogenates of colonic mucosa tissues. A and B: The relative mRNA levels were determined relative to those in the wild-type (WT) group; C and D: The densities of the bands were determined relative to those in the WT group; E: Mucin 2 (MUC2) mRNA levels were examined in the homogenates of colonic mucosa tissues; F: The animals were euthanized on days 0, 4, and 6 after receiving DSS water. The levels of secretory immunoglobulin A (sIgA) in the homogenates of colonic mucosa tissues were examined by enzyme-linked immunosorbent assay. n = 3 per group. aP < 0.05, bP < 0.01, cP < 0.005 compared with WT mice. KO: Gene knockout; ZO-1: Zonula occludens-1.
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Figure 4 Ultrastructure of colonic mucosal epithelial cells in mice after dextran sulfate sodium induction. Mice were treated with 3% dextran sulfate sodium (DSS) water. Colon sections (0.5 cm) were removed on days 0, 4, and 6 after DSS treatment and fixed in 2% glutaraldehyde. The microvilli, cell structure, organelles and cell junctions of intestinal mucosal epithelial cells were examined by electron microscopy. Before DSS induction, the junctions between epithelial cells in wild-type (WT) and gene knockout (KO) mice were normal. After DSS induction, WT mice exhibited a loss of microvilli, pyknotic nuclei and impaired tight junctions. In KO mice, severe colonic epithelial damage was observed, and the intestinal epithelial cells exhibited damaged microvilli, widening of intercellular spaces, nuclear pyknosis, and mitochondrial swelling and degeneration (green arrows show damaged microvilli, red arrows show mitochondrial swelling, and blue arrows show the intercellular space). 
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Figure 5 Changes in antioxidant enzyme activity in the serum of mice after dextran sulfate sodium induction. The mice were given normal drinking water before dextran sulfate sodium (DSS) treatment, and the mice were then given 3% DSS water for 4 d. The concentration of malondialdehyde (MDA) and the activities of superoxide (SOD) and glutathione peroxidase (GSH-Px) were determined before and after DSS induction for 4 d. A: Serum MDA levels; B: GSH-Px activity; C: SOD activity. n = 4 per group. aP < 0.05, bP < 0.01 compared with wild-type (WT) mice. KO: Gene knockout.
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Figure 6 Changes in the expression of colonic nuclear factor erythroid 2-related factor 2 and antioxidant enzymes after dextran sulfate sodium induction. The mice were given normal drinking water before dextran sulfate sodium (DSS) treatment, and the mice were then given 3% DSS water for 4 d. A and B: Western blot analysis of nuclear factor erythroid 2-related factor 2 (Nrf2) was performed on homogenates of colonic mucosa tissues before and after DSS induction; C: Quantitative real-time reverse transcription-polymerase chain reaction was used to measure the mRNA levels of Nrf2 and its target antioxidant genes in colonic mucosa tissues. n = 4 per group. aP < 0.05, bP < 0.01 compared with wild-type (WT) mice. GCLc: Glutamate-cysteine ligase catalytic subunit; GSH-Px: Glutathione peroxidase; HO-1: Heme oxygenase-1; KO: Gene knockout; SOD: Superoxide.
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[bookmark: _Hlk157155736]Figure 7 Changes in the incidence of experimental colitis after intraperitoneal injection of tertiary butylhydroquinone in mice. The mice were given 3% dextran sulfate sodium (DSS) drinking water for 6 d, and gene knockout (KO) mice in the tertiary butylhydroquinone (t-BHQ) group were intraperitoneally injected with 50 mg/kg t-BHQ every day. A: Body weight (BW) loss; B: The disease activity index (DAI), calculated according to BW loss, active state, stool consistency, and blood in the stool; C-E: On day 6 of DSS treatment, the mice were killed, the organs were removed and weighed, the ratios of organ weight to BW were calculated; F: The colon lengths were measured. n = 4 or 5 per group. aP < 0.05, bP < 0.01, cP < 0.005, compared to wild-type (WT) mice. dP < 0.05, eP < 0.01, fP < 0.005, compared to KO mice. 

Table 1 Assessment of the disease activity index scores
	[bookmark: _Hlk119775992]Score
	Weight loss
	Stool consistency
	Blood in stool

	0
	None
	Normal pellets
	Negative

	1
	1%-5%
	Slight loose but still sharp
	Hemoccult positive

	2
	5%-10%
	Loose pellet
	Visual slightly bleeding

	3
	10%-15%
	Loose feces and no shape
	Obvious bleeding but no adhesion around the anus

	4
	> 15%
	Diarrhea
	Gross bleeding and blood incrustation around the anus




Table 2 Quantitative real-time reverse transcription-polymerase chain reaction primers for target genes
	Gene
	Gene ID
	Primer

	ZO-1 F
	21872
	[bookmark: OLE_LINK29]AGCTGCCTCGAACCTCTACTCTAC

	ZO-1 R
	
	GCCTGGTGGTGGAACTTGCTC

	Occludin F
	18260
	TGCTTCATCGCTTCCTTAGTAA

	Occludin R
	
	[bookmark: OLE_LINK30]GGGTTCACTCCCATTATGTACA

	[bookmark: OLE_LINK31]Claudin2 F
	12738
	GGGCAATCGTACCAACTA

	Claudin2 R
	
	CAGTCAGGCTGTATGAGTTG

	Claudin3 F
	12739
	GGCGGCTCTGCTCACCTTA

	Claudin3 R
	
	CGTACAACCCAGCTCCCATC

	Claudin5 F
	12741
	TGGTGCTGTGTCTGGTAGGATGG

	Claudin5 R
	
	GTCACGATGTTGTGGTCCAGGAAG

	Claudin8 F
	54420
	TGTCTGCCTTCATCGAAAGTAA

	Claudin8 R
	
	GGCATGCCTCATACAATTCATC

	MUC2 F
	17831
	TGCTGACGAGTGGTTGGTGAATG

	MUC2 R
	
	TGATGAGGTGGCAGACAGGAGAC

	Nrf2 F
	18024
	CGAGATATACGCAGGAGAGGTAAGA

	Nrf2 R
	
	GCTCGACAATGTTCTCCAGCTT

	HO-1 F
	15368
	ACCGCCTTCCTGCTCAACATTG

	HO-1 R
	
	CTCTGACGAAGTGACGCCATCTG

	GSH-Px F
	14775
	AGGGCTGTGCTGATTGAGAATGTG

	GSH-Px R
	
	CTCCTGATGTCCGAACTGGTTGC

	GCLc F
	14629
	ATGTGGACACCCGATGCAGTATT

	GCLc R
	
	TGTCTTGCTTGTAGTCAGGATGGTTT

	SOD2 F
	20656
	TCCCAGACCTGCCTTACGACTATG

	SOD2 R
	
	CTCCTCGGTGGCGTTGAGATTG

	GAPDH F
	14433
	GGTTGTCTCCTGCGACTTCA

	GAPDH R
	
	TGGTCCAGGGTTTCTTACTCC


F: Forward; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GCLc: Glutamate-cysteine ligase catalytic subunit; GSH-Px: Glutathione peroxidase; HO-1: Heme oxygenase-1; MUC2: Mucin 2; Nrf2: Nuclear factor erythroid 2-related factor 2; R: Reverse; SOD: Superoxide; ZO-1: Zonula occludens-1.
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