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Abstract
Background  Nonsteroidal anti-inflammatory drugs (NSAID), which are commonly used to manage pain and inflammation, 
often cause gastrointestinal injuries, including small intestinal damage. Berberine (BBR) is a traditional Chinese medicine 
that protects against these injuries. However, the mechanism of action is not fully understood.
Aims  This study aimed to evaluate the protective effects of BBR against NSAID-induced intestinal injury and elucidate the 
underlying molecular mechanisms.
Methods  We evaluated the effects of BBR on NSAID-induced intestinal injury using a combination of mouse models and 
human gut organoids. Mice were treated with indomethacin with or without BBR to induce small intestinal injury. Human 
gut organoids were exposed to NSAID, with or without BBR, to assess their direct epithelial effects. Histological analyses, 
cytokine measurements, and Western blotting were performed to evaluate intestinal damage, tight junction integrity, and 
inflammasome-associated activation.
Results  In NSAID-treated mice, BBR markedly reduced ulcers and adhesions and preserved ileal Claudin-1, Occludin, and 
Zonula Occludens-1 (ZO-1) levels. BBR inhibited both NOD-like receptor family pyrin domain-containing 6 and NOD-like 
receptor family caspase recruitment domain–containing protein 4 inflammasome activation, reducing Caspase-1 maturation 
and downstream interleukin-1β and tumor necrosis factor-α release. In human gut organoids, BBR demonstrated comparable 
protective effects by directly mitigating NSAID-induced epithelial barrier disruption caused by Claudin-1 and Occludin 
downregulation, although it did not restore ZO-1 expression.
Conclusions  BBR effectively prevented NSAID-induced small intestinal injury by maintaining tight junction integrity and 
inhibiting inflammasome-associated activation, indicating its potential as a therapeutic agent against such damage.

Keywords  Nonsteroidal anti-inflammatory drugs-induced small intestinal injury · Berberine · Tight junction protein · 
Inflammasomes

Introduction

Nonsteroidal anti-inflammatory drugs (NSAID) are widely 
used as antipyretic and analgesic agents for the treatment 
of cold, arthritis, and joint pain. Despite their efficacy as 
antipyretic and analgesic agents, adverse events affecting 

the digestive system, such as gastric and duodenal ulcers, 
occur with NSAID administration [1, 2]. However, with the 
recent advent of capsule- and balloon-assisted endoscopy, 
NSAID have frequently been shown to cause small intestinal 
mucosal injuries [3–7]. Small intestinal injuries induced by 
NSAID manifest in various forms, including erythema, ero-
sion, ulcers, and membranous strictures, which frequently 
occur throughout the small intestine with bleeding or per-
foration. When NSAID are used, it is necessary to prevent 
mucosal injury to the upper gastrointestinal tract and small 
intestine.

The efficacy of widely used proton-pump inhibitors [8, 
9] against NSAID-induced small intestinal injuries remains 
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unclear. Previous studies have reported that proton-pump 
inhibitors can aggravate these injuries [10, 11].

Upper gastrointestinal injuries caused by NSAID are pri-
marily mediated by the inhibition of cyclooxygenase (COX), 
an enzyme responsible for prostaglandin synthesis that plays 
a central role in mucosal defense mechanisms. COX-1 pro-
tects the gastric mucosa, whereas COX-2 is involved in 
inflammatory and pain responses. Consequently, the use of 
selective COX-2 inhibitors is a potential strategy for pre-
venting mucosal damage [8, 9]. However, previous studies 
reported a high incidence of small intestinal injury despite 
the use of selective COX-2 inhibitors [4, 6, 7]. Additional 
studies have suggested that the underlying mechanism of 
NSAID-induced small intestinal injuries involves invasion of 
the intestinal microbiota owing to the direct NSAID-induced 
disruption of the small intestinal epithelial barrier function 
through tight junctions [1, 12–14].

Berberine (BBR), a traditional Chinese medicine, has 
been investigated for its potential effects on various signaling 
pathways and molecular targets involved in the microbiota, 
inflammation, and immune responses to multiple diseases 
[15–17]. Some studies have suggested that BBR effectively 
prevents NSAID-induced small intestinal injury [18–20]; 
however, the mechanisms of action remain undefined. This 
study examined the mechanism of action of BBR against 
NSAID-induced small intestinal injury using murine and 
human gut organoid models.

Methods

Mice

Seven-week-old BALB/c mice were obtained from CLEA 
Japan, Inc. (Tokyo, Japan) and maintained under specific 
pathogen-free conditions at the Animal Care Facility of 
Okayama University. All experimental protocols and pro-
cedures adhered to the guidelines of the Okayama University 
Committee for the Care and Use of Laboratory Animals. 
The Animal Experiments Ethics Committee of Okayama 
University approved the study protocol (protocol number: 
OKU-2023346). We minimized the number of animals used 
while maintaining statistical robustness. All methods were 
performed following the relevant guidelines and regula-
tions, including the ARRIVE guidelines for reporting ani-
mal research, with anesthesia and euthanasia procedures 
adhering to the American Veterinary Medical Association 
Guidelines for the Euthanasia of Animals (2020) to ensure 
ethical treatment [21].

Chemicals

BBR (chloride form; 98% purity) was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). The BBR dose was 
selected based on preliminary experiments conducted in 
our laboratory, which demonstrated its efficacy in reducing 
NSAID-induced intestinal damage without any observable 
toxicity. For the in vitro experiments, 100 µM BBR was 
used. For the in vivo experiments, BBR was dissolved in 
drinking water at a concentration of 4 mg/mL.For in vitro 
experiments, indomethacin (IND) (purity, 99%; Sigma-
Aldrich) was used at a concentration of 1 mM. For in vivo 
studies, IND was incorporated into a normal diet at a con-
centration of 0.005%.

Cell Culture and Treatments

Human iPSC-derived apical gut organoids were purchased 
from Dai Nippon Print (Tokyo, Japan). The organoids were 
cultured in a xenogeneic-free medium consisting of 85% 
Knockout Dulbecco’s modified Eagle medium and 15% CTS 
Knockout SR XenoFree Medium (both from Life Technol-
ogies, Carlsbad, CA, USA) supplemented with 2 mmol/L 
GlutaMAX (Life Technologies), 0.1 mmol/L MEM Non-
Essential Amino Acids (Life Technologies), 1% penicil-
lin–streptomycin (Sigma–Aldrich), 50 µg/mL l-ascorbic 
acid (Fujifilm Wako Pure Chemical; Osaka, Japan), 10 ng/
mL heregulin-β1 (Fujifilm Wako Pure Chemical), 200 ng/
mL recombinant human insulin-like growth factor-1 (Fuji-
film Wako Pure Chemical), and 10 ng/mL fibroblast growth 
factor 2 (Fujifilm Wako Pure Chemical). The organoids were 
treated with 100 µM BBR and 1 mM IND for three days. 
After treatment, the organoids were either fixed in 10% for-
malin for hematoxylin and eosin (H&E) staining or freshly 
frozen in liquid nitrogen and stored at -80 ℃ for Western 
blotting. Twelve organoids were analyzed, including those 
used in the preliminary experiments. For morphological 
quantification, three representative organoids per group were 
selected based on their structural preservation and imaging 
quality. Western blotting was performed with independently 
prepared samples, and each blot was repeated at least three 
times. Densitometric analysis was based on the average of 
three biological replicates.

Each experiment included a control group treated with 
equal concentrations of dimethyl sulfoxide.

In vivo Experimental Design

An IND-induced intestinal ulceration mouse model was used 
to assess the effects of BBR. Seven-week-old female mice 
were divided into three groups: normal control diet (Con 
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group), diet containing IND (N group), and diet contain-
ing IND with BBR (BBR group). The mice were weighed 
daily and sacrificed on day 5 under deep anesthesia with 4% 
isoflurane.

The damaged areas were delineated using 1% Evans 
blue (FUJIFILM Wako Pure Chemical Corporation, Osaka, 
Japan) administered intraperitoneally one day before sac-
rifice. To avoid potential interference from Evans blue in 
serum analysis, experiments for gross lesion evaluation 
and specimen sampling (e.g., serum cytokines) were con-
ducted separately. During autopsy, the mice were examined 
for ascites and adhesions in the small intestine, which are 
indicative of perforation. Blood samples were collected from 
the vena cava of the mice. The small intestine was spread 
onto paper, measured in length, and opened on the antimes-
enteric side. Intestinal weight was not assessed in this study. 
The total number of ulcerative lesions was recorded. The 
terminal ileum was excised, fixed in 10% formalin for H&E 
staining and immunofluorescence staining, fresh-frozen in 
liquid nitrogen, and stored at -80 ℃ for Western blotting.

Fluorescein Isothiocyanate‑Dextran Intestinal 
Permeability Assay

Intestinal permeability was assessed using fluorescein iso-
thiocyanate-labeled dextran (Chondrex, Inc. Woodinville, 
WA, USA). Seven-week-old female mice were divided into 
three groups: regular control diet (Con group), diet con-
taining IND (N group), and diet containing IND with BBR 
(BBR group). After a 4 h fast, mice were orally gavaged 
with FITC-dextran (4 kDa; 80 mg/mL in PBS) at a dose of 
600 mg/kg body weight. Four hours later, blood was col-
lected, plasma was isolated by centrifugation (2000 × g, 
10 min, 4 ℃), and fluorescence was measured using a Glo-
Max® Explorer Multimode Microplate Reader (Promega 
Corporation, Madison, WI, USA) at excitation and emission 
wavelengths of 485 and 528 nm, respectively.

Western Blotting

Total protein was extracted from the small intestine using 
a Minute Protein Extraction Kit (Invent Biotechnologies, 
Inc., Plymouth, MN, USA). Protein concentrations were 
quantified using the bicinchoninic acid method (BCA 
Protein Assay Kit; Takara Bio Inc., Otsu, Japan) and 
adjusted to ensure equal loading across samples. Equiva-
lent amounts of protein from each group were separated 
on sodium dodecyl sulfate–polyacrylamide gels and 
transferred onto polyvinylidene fluoride membranes. The 
membranes were then incubated with primary antibod-
ies against Nucleotide-binding oligomerization domain-
like receptor family pyrin domain-containing protein 3 
(NLRP3) (rabbit monoclonal, D4D8T, 1:1000), NOD-like 

receptor family pyrin domain-containing 6 (NLRP6) (rab-
bit monoclonal, F8J8R, 1:1000), Occludin (rabbit mono-
clonal, E6B4R, 1:1000), Caspase-1 (rabbit monoclonal, 
E9R2D,1:1000), Cleaved caspase-1 (Asp296) (rabbit mon-
oclonal, E2G2I, 1:1000), Zonula Occludens—2 (ZO-2) ( 
rabbit polyclonal, 2847 s, 1:1000) (Cell Signaling Tech-
nology, Inc., Beverly, MA, USA), Zonula Occludens -1 
(ZO-1) (rabbit monoclonal, BLR092G, 1:1000), Claudin-1 
(rabbit monoclonal, EPR25359-48, 1:1000), and NOD-like 
receptor family caspase recruitment domain–contain-
ing protein 4 (NLRC4) (rabbit monoclonal, EPR19733, 
1:1000) (Abcam, Cambridge, MA, USA). Protein bands 
were detected by chemiluminescence following incubation 
with the appropriate secondary antibodies. β-actin was 
used as a loading control. Quantitative analysis of band 
intensity was performed using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA).

Immunofluorescence Staining

Paraffin-embedded sections of human iPSC-derived intes-
tinal organoids and BALB/c mouse ileum were deparaffi-
nized in xylene, rehydrated using a graded ethanol series, 
and subjected to antigen retrieval in 10 mM citrate buffer 
(pH 6.0) at 95 ℃ for 20 min. After cooling, sections were 
blocked with 5% goat serum for 30 min at 20 ℃, then incu-
bated overnight at 4 ℃ with primary antibodies against 
ZO-1 (mouse monoclonal, ZO-1-1A12, 1:1000) (Invitro-
gen, Carlsbad, CA, USA), Claudin-1 (rabbit polyclonal, 
28,674–1-AP, 1:200) (Proteintech, Rosemont, IL, USA), 
and Occludin (mouse monoclonal, OC-3F10, 1:400) (Inv-
itrogen). The following day, the sections were washed 
thrice in PBS and incubated for 1 h at room temperature 
with Alexa Fluor 488 goat anti-rabbit IgG (Molecular 
Probes, Eugene, OR, USA, 1:300) and Alexa Fluor 594 
goat anti-mouse IgG (Molecular Probes, Eugene, OR, 
USA, 1:300). After three PBS washes, the nuclei were 
counterstained with 4′,6-diamidino-2-phenylindole (DAPI; 
#H-1200; Vector Laboratories, Burlingame, CA, USA), 
mounted with antifade medium, and imaged using Olym-
pus cellSens imaging software (Olympus, Tokyo, Japan).

Multiple Cytokine Assays

Cytokine levels were measured using a BioPlex 200 Sys-
tem (BioPlex Pro Mouse Cytokine Standard GI 8-PlexA; 
Bio-Rad, Hercules, CA, USA). Each sample was tested in 
duplicate, and the median values were recorded. A value 
of zero was assigned to values below the measurement 
sensitivity.
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Statistical Analyses

Data are presented as mean ± standard deviation for para-
metric data and median for non-parametric data. Parametric 
data were analyzed using Student’s t-test, whereas non-para-
metric data were evaluated using the Mann–Whitney U test. 
Statistical significance was set at P < 0.05. All analyses were 
conducted using JMP software (version 15; SAS Institute, 
Cary, NC, USA).

Results

BBR Prevented NSAID‑Induced Small Intestinal 
Injury

We determined the effects of BBR in a murine model 
of NSAID-induced small intestinal injury. No signifi-
cant differences were observed in weight loss after the 
induction of small intestinal injury by NSAID between 
mice treated with and without BBR (Fig. 1a); however, 
mice treated with BBR had significantly longer intestinal 
tracts (Fig. 1b). BBR-treated mice exhibited no abnormal 
behavior or clinical signs of toxicity. Mice not treated with 
BBR had several adhesive lesions in the small intestinal 
tract, which could be owing to NSAID-induced ulcers; 
these lesions were not observed in mice treated with BBR 
(Fig. 1b). Moreover, the number of ulcers induced in the 
small intestine was notably reduced in BBR-treated mice 
(Fig. 1c). Histologically, the terminal ileal villi were sub-
stantially longer in mice treated with BBR, suggesting that 
BBR prevented severe NSAID-induced epithelial damage 
in the intestine (Fig.  1d). Furthermore, FITC-dextran 
intestinal permeability assays revealed that plasma FITC 

concentrations were significantly elevated in the NSAID-
treated group, indicating intestinal barrier dysfunction. In 
contrast, this increase was suppressed in the BBR-treated 
group (Fig. 1e), suggesting that BBR administration may 
prevent NSAID-induced small intestinal injury.

BBR Protected Against NSAID‑Induced Intestinal 
Epithelial Damage in Human Intestinal Organoid 
Models

Intestinal epithelial cells are frontline cells exposed to 
NSAID. Therefore, human-induced pluripotent stem cell-
derived apical gut organoids were used to determine the 
direct effects of NSAID on human intestinal epithelial cells 
with or without BBR in vitro. Unlike conventional intes-
tinal organoids, which are apical-out, the direct impact of 
NSAID on intestinal epithelial cells was assessed by the 
simple addition of NSAID to the culture media. Three days 
later, the intestinal epithelial cells peeled off, indicating 
that NSAID directly induced damage (Fig. 2a). However, 
concomitant BBR administration significantly reduced 
intestinal epithelial damage (Fig. 2a). These organoid 
models do not contain immune cells; thus, the damage 
induced by NSAID and their protective effects are attrib-
uted to mechanisms other than the immune system.

To determine the molecular mechanisms underlying 
the protective effects of BBR against NSAID-induced 
intestinal epithelial injury, we examined the status of the 
tight junction system because BBR reportedly reduces 
the impairment of tight junctions in the intestinal epithe-
lia under inflammatory and noninflammatory conditions 
[22–24]. We focused on Claudin-1, Occludin, and ZO-1 
because they represent key transmembrane and scaffold-
ing components critical for maintaining epithelial barrier 
integrity [25]. We performed immunofluorescence for the 
tight junction proteins Claudin-1, Occludin, and ZO-1 in 
human gut organoids treated with NSAID, with or without 
BBR. Fluorescent staining of these tight junction proteins 
revealed that in organoids treated with NSAID alone, the 
marginal localization of Occludin, Claudin-1, and ZO-1 
was fragmented and weakened. In contrast, in the BBR-
co-treated group, continuous belt-like localization along 
the cell boundaries was maintained (Fig. 2b). Western blot 
analysis revealed that the expression levels of Occludin 
and Claudin-1 were significantly reduced in the NSAID-
treated group, whereas no significant differences were 
observed in ZO-1 expression between the groups (Fig. 2c). 
We also assessed ZO-2 expression and found no significant 
changes (Supplementary Fig. 1). These results indicate 
that BBR may protect against NSAID-induced damage to 
intercellular tight junctions in the intestinal epithelia.

Fig. 1   BBR protected against NSAID-induced small intestinal injury. 
Seven-week-old BALB/c mice were divided into three groups: nor-
mal diet (control group [Con]), diet containing IND (N group [N]), 
and diet containing IND with BBR (BBR group [BBR]). The mice 
were monitored for up to five days, sacrificed, and their tissues were 
analyzed. a Body weight changes in the experimental group. b Rep-
resentative gross appearance of the small intestine of mice in each 
group (left panel). Arrows indicate ulcerative lesions. The mean 
length of the small intestine of five mice from each experimen-
tal group is shown in the right panel. c Ulcer lesions stained with 
Evans blue in water (left panel). Arrows indicate ulcerative lesions. 
The mean number of ulcer lesions in five mice from each group is 
shown in the right panel. d Representative histological images of the 
terminal ileum of mice in each group (left panel). Scale bar, 100 μm. 
The mean lengths of the small intestinal villi of five mice from each 
experimental group are shown in the right panel. e Intestinal perme-
ability was evaluated using the FITC-dextran  (4  kDa) assay. Four 
mice were used for each group. All data are shown as mean ± SD. 
*P < 0.05, **P < 0.01. BBR, berberine; IND, indomethacin; NSAID, 
nonsteroidal anti-inflammatory drug; FITC, fluorescein isothiocy-
anate; SD, standard deviation

◂
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BBR Reduced Serum Inflammatory Cytokine Levels 
in Mice

We previously reported that serum levels of inflammatory 
cytokines were notably elevated in mice with NSAID-
induced small intestinal injury [6] and examined cytokine 
levels in the sera of NSAID-treated mice with or without 
concomitant BBR treatment. Interleukin (IL)-1β and tumor 
necrosis factor (TNF)-α levels considerably decreased in 
BBR-treated mice (Fig. 3). These findings suggest that BBR 
decreased cytokine levels that were elevated by NSAID-
induced intestinal injury, and that this effect could be medi-
ated by protecting tight junctions against damage. These 

cytokine-mediated effects represent functions of the innate 
immune system.

BBR Preserved Ileal Tight Junctions and Inhibited 
Inflammasome Activation in Mice

Consistent with the in vitro findings obtained using human 
organoids, immunofluorescence for tight junction proteins 
revealed that vehicle-treated mice displayed a continuous 
Claudin-1 green belt accompanied by densely packed red 
Occludin/ZO -1 puncta along the apical junction. NSAID 
administration disrupted this organization: the Claudin -1 
belt was fragmented, and Occludin/ZO -1 puncta became 
sparse. BBR treatment suppressed this disruption, main-
tained belt continuity, and preserved puncta density (Fig. 4a). 
Western blot analysis confirmed that BBR suppressed 
NSAID-induced downregulation of Claudin-1, Occludin, 
and ZO-1 (Fig. 4b). NLRP6 inflammasome is associated 
with increased intestinal permeability and inflammation [26, 
27]. The ileal terminal tissues of mice with NSAID-induced 
intestinal injury were examined to determine whether BBR 
reduced NLRP6 inflammasome activation. The expression 
levels of NLRP6 were notably reduced in BBR-treated mice 
(Fig. 5a). We also examined NLRC4 and NLRP3 because 
NLRC4 has been implicated in epithelial inflammasome-
mediated injury and NLRP3 is a prototypical inflammasome 
activated under various stress conditions [13, 28].Another 
inflammasome, NLRC4, showed a similar trend (Fig. 5b); 
however, NLRP3 expression levels remained unchanged 
across all treatment groups (Supplementary Fig. 2). Con-
sistently, the expression levels of Caspase-1 and Cleaved 
caspase-1 were significantly reduced in BBR-treated mice 
(Figs. 5c and d). These findings suggest that BBR prevents 

Fig. 2   BBR protected against NSAID-induced intestinal epithelial 
damage in the human intestinal organoid model. Human-induced 
pluripotent stem cell-derived apical gut organoids were cultured with 
1 mM IND for three days, with or without 100 mM BBR (BBR and 
N groups, respectively). Control organoids were cultured without 
IND (control group [Con]). a Representative histological images of 
organoids are shown in the left panel. Red arrows indicate normal 
epithelial cells and yellow arrows indicate damaged epithelial cells. 
The ratio of the residual epithelial length was calculated by dividing 
the horizontal length of the epithelial cells by the horizontal length of 
the circumference of the corresponding organoids (right panel). Data 
are shown as the mean ± SD of three experiments for each group; 
*P < 0.05. b Representative immunofluorescence staining of terminal 
ileum sections. The left panels show Claudin-1 (green) and Occludin 
(red), and the right panels show Claudin-1 (green) and ZO-1 (red). 
Nuclei were counterstained with DAPI (blue). c Representative West-
ern blots of Claudin-1, Occludin, and ZO-1 expression levels in orga-
noids from each group (left panels). The bar graph shows the relative 
expression of each protein normalized to that of β-actin (right panel). 
Data are shown as the mean ± SD of three experiments per group. 
*P < 0.05. BBR, berberine; IND, indomethacin; NSAID, nonsteroi-
dal anti-inflammatory drug; SD, standard deviation; ZO-1, Zonula 
Occludens-1; DAPI; 4′,6-diamidino-2-phenylindole

◂

Fig. 3   BBR decreased the serum inflammatory cytokine levels in 
mice. The mice were treated as described in the legend of Fig.  1. 
Serum IL-1β (left) and TNF-α (right) levels determined on day 5 for 
each mouse group are shown. Con, control group; N, N group; BBR, 

BBR group. Data are shown as the mean ± SD of five mice per group. 
*P < 0.05.  BBR, berberine; IL, interleukin;  TNF, tumor necrosis fac-
tor; SD, standard deviation
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the increased expression of inflammatory cytokines by 
inhibiting inflammasome activation and concurrently pre-
serving tight junction integrity, leading to reduced NSAID-
induced damage to the intestinal epithelium.

Discussion

The side effects of NSAID on the digestive system include 
gastric ulcers and other upper gastrointestinal disorders, 
with a frequent incidence of small bowel injury [3–6]. Using 
murine and in vitro human organoid models, we found that 
BBR protected against NSAID-induced intestinal injury 
by enhancing tight junction protein expression and reduc-
ing inflammasome-associated activation and inflammatory 
cytokine levels.

BBR is a natural product that is widely used in tradi-
tional Chinese medicine. In addition to its various bioac-
tive actions, mucosal protection and anti-inflammatory 
effects of BBR have been reported [15–17]. Therefore, 
we hypothesized that BBR affects NSAID-induced small 
bowel injury. Consistent with several previous studies inves-
tigating the favorable effects of BBR on NSAID-induced 
small bowel injury [18–20], the protective effects of BBR 
against NSAID-induced intestinal injury were confirmed 
in murine and human gut organoid models. Despite mild 
NSAID-induced intestinal injury, weight loss was observed 
in the BBR group. BBR reportedly has metabolic effects 
[29]. Therefore, we hypothesized that the observed weight 
loss was because of its bioactive actions. Although a 
decrease in adenosine deaminase mRNA levels or enteric 
nervous system repair has been reported as the mechanism 
underlying the protective effects of BBR against NSAID-
induced intestinal injury [18–20], we identified more direct 
effects on the intestinal epithelium through an enhanced 
tight junction system and reduced inflammasome-associated 

activation. Taken together, these favorable molecular effects 
protect against NSAID-induced intestinal injury. Further 
clinical trials should be conducted to confirm the protective 
effects of BBR against NSAID-induced intestinal injuries.

Tight junctions are crucial for the intestinal physical bar-
rier and play a critical role in maintaining intestinal perme-
ability and preventing the invasion of exogenous bacteria-
related pathogens [30]. Here, we observed a protective effect 
of BBR on tight junctions in murine and human organoid 
models in which intestinal injury was directly induced by 
NSAID, probably through the enhanced expression of Clau-
din-1 and Occludin. In contrast, the ZO-1 levels in orga-
noids remained unchanged. Consistent with our results, 
BBR reportedly has a protective effect on tight junctions in 
the intestinal epithelium in other murine models of intesti-
nal damage [13, 23, 31]. Therefore, the mucosal protective 
effects of BBR may be partially mediated by the enhanced 
effects of key tight junctions. The absence of ZO-1 modula-
tion in organoids may reflect the requirement for stromal 
or immune cell-derived signals to regulate scaffold protein 
dynamics, which are lacking in epithelial-only cultures [32]. 
Further investigation is required to elucidate these regulatory 
mechanisms.

Once tight junctions are damaged, intestinal pathogens 
invade the submucosal layer, triggering an inflammatory 
response. Inflammation is also involved in NSAID-induced 
intestinal damage [1, 12–14]. Inflammasome-associated 
activation is reportedly involved in NSAID-induced small 
intestinal injury [1, 13, 33]. Although the NLRP3 inflam-
masome is allegedly involved in NSAID-induced small 
intestinal injury [13, 28], no notable changes in NLRP3 
activation were observed in this study. BBR markedly sup-
presses NLRC4 and NLRP6 inflammasome components 
in the mouse ileum pathways that drive Caspase-1–medi-
ated cytokine release and epithelial permeability [26–28]. 
Reduced Caspase-1 cleavage may also limit pyroptotic/
apoptotic cell death, further preserving the barrier integrity 
[34]. Although we did not assess epithelial apoptosis or use 
NLRC4/NLRP6 knockout models in this study, our find-
ings highlight the potential of BBR as a dual inflammasome 
inhibitor, and warrant further functional validation.

Infliximab, a TNF-α inhibitor, prevents NSAID-induced 
small intestinal injury enteropathy [35]. We observed that 
BBR reduced the levels of TNF-α, IFN-γ, IL-2, and IL-4 
(Supplementary Fig. 3). These cytokines destabilize tight 
junctions by modulating Claudin-1, Occludin, and ZO-1 
[36, 37]. In BBR-treated mice, parallel suppression of these 
mediators and preservation of junctional integrity provided a 
coherent mechanistic link between immune modulation and 
barrier protection. Given the pleiotropy of BBR, future stud-
ies should dissect individual cytokine–junction pathways to 
refine its therapeutic applications.

Fig. 4   BBR protects against ileal tight junction damage. The expres-
sion levels and localization of tight junction proteins in the terminal 
ileum tissues of each mouse group were assessed using immuno-
fluorescence staining and Western blotting. Mice were grouped as 
described in the legend of Fig.  1. a Representative immunofluores-
cence staining of the terminal ileum tissue in each group. Left pan-
els show Claudin-1 (green) and Occludin (red), and the right panels 
show Claudin-1 (green) and ZO-1 (red). Nuclei were counterstained 
with DAPI (blue). b Representative Western blots of Claudin-1, 
Occludin, and ZO-1 expression levels in the terminal ileum tis-
sues of each group. The bar graph shows the ratio of the expression 
levels of each protein to that of β-actin. Con, control group; N, N 
group; BBR, BBR group.  Data are shown as mean ± SD of four mice 
in each group. *P < 0.05, **P < 0.01. BBR, berberine; ZO-1, zonula 
occludens 1; DAPI; 4′,6-diamidino-2-phenylindole;  SD, standard 
deviation

◂
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Conclusion

BBR demonstrated robust protective effects against NSAID-
induced small intestinal injury by preserving tight junction 
integrity (via Claudin-1 and Occludin stabilization; ZO-1 
was unchanged in organoids) and inhibiting inflammasome-
associated activation (including the NLRC4 and NLRP6 
pathways). These findings suggest that BBR mitigates 
intestinal barrier dysfunction and excessive inflammatory 
responses, making it a promising therapeutic candidate for 
preventing NSAID-induced intestinal injury. Further clinical 
studies are warranted to establish its efficacy and potential 
application in a broader context.
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