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Abstract 

Inflammatory bowel disease (IBD) is a chronic inflammatory condition of the intestine. 

Although current therapies can provide symptomatic relief, they are often associated with 

high costs and adverse effects. Coptis chinensis Franch., a traditional Chinese medicine long 

used for inflammatory intestinal conditions such as bacterial dysentery, is a promising 

alternative. However, the specific alkaloid components that inhibit cell death and alleviate 

colitis remain unclear. Major isoquinoline alkaloids from Coptis chinensis Franch. were 

screened in a TNF-α/cycloheximide (CHX)-induced epithelial cell death model using 

CCK-8 and Annexin V staining. Caspase-3 and GSDME cleavage, HMGB1 release, phos-

phorylation of ERK and JNK, and inflammatory gene expression were assessed by West-

ern blotting and qPCR. In vivo, a Citrobacter rodentium-induced colitis model was estab-

lished and mice were treated with a specific alkaloid. Disease severity, histopathological 

injury, bacterial burden, barrier-related structural markers, and colonic GSDME cleavage 

were then evaluated. Berberine (BBR) exhibited the strongest cytoprotective activity in the 

screening system, reducing epithelial cell death, reversing pyroptosis-associated mor-

phology, and inhibiting GSDME cleavage. BBR also reduced HMGB1 release, attenuated 

the phosphorylation of ERK and JNK, and downregulated pro-inflammatory gene expres-

sion. In the C. rodentium-induced infectious colitis model, BBR alleviated body weight loss, 

diarrhea, colon shortening, and histopathological injury without significantly reducing 

bacterial burden under the present experimental conditions. In parallel, BBR enhanced 

Tjp1 and Muc2 expression, and diminished colonic GSDME cleavage in vivo. Collectively, 

these findings suggest that BBR is a promising candidate for colitis involving bacterial 

infection-associated epithelial pyroptosis, potentially via GSDME modulation. 
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1. Introduction 

Inflammatory bowel disease (IBD), including ulcerative colitis and Crohn’s disease, 

is a chronic relapsing inflammatory disorder of the gastrointestinal tract [1–3]. In addition 

to genetic susceptibility, dysbiosis, immune dysregulation, and environmental factors, 

disruption of the intestinal epithelial barrier is recognized as a central event that amplifies 

mucosal inflammation and disease progression [4,5]. Intestinal epithelial cells (IECs) form 

both the physical and chemical barriers that maintain gut homeostasis, and excessive ep-

ithelial injury promotes luminal antigen exposure, inflammatory cell recruitment, and 

persistent tissue damage [6–8]. Therefore, preserving epithelial integrity is an important 

therapeutic strategy in both IBD and other forms of colitis characterized by barrier dis-

ruption. 

Pyroptosis is a lytic form of programmed cell death mediated by gasdermin family 

proteins [5,9,10]. Among them, gasdermin E (GSDME) can be cleaved by Caspase-3 to 

release its pore-forming N-terminal fragment, thereby converting apoptotic signals into 

pyroptotic outcomes [11–13]. In the canonical inflammasome pathway, activation of the 

NOD-like receptor pyrin domain-containing 3 (NLRP3) inflammasome recruits and acti-

vates Caspase-1, which subsequently cleaves gasdermin D (GSDMD) to induce pyroptosis 

and promotes the maturation of IL-1β and IL-18 [14]. Unlike GSDMD, which is widely 

expressed in immune cells, GSDME is preferentially expressed in intestinal epithelial cells. 

Increasing evidence indicates that GSDME-mediated epithelial pyroptosis contributes to 

intestinal inflammation by compromising barrier integrity and promoting the release of 

pro-inflammatory mediators such as high mobility group box 1 (HMGB1), which further 

activates the downstream extracellular signal-regulated kinase (ERK) and c-Jun N-termi-

nal kinase (JNK) pathway [15–17]. Accordingly, GSDME-related epithelial injury has 

emerged as a potentially relevant mechanism in colitis [18–20]. 

Coptis chinensis Franch. is a well-known traditional Chinese medicine that has long 

been used for intestinal disorders such as dysentery and diarrhea [21–23]. In traditional 

practice, it is prescribed either as a single herb or as part of classic formulas for damp-

heat-related gastrointestinal diseases [24–27]. Modern pharmacological studies have 

shown that the major constituents of Coptis chinensis Franch. are isoquinoline alkaloids, 

including Berberine (BBR), Coptisine, Epiberberine, Palmatine, Jatrorrhizine, and Mag-

noflorine, many of which exhibit anti-inflammatory and barrier-protective effects in ex-

perimental colitis [28–35]. However, it remains unclear which major alkaloid shows the 

strongest protective activity in a cell death-based screening setting and whether such pro-

tection is associated with suppression of GSDME-related epithelial pyroptosis. 

In the present study, we screened major isoquinoline alkaloids from Coptis chinensis 

Franch. using a TNF-α/cycloheximide (CHX)-induced colonic epithelial cell death model 

and identified BBR as the most active compound under our experimental conditions. We 

then evaluated its activity in a Citrobacter rodentium-induced colitis model, an infection-

driven setting characterized by epithelial injury and inflammatory amplification. Here, we 

show that BBR alleviated colitic injury, reduced epithelial GSDME cleavage, restrained 

HMGB1/ERK/JNK inflammatory signaling, and improved barrier-related markers with-

out significantly reducing bacterial burden under the present experimental conditions. 

These findings suggest that BBR protects against epithelial injury in infection-associated 

colitis, potentially via modulation of the GSDME-related pathway. 

2. Results 

2.1. Identification of Berberine as the Lead Alkaloid Against Epithelial Cell Death 

To identify the most active alkaloid from Coptis chinensis Franch. against epithelial 

cell death, six major isoquinoline alkaloids, including BBR, Coptisine (Cop), Epiberberine 
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(Epi), Palmatine (Pal), Jatrorrhizine (Jat), and Magnoflorine (Mag), were selected for 

screening. Their chemical structures are shown in Figure 1A. First, the cytotoxicity of each 

compound was evaluated in HCT116 cells at a concentration of 5 μM using the CCK-8 

assay. The results showed that after 24 h of treatment, cell viability remained above 95% 

for all alkaloids, indicating no significant cytotoxicity at this concentration (Figure 1B). 

Subsequently, a TNF-α/CHX-induced colonic epithelial cell death model was em-

ployed to evaluate the inhibitory effects of various alkaloids from Coptis chinensis Franch. 

on cell death (Figure 1C). CCK-8 assay results showed that cell viability in the model 

group decreased to 46.4%, whereas treatment with BBR and Jat significantly restored via-

bility to 70.0% and 61.6%, respectively, while the other alkaloids exhibited no significant 

protective effects (Figure 1D). These findings were further corroborated by Annexin V 

staining. Flow cytometry analysis revealed that the proportion of Annexin V-positive cells 

in the model group was approximately 44.2%, and treatment with BBR and Jat reduced 

this proportion to 18.3% and 26.1%, respectively (Figure 1E,F). Together, these data iden-

tified BBR as the lead alkaloid in the screening system and supported its selection for sub-

sequent mechanistic and in vivo studies. 

 

Figure 1. The effects of six isoquinoline alkaloids in Coptis chinensis Franch. on cell death. (A) Chem-

ical structures of the six isoquinoline alkaloids. (B) Assessment of cytotoxic effects of the six isoquin-

oline alkaloids (at 5 μM) on HCT116 cells following 24 h of exposure, determined by the CCK-8 
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assay (n = 3). (C) Schematic diagram of the experimental procedure. (D) Cell viability analysis of 

HCT116 cells pre-incubated with each of the six alkaloids (5 μM) for 4 h, followed by combined 

treatment with TNF-α/CHX for 16 h. Cell viability was quantified using the CCK-8 method (n = 3 or 

6). (E,F) Cell death analysis of HCT116 cells pre-incubated with each of the six alkaloids (5 μM) for 

4 h, followed by combined treatment with TNF-α/CHX for 16 h. Cell death was measured by flow 

cytometry using Annexin V-FITC staining (n = 3). Data are presented as mean ± SD; * p < 0.05, and 

** p < 0.01 versus model group. 

2.2. Berberine Reduces Pyroptosis-Associated Epithelial Cell Death and GSDME Cleavage 

Given the superior cytoprotective activity of BBR, subsequent experiments focused 

on this compound. HCT116 cells were exposed to graded concentrations of BBR over 24 

h, after which cell viability was evaluated via the CCK-8 assay. Figure 2A indicates that 

BBR at doses of 0, 5, 10, 20, 40, and 80 μM did not significantly alter HCT116 cell viability. 

Two concentrations of BBR (5 and 10 μM), which showed no obvious cytotoxicity, were 

selected for further experiments. In the TNF-α/CHX-induced cell death model, flow cy-

tometry analysis with Annexin V-FITC staining revealed that the percentage of Annexin 

V-positive cells in the model group was approximately 43.4%, whereas treatment with 5 

μM and 10 μM BBR significantly reduced this proportion to 19.7% and 17.5%, respectively 

(Figure 2B,C). Propidium iodide (PI) staining further demonstrated a significant increase 

in PI-positive cells following TNF-α/CHX stimulation, which was attenuated by BBR 

treatment (Figure 2D,E). These results suggest that BBR exerts a protective effect against 

cell death. In HCT116 cells challenged with TNF-α/CHX, typical morphological signs of 

pyroptosis are evident, such as cellular swelling, and the formation of rupturing balloon-

like membranes that collapse into a shrunken remnant (Figure 2F,G). In line with the de-

creased cell death, these morphological changes are reversed by BBR treatment (Figure 

2F,G). 

To further determine whether the observed protective effect involves the canonical 

pyroptosis pathway, we examined the cleavage of Caspase-1 and GSDMD by Western 

blotting. As shown in Figure S1, TNF-α/CHX stimulation and BBR treatment did not ap-

preciably affect Caspase-1 or GSDMD cleavage, suggesting that BBR does not interfere 

with the canonical inflammasome-driven pyroptotic axis in this model. In contrast to the 

lack of effect on the canonical pathway, GSDME cleavage was markedly elevated in the 

model group, whereas BBR treatment suppressed this increase (Figure 2H,I). Importantly, 

this inhibitory effect of BBR on GSDME cleavage was further confirmed in the normal 

human colonic epithelial cell line NCM460 (Figure S2A,B), indicating that the suppressive 

action of BBR on GSDME is not restricted to HCT116 cells. Collectively, these findings 

indicate that BBR reduces epithelial pyroptosis in the TNF-α/CHX model, accompanied 

by reduced cleavage of GSDME. 
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Figure 2. Berberine reduces pyroptosis-associated epithelial cell death and GSDME cleavage. (A) 

HCT116 cells were treated with BBR for 24 h and cell viability was measured by CCK-8 (n = 3). For 

(B–I), HCT116 cells were pretreated with BBR for 4 h and subsequently co-incubated with TNF-

α/CHX for 16 h. (B–E) Cell death was evaluated via flow cytometry using Annexin V-FITC staining 

(B,C; n = 3) and by PI staining (D,E; scale bar 100 μm; n = 4). (F,G) Representative bright-field images 

show pyroptotic morphology (scale bar = 50 μm; n = 5). (H,I) Protein expression levels of full-length 

GSDME (GSDME-FL) and its N-terminal cleavage (GSDME-NT) were determined by Western blot-

ting. The relative grayscale value of the GSDME-NT protein band was measured with ImageJ soft-

ware (n = 3). Data are presented as mean ± SD. *** p < 0.001 versus model group. 

2.3. Berberine Suppresses Downstream HMGB1/ERK/JNK Inflammatory Signaling 
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Based on previous reports, GSDME cleavage by Caspase-3 leads to HMGB1 release, 

which in turn facilitates colitis progression [11,15]. Accordingly, we assessed active 

Caspase-3 in cell lysates and HMGB1 release in cell supernatant. Western blotting re-

vealed elevated levels of cleaved Caspase-3 and HMGB1 in the model group, whereas 

BBR treatment significantly reduced the cleavage of Caspase-3 and the release of HMGB1 

(Figure 3A–C). Extracellular HMGB1 has been reported to trigger ERK and JNK signaling 

cascades via its receptors, thereby driving colonic mucosal inflammation progression 

[15,36,37]. To further explore the downstream inflammatory signaling underlying the pro-

tective action of BBR, we examined ERK and JNK phosphorylation along with inflamma-

tory gene expression in the TNF-α/CHX model. Western blotting showed that BBR treat-

ment markedly attenuated the levels of phosphorylated ERK1/2 (P-ERK1/2) and P-JNK 

(Figure 3D–F). Subsequently, qPCR was conducted to assess the impact of BBR on inflam-

matory cytokine expression. The findings indicated that, relative to the model group, BBR 

remarkably downregulated the mRNA levels of IL1B, TNF, and CXCL5 (Figure 3G–I). To-

gether, these data place BBR-associated protection within a downstream 

HMGB1/ERK/JNK-driven inflammatory signaling cascade. 

 

Figure 3. Berberine suppresses downstream HMGB1/ERK/JNK inflammatory signaling. (A–C) 

Western blotting was performed to detect the protein levels of Caspase-3, its cleaved form (cleaved 

Caspase-3), and HMGB1 in both HCT116 cell lysates and culture supernatants. The relative gray-

scale value of the cleaved Caspase-3 and HMGB1 protein bands was measured with ImageJ software 

(n = 3). (D–F) Western blotting was performed to detect the protein levels of P-ERK1/2, ERK1/2, P-
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JNK, and JNK in HCT116 cell lysates. The relative grayscale value of the P-ERK1/2 and P-JNK pro-

tein bands was measured with ImageJ software (n = 3). (G–I) Transcript levels of the inflammatory 

mediators IL1B, TNF, and CXCL5 were examined via qPCR (n = 3). Data are presented as mean ± 

SD. * p < 0.05, ** p < 0.01, and *** p < 0.001 versus model group. 

2.4. Berberine Alleviates Citrobacter Rodentium-Induced Colitic Injury in Vivo 

To determine whether BBR protects against infection-associated colitic injury in vivo, 

we established a C. rodentium-induced colitis model and treated mice with BBR daily (Fig-

ure 4A). C. rodentium is an attaching and effacing enteric pathogen that specifically colo-

nizes the colonic epithelium, inducing crypt hyperplasia, immune cell infiltration, diar-

rhea, and other pathological features, and thus imitates aspects of enteropathogenic Esch-

erichia coli infection and IBD [38]. BBR treatment did not significantly affect food consump-

tion or water intake during the experimental period (Figure S3A,B). In comparison with 

uninfected control mice, those challenged with C. rodentium displayed a marked reduction 

in body weight alongside an elevated diarrhea score (Figure 4B,C). Additionally, the co-

lonic length of infected mice was significantly shorter than that of the uninfected control 

group (Figure 4D). Importantly, we observed that the pathological changes induced by C. 

rodentium were notably ameliorated following BBR administration (Figure 4B–D). Moreo-

ver, histopathological examination of colon tissue further demonstrated that C. rodentium 

infection resulted in severe structural abnormalities, such as epithelial disruption, crypt 

loss, a pronounced decrease in goblet cell numbers, and inflammatory cell infiltration (Fig-

ure 4E,F). All of these tissue injuries were conspicuously alleviated in mice receiving BBR 

treatment (Figure 4E,F). 

Beyond the evaluation of colonic epithelial damage, the regulatory effect of BBR on 

inflammatory mediators was also investigated. At 7 days post-infection, colonic transcript 

levels of Il1b, Tnf, Cxcl1, and Cxcl2 were substantially higher in C. rodentium-infected mice 

relative to uninfected controls (Figure 4G). However, BBR treatment effectively sup-

pressed the expression of these pro-inflammatory cytokines and chemokines (Figure 4G). 

These findings indicate that BBR mitigates infection-associated colitic injury and inflam-

matory responses in vivo. 
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Figure 4. Berberine alleviates C. rodentium-induced colitic injury in vivo. (A) Schematic diagram 

illustrating the in vivo experimental timeline and treatment regimen for animal studies. (B) Body 

weight change (n = 5). (C) Diarrhea index (n = 5). (D) Colon length at day 7 (n = 5). (E,F) Histological 

examination of colonic sections with H&E staining (scale bar = 100 μm; n = 5). (G) Expression of 

inflammatory factors (Il1b, Tnf, Cxcl1, and Cxcl2) in colon tissues was measured by qPCR (n = 5). 

Data are presented as mean ± SD. ### p < 0.001 versus control group; * p < 0.05, ** p < 0.01, and *** p < 

0.001 versus model group. 

2.5. Berberine Exerts Protection Independently of Bacterial Burden Reduction 

To determine whether the protective action of BBR correlated with changes in bacte-

rial load, we measured C. rodentium loads in infected mice and assessed bacterial growth 

in vitro. On day 7 post-infection, BBR treatment did not markedly reduce fecal C. ro-
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dentium burden (Figure 5A). Consistently, the bacterial counts within colonic tissue did 

not change substantially in BBR-treated mice (Figure 5B). Meanwhile, in vitro antibacterial 

experiments revealed that the presence of BBR had no effect on C. rodentium growth. To-

gether, these data indicate that the beneficial effect of BBR in this model cannot be primar-

ily attributed to a pronounced decrease in bacterial burden. 

 

Figure 5. The impact of Berberine on pathogen clearance. (A) Quantification of CFU per gram of 

feces and colon (n = 5). (B) OD600 measurement was taken following a 24 h incubation of C. ro-

dentium with BBR in vitro (n = 3). Data are presented as mean ± SD. ns = not significant; *** p < 0.001 

versus model group. 

2.6. Berberine Improves Barrier-Associated Structural Markers and Reduces Colonic GSDME 

Cleavage in Vivo 

To further assess whether BBR influences epithelial barrier integrity, we measured 

tight junction- and mucus-related markers in colonic tissues from infected mice. Using 

qPCR, we found that colitis induced by C. rodentium infection caused a pronounced de-

crease in the transcript levels of Tjp1 (ZO-1) and Cldn1 (claudin-1) in colonic tissue sam-

ples (Figure 6A). Notably, treatment with BBR effectively counteracted this downregula-

tion (Figure 6A). MUC2, secreted by goblet cells, is the primary component of the intesti-

nal mucus layer and serves as the first chemical barrier that separates luminal microor-

ganisms from the intestinal epithelium. Deficiency of MUC2 directly results in direct con-

tact between commensal bacteria and the epithelial surface [39,40]. qPCR analysis indi-

cated that Muc2 mRNA expression was markedly decreased in colonic tissues following 

C. rodentium infection, whereas treatment with BBR partially restored Muc2 expression 

(Figure 6B). IHC staining confirmed these findings. Colon sections from mice with C. ro-

dentium-induced colitis exhibited substantially diminished immunoreactivity for ZO-1, 

whereas the BBR-treated group showed continuous and stronger staining patterns (Figure 
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6C,D). Additional IHC analysis demonstrated that C. rodentium infection triggered exces-

sive cleavage of GSDME, which was potently suppressed by BBR treatment (Figure 6E,F). 

Taken together, these findings indicate that BBR treatment upregulated the expression of 

barrier-associated structural markers while simultaneously reducing colonic GSDME 

cleavage in the infection model. 

 

Figure 6. Berberine improves barrier-associated structural markers and reduces colonic GSDME 

cleavage in vivo. (A,B) Zo-1, Cldn1, and Muc2 mRNA were measured by qPCR (n = 5). (C,D) Repre-

sentative IHC images and quantification of positive area of ZO-1 in colon tissues (n = 5). (E,F) Rep-

resentative IHC images and quantification of positive area of GSDME-NT in colon tissues (n = 5). 

Scale bar = 100 μm. Data are presented as mean ± SD. * p < 0.05, ** p < 0.01, and *** p < 0.001 versus 

model group. 

3. Discussion 

The present study identifies BBR as the most active alkaloid in a screening system 

based on colonic epithelial cell death among major isoquinoline alkaloids from Coptis 

chinensis Franch. More importantly, our findings link the protective effect of BBR in C. 

rodentium-induced colitis to reduced GSDME-related epithelial injury, thereby highlight-

ing a potential mechanism through which this traditional medicinal herb may alleviate 

infection-associated colitic damage. 
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BBR has been widely reported to exert protective effects in dextran sodium sulfate 

(DSS)-induced experimental colitis through multiple mechanisms, including modulation 

of gut microbiota, suppression of inflammatory signaling, and preservation of epithelial 

barrier function [28–31,41–45]. Our study extends the action of BBR from conventional 

DSS-based settings to an infection-driven C. rodentium-induced colitis model, which may 

better reflect epithelial injury and inflammatory amplification relevant to dysentery-like 

intestinal disorders traditionally treated with Coptis chinensis Franch. 

An important observation in this study is that BBR improved body weight loss, diar-

rhea, histopathological injury, inflammatory cytokine expression, and barrier-related 

markers without significantly reducing bacterial burden under the experimental condi-

tions tested. This result suggests that the protective effect of BBR in this model is more 

likely to reflect modulation of host injury responses than direct antibacterial activity. This 

burden-independent protection suggests a host-directed mode of action in which limiting 

epithelial pyroptotic damage and barrier disruption may be more important than directly 

suppressing bacterial growth. Therefore, limiting epithelial pyroptosis-associated barrier 

disruption may represent an important component of the beneficial activity of BBR. 

GSDME-mediated pyroptosis has recently attracted increasing attention in intestinal 

disease [15,16,19,46,47]. Previous studies have shown that GSDME is upregulated or ex-

cessively activated in colitis-related settings and contributes to epithelial damage, HMGB1 

release, and inflammatory amplification [15]. Consistent with this literature, our data 

show that BBR reduces GSDME cleavage in vitro and in vivo, together with suppression 

of HMGB1 release and downstream ERK/JNK signaling. Although the inhibitory effect of 

BBR on GSDME cleavage has been confirmed, and BBR shows no appreciable effect on 

canonical pyroptosis mediated by Caspase-1 and GSDMD, the potential contribution of 

other cell death modalities, including apoptosis and necroptosis, has not been systemati-

cally ruled out. Further studies are warranted to clarify these possibilities. In addition, 

while our findings demonstrate a correlation between BBR treatment and reduced 

GSDME-mediated pyroptosis in the context of C. rodentium infection, the causal depend-

ency of BBR’s protective effects on GSDME has not been established. Future investigations 

employing GSDME knockout mice or selective pharmacological inhibitors are required to 

definitively address this question. 

However, our study has several limitations. HCT116 is a colorectal cancer cell line 

whose signaling pathways may diverge from those of normal intestinal epithelium. Alt-

hough we have verified the inhibitory effect of BBR on GSDME cleavage in normal colonic 

epithelial cells, our in vitro findings still warrant further validation in more physiologi-

cally relevant primary models, such as colonic organoid. Furthermore, although the ex-

pression of barrier-associated structural markers was upregulated following BBR treat-

ment, this did not translate into a demonstrable improvement in functional barrier integ-

rity in vivo. Future studies employing FITC-dextran permeability assays are required to 

confirm the restoration of epithelial barrier integrity. Additionally, the upstream mecha-

nism by which BBR limits GSDME cleavage remains unknown. Based on the previous 

literature, we hypothesize that AMP-activated protein kinase (AMPK) may be a key can-

didate, as BBR is a well-recognized AMPK activator and AMPK activation has been re-

ported to significantly inhibit GSDME-mediated pyroptosis [48–51]. AMPK signaling was 

not directly examined in the present study, and this potential mechanism warrants further 

investigation. 

4. Materials and Methods 

4.1. Cell Culture 

The HCT116 cell line (ATCC, Manassas, VA, USA) and NCM460 cell line (ATCC) 

were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) 
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and 1% penicillin–streptomycin (Gibco). Incubation was performed at 37 °C in a humidi-

fied atmosphere of 5% CO2. Culture medium, FBS, and cell culture additives were pur-

chased from Gibco (Waltham, MA, USA). 

4.2. Cell Stimulation 

Berberine (PU0269-0025, Push Bio-Technology, Chengdu, China), Coptisine 

(PU0836-0025, Push Bio-Technology), Epiberberine (PU0861-0020, Push Bio-Technology), 

Palmatine (PU0916-0025, Push Bio-Technology), and Jatrorrhizine (PU0070-0025, Push 

Bio-Technology) were used in their hydrochloride salt forms, and Magnoflorine (PS1769-

0025, Push Bio-Technology) was used in its iodide salt form; all are the most common 

stable preparations. HCT116 cells were pretreated with 5 μM isoquinoline alkaloids for 4 

h and then co-treated with 20 ng/mL of TNF-α (AF-300-01A, PeproTech, Cranbury, NJ, 

USA) and 10 μg/mL of CHX (HY-12320, MCE, Washington, DC, USA) for 16 h to induce 

cell death. 

4.3. Cell Viability Assay 

Cell viability was assessed using the cell counting kit-8 (CCK-8). In brief, HCT116 

cells were plated into 96-well plates at a density of 1 × 104 cells per well and incubated 

overnight to allow attachment. The cells were then further treated with various alkaloids 

for 24 h. After treatment, 10 μL CCK-8 solution (CK04, DOJINDO, Kumamoto, Japan) was 

added per well, followed by incubation at 37 °C for 15–30 min. The absorbance at 450 nm 

was recorded with a microplate reader (Thermo Scientific, Waltham, MA, USA). 

4.4. Flow Cytometry 

Cell death was detected employing the Annexin V FITC Detection Kit (C1062, Be-

yotime, Shanghai, China). HCT116 cells were harvested and rinsed twice with PBS. Sub-

sequently, 500 μL binding buffer suspension was added to the treated cells. Following 

this, 5 μL Annexin V-FITC was introduced into each group, followed by incubation of the 

cultures at room temperature for 5–15 min in the dark. Samples were then analyzed using 

a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA). 

4.5. PI Staining 

To examine the inflammatory cell death, HCT116 cells were stained for 10 min with 

PI (2 μg/mL, P4170, Sigma-Aldrich, Taufkirchen, Germany) and Hoechst33342 (5 μg/mL, 

A3472, APExBio Technology, TX, USA). Images of pyroptotic cells were acquired using a 

fluorescent microscope (DP 74, Olympuss, Tokyo, Japan). 

4.6. Western Blotting 

Western blotting was conducted following a previously described method [52]. Pro-

tein samples were separated on 12.5% SDS-polyacrylamide gels and then electro-trans-

ferred onto nitrocellulose membranes (PALL, New York, NY, USA). After blocking with 

5% BSA for 1 h, the membranes were probed overnight at 4 °C with primary antibodies 

diluted in blocking buffer, followed by incubation with secondary antibodies for 1 h at 

room temperature. Protein signals were detected using the Immobilon ECL kit (Millipore, 

Waltham, MA, USA) and visualized on the Tanon-5200 Imaging System (Tanon, Shang-

hai, China). Furthermore, the band intensities were quantified using ImageJ software 

v1.54 (National Institutes of Health, Bethesda, MD, USA). 

The antibodies used in the study are listed as follows: DFNA5/GSDME (ab215191, 

Abcam, Cambridge, UK); Caspase-3 (ab184787, Abcam); cleaved Caspase-3 (9664S, Cell 

Signaling Technology, Beverly, CA, USA); Beta Actin (66009-1-Ig, Proteintech, Chicago, 

IL, USA); Caspase-1 (3866S, Cell Signaling Technology); GSDMD (ab219800, Abcam); 
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cleaved N-terminal GSDMD (ab215203, Abcam); GAPDH (60004-1-Ig, Proteintech); P-

ERK1/2 (1202/Y204) (4370S, Cell Signaling Technology); ERK1/2 (ZH5003, Zhonghe, Bei-

jing, China); P-JNK(T183/Y185) (4668S, Cell Signaling Technology); JNK (ZN5037, 

Zhonghe); HMGB1 (3935S, Cell Signaling Technology); and HRP-conjugated Goat Anti-

Rabbit IgG (C650202, Sangon Biotech, Shanghai, China). 

4.7. RNA Isolation and qPCR 

Total RNA was isolated using TRIzol (Invitrogen, Waltham, MA, USA) according to 

a previously described method [52]. Complementary DNA was synthesized, and qPCR 

amplification was performed using the Evo M-MLV One Step RT-qPCR Mix (AG11763, 

Accurate Biology, Changsha, China) with gene-specific primers on a CFX96 Real-Time 

PCR Detection System (Bio-Rad, Carlsbad, CA, USA). The primer sequences employed 

are listed in Supplementary Table S1. 

4.8. Mice 

Male C57BL/6J mice (6–8 weeks old) were used in all assays. All animals were main-

tained in accordance with the ethical policies and procedures approved by the Beijing 

University of Chinese Medicine Institutional Animal Care and Use Committee (Ethics No. 

BUCM-2024061801-2181). 

4.9. Generation of Citrobacter Rodentium-Induced Colitis Model and BBR Treatment 

C. rodentium (51459, ATCC) infection was induced in the mice as previously de-

scribed. The mice were randomly allocated into three groups (n = 5 per group): normal 

control, C. rodentium-induced colitis model, and BBR-treated group (50 mg/kg). The 

mouse model of colitis was illustrated in Figure 4A. BBR was administered by gavage at 

100 μL/day once daily, starting one day prior to C. rodentium challenge. On the following 

day, both the model and BBR-treated groups were orally gavaged with 5 × 109 colony-

forming units (CFU) of the pathogen. Body weight and diarrhea score were monitored 

daily until the study endpoint. Subsequently, the animals were sacrificed, and colonic 

length was measured. Colon specimens were rinsed in PBS and stored in appropriate so-

lutions for subsequent analysis. 

4.10. The Diarrhea Score 

Fecal specimens were scored in a blinded manner on a scale from 1 to 4 (diarrhea 

index, DI) based on color, texture, and quantity, using the following criteria: DI = 1, nor-

mal; DI = 2, loose yellow-green; DI = 3, completely loose yellow-green; DI = 4, high amount 

of watery feces. 

4.11. C. Rodentium Determination in Mouse Feces and Tissues 

For the determination of CFU, feces and colon were harvested, weighed, and homog-

enized in sterile PBS 7 days after C. rodentium infection. Homogenates were then plated 

on MacConkey agar (HB6238, Hopebio, Qingdao, China) for 24 h at 37 °C and C. rodentium 

colonies were counted for CFU determination by normalizing for volume and weight of 

the starting tissue. 

4.12. Hematoxylin and Eosin (H&E) Staining 

For H&E staining, mouse distal colon tissues were fixed in 4% paraformaldehyde. 

After fixation, specimens were rinsed under running tap water for 30 min to remove the 

fixative, followed by dehydration through a graded ethanol series. The dehydrated tissues 

were cleared in xylene and then embedded in paraffin blocks. Sections were cut at 5 μm 

thickness, deparaffinized in xylene, and rehydrated through a descending ethanol series. 
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Slides were subsequently stained with hematoxylin and eosin and then dehydrated, 

cleared, and mounted with a coverslip. Images were captured using a super-resolution 

automatic tissue scanning microscope to assess crypt damage and inflammatory cell infil-

tration. Detailed scoring criteria are provided in Supplementary Table S2 [53]. 

4.13. Immunohistochemistry (IHC) 

For IHC staining, paraffin-embedded mouse colon sections were deparaffinized and 

subjected to antigen retrieval. Endogenous peroxidase activity was quenched by treat-

ment with hydrogen peroxide. Non-specific binding was blocked with 5% BSA. Thereaf-

ter, the sections were then incubated overnight at 4 °C with primary antibodies targeting 

GSDME N-terminal (ab222407, Abcam) and ZO-1 (21773-1-AP, Proteintech), followed by 

appropriate HRP-conjugated secondary antibodies, and positive immunoreactivity was 

revealed using a diaminobenzidine substrate. Finally, the sections were counterstained 

with hematoxylin for microscopy. 

4.14. Statistical Analyses 

Experimental replicates and numbers of mice are stated in the respective figure leg-

ends. Data are presented as mean ± standard deviation (SD) and analyzed using 

GraphPad Prism v.10 (GraphPad Software, San Diego, CA, USA). One-way ANOVA in 

conjunction with Dunnett tests was used for statistical analyses. p < 0.05 was considered 

statistically significant. 

5. Conclusions 

In summary, BBR was identified as the most active alkaloid in our screening system 

and alleviated C. rodentium-induced colitis with reduced epithelial GSDME cleavage, re-

strained HMGB1/ERK/JNK inflammatory signaling, and improved barrier-related 

readouts. Because this effect occurred without significantly reducing bacterial burden, 

BBR appears to act mainly by limiting bacteria-associated epithelial pyroptotic injury. 

These findings support BBR as a promising candidate for the treatment of colitis driven 

by epithelial pyroptosis. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

BBR Berberine 

CHX Cycloheximide 

ERK Extracellular signal-regulated kinase 

GSDMD Gasdermin D 

GSDME Gasdermin E 

HMGB1 High mobility group box 1 

IBD Inflammatory bowel disease 

IECs Intestinal epithelial cells 

JNK C-Jun N-terminal kinase 

NLRP3 NOD-like receptor pyrin domain-containing 3 

TNF-a Tumor necrosis factor-alpha 

ZO-1 Zonula occludens-1 
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