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Obesity is recognized as a risk factor for inflammatory bowel disease (IBD) and may contribute to its 
progression. However, the underlying mechanisms remain unclear. This study aimed to investigate 
the impact of high-fat diet (HFD)-induced obesity on the development of experimental colitis, with a 
particular focus on the role of the gut renin–angiotensin system (RAS) in this process. C57BL/6J mice 
were assigned to either a low-fat diet (LFD) or HFD for 10 weeks to establish an obesity model.The 
severity of colitis was significantly greater in obese mice compared to those fed the LFD. Additionally, 
obesity was associated with increased levels of IL-6, IFN-γ, and TNF-α, while simultaneously 
downregulating the expression of occludin proteins in the colon, leading to increased colonic 
permeability in the obese mice. Following colitis induction, HFD -induced obesity activated the RAS 
by upregulating the expression of angiotensin II receptor, angiotensinogen, and renin in the colon. 
Treatment with a RAS inhibitor significantly alleviated the symptoms of colitis in the obese mice. 
These findings suggest that HFD-induced obesity enhances intestinal mucosal barrier permeability and 
exacerbates mucosal inflammation through the activation of the local RAS, thereby promoting colitis.
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Inflammatory bowel disease (IBD) is a complex disorder characterized by chronic inflammation of the 
gastrointestinal tract, with two primary clinical subtypes: Crohn’s disease (CD) and Ulcerative colitis (UC). 
The incidence of IBD is thought to be associated with factors such as industrialization, changes in living 
conditions, and dietary practices, contributing to its global spread1. The etiology of IBD remains incompletely 
understood but is believed to involve dysregulation of the mucosal immune response by the gut microbiota and 
impairment of the intestinal barrier, with numerous pro-inflammatory mediators playing a role2. The intestinal 
barrier system comprises a mucus layer, intestinal epithelial cells (IECs), tight junctions (TJs), immune cells, and 
gut microbiota, all of which can be influenced by external factors such as dietary fats3,4. Multiple studies have 
suggested a potential link between the pathogenesis of IBD and Western diets, which are characterized by high 
levels of saturated fat, sugar, and insufficient fiber5–7. Moreover, evidence indicates that obesity resulting from a 
high-fat diet could contribute to the development of IBD8,9.

Obesity is a chronic metabolic disorder that has seen a dramatic rise in global prevalence over the past five 
decades, reaching epidemic proportions and posing a major health risk worldwide10. Obesity is increasingly 
recognized as a chronic low-grade inflammatory state, with adipose tissue playing a key role in the regulation 
of inflammation. Research has shown a significant correlation between obesity, intestinal inflammation, and 
dysfunction of the intestinal barrier11–14, suggesting that obesity may be a potential risk factor for IBD. A 
prominent feature observed in individuals with obesity and related conditions is the high prevalence of a leaky 
or hyper-permeable gut15. Additionally, all components of the renin–angiotensin system (RAS) are present 
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in adipose tissue16. Elevated levels of adipose tissue RAS have been documented in various models of obesity 
induced by high-fat diets (HFD)17.

Studies have demonstrated dysregulation of the RAS in cases of intestinal inflammation, with drugs designed 
to modulate the RAS showing efficacy in various animal models of colitis18–20. RAS inhibitors, including 
angiotensin-converting enzyme inhibitors (ACE-I) and angiotensin receptor blockers (ARB), are considered 
safe antihypertensive treatments with additional anti-inflammatory and anti-fibrotic effects21. These inhibitors 
can positively impact IBD by addressing inflammation, leukocyte recruitment, and fibrosis. In the context of 
obesity, adipocytes secrete substantial amounts of angiotensinogen (AGT), leading to the activation of both 
systemic and local RAS, which in turn modulate obesity and inflammation22. However, the complex interplay 
between obesity, IBD, and RAS remains incompletely understood.

In this study, we provide robust evidence that obesity activates the local RAS, leading to increased permeability 
of the intestinal epithelial barrier and exacerbation of experimental colitis in murine models. We anticipate that 
these findings will significantly enhance the molecular understanding of obesity’s role in colitis pathogenesis and 
contribute to the advancement of clinical management strategies for colitis.

Methods
Animals and treatment
Male C57BL/6J mice, aged 6–8 weeks (18–20 g), were housed under strict light/dark cycles (12 h each) at room 
temperature with food and water provided ad libitum. These mice were purchased from GemPharmatech 
Co., Ltd. (Jiangsu, China), with the license number: SCKK (Su) 2023-0009. The mice were fed either a high-
fat diet (HFD; TP-23520, Trophic Diet, China), containing 60% of available energy as fat, or a low-fat diet 
(LFD; TP-23524, Trophic Diet, China), containing 10% of available energy as fat, for 10 weeks. The physical 
composition of the diets is shown in Table 1. Following dietary treatment, experimental colitis was induced 
using 2,4,6-trinitrobenzenesulfonic acid (TNBS; Sigma-Aldrich) according to a previously described protocol23. 
In some experiments, to assess the effect of AT1 receptor blockade on colitis development, mice were treated with 
losartan dissolved in drinking water at 10 mg/ml for 14 days. On day 7 after starting losartan treatment, the mice 
were anesthetized with 100 mg/kg ketamine and then treated with TNBS. Specifically, mice were presensitized 
with a 1% TNBS solution. After mixing acetone and olive oil in a 4:1 ratio, the mixture was combined with 5% 
TNBS in a 4:1 ratio to prepare the 1% TNBS ensitizing solution. The mice’s backs were shaved, creating an area 
of approximately 1.5 × 1.5 cm. Then, 150 μl of the sensitizing solution was evenly applied to the shaved area on 
the mice’s backs to ensure full absorption. After 8 days, following an overnight fast, the experimental groups were 
administered 0.1 mL of a solution containing 5% TNBS and absolute ethanol (1:1) via intrarectal injection, while 
the control groups received a treatment of 50% ethanol24. Body weight, stool consistency, and rectal bleeding 
were monitored for 3 days. Subsequently, the mice were euthanized by inhalation of excess CO₂, and colons 
were harvested for histological and biochemical analyses. Clinical scores were assessed in detail as described 
previously25. The colonic mucosa were scraped, and total RNA and proteins were isolated. A total of 20 mice 
were sacrificed in this experiment. All methods were performed in accordance with the relevant guidelines and 
regulations. All animal studies were approved by the Institutional Ethical Committee of Zhejiang Provincial 
People’s Hospital (20240722210638164444). This study is reported in compliance with the ARRIVE guidelines.

Assessment of lipids
After 10 weeks of dietary treatment, blood and colon samples were collected from the mice for lipid measurement. 
To a glass centrifuge tube containing fresh or frozen microalgal paste or pulverized dry algal biomass, 8 ml of 
a 2:1 chloroform–methanol (v/v) mixture was added. The biomass was manually resuspended by vigorously 
shaking the tube for a few seconds, followed by the addition of 2 ml of a 0.73% NaCl aqueous solution. Phase 
separation was achieved by centrifuging for 2 min at 350 g, and the lower phase was collected for analysis26. The 
extracted lipids were allowed to air-dry and were then weighed. Triglyceride (F005-2-1), cholesterol (A111-2-1), 
and non-esterified free fatty acid (A042-2-1) contents were quantified using commercial assay kits from Nanjing 
Jiancheng Bioengineering Institute, China, in accordance with the manufacturer’s instructions.

Ingredient High-fat diet (g/kg) Low-fat diet (g/kg)

Casein 258 190

Cystine 4 3

Corn starch 0 299

Dextrin 162 3

Sucrose 89 332

Cellulose 65 47

Soybean oil 32 24

Lard 317 19

Mineral and vitamin mixture 71 52

Choline tartrate 3 2

TBHQ 0.07 0.01

Total 1000 1000

Table 1.  Physical composition of the diets.
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ELISA assay
Whole blood was collected from mice via cardiac puncture and allowed to rest at room temperature for 30 min. 
The blood was then centrifuged at 3000 rpm for 20 min to obtain the supernatant. Serum TNF-α levels were 
measured using a mouse TNF-α ELISA kit (Solarbio, Beijing, China) according to the manufacturer’s guidelines.

Measurement of colonic permeability
Colonic permeability was assessed by measuring serum FITC-dextran levels. Mice were fasted for 6 h and then 
orally administered 200 mg/kg of 4000 Da FITC-dextran. Serum samples were collected 2 h later and analyzed 
using an M200 TECAN microplate reader at a wavelength of 530 nm to evaluate colonic mucosal permeability 
in vivo.

Histological analysis
After euthanasia, the colon was immediately collected from the mice and fixed in 4% formaldehyde prepared in 
PBS (pH 7.2–7.4) overnight at 4 °C. The samples were then processed and embedded in paraffin wax in a “Swiss 
roll” configuration and sectioned into 5 µm slices. Colonic tissue morphology was assessed by staining sections 
with hematoxylin and eosin (H&E), and histological scores were recorded according to a previously described 
scoring system27.

Flow cytometry
Mouse colonic lamina propria cells were isolated, and fluorescence-activated cell sorting (FACS) analysis was 
conducted. The following antibodies were used in the flow cytometry assays: anti-mouse CD3e APC (152305), 
anti-mouse CD4 FITC (100406), and anti-mouse IL-17A APC/cy7 (506940), all purchased from Biolegend. 
FACS analysis was performed using the FACSCanto II system (BD Biosciences).

Western blot analysis
The Western blot assay was performed following Good Clinical Laboratory Practice standards. Proteins were first 
separated using SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membranes. The membranes 
were incubated with primary antibodies targeting occludin (ab-216327, Abcam), AT1R (ab124734, Abcam), 
angiotensinogen (AGT) (sc-374511, Santa Cruz Biotechnology), renin (sc-133145, Santa Cruz Biotechnology), 
and GAPDH (5174, Cell Signaling Technology) at a 1:1000 dilution. Subsequently, the appropriate secondary 
antibodies—Goat Anti-Rat (98164S, Cell Signaling Technology) and Goat Anti-Mouse (91196S, Cell Signaling 
Technology)—were applied at a 1:2000 dilution. Chemiluminescent detection was then performed using the 
Beyotime P0018S kit. For the Western blot quantification, we used Image J software for grayscale analysis.

qRT-PCR
The qRT-PCR reaction was conducted according to the manufacturer’s instructions. Total RNA was extracted 
from colonic mucosa using TRIzol reagent (Invitrogen). First-strand cDNA synthesis was carried out with the 
PrimeScript RT Reagent Kit (TaKaRa, Mountain View, CA). Real-time PCR was performed using the SYBR 
Premix Ex Taq Kit (TaKaRa) on an ABI 7500 real-time system. Fold change was calculated using the 2-ΔΔCT 
method, with GAPDH as an internal control. PCR primers are listed in Table 2.

Statistical analysis
Data are presented as mean with SD or median with IQR. Statistical analyses were performed using an unpaired 
two-tailed Student’s t-test for comparisons between two groups and one-way analysis of variance (ANOVA) 
with a Student–Newman–Keuls post hoc test for comparisons between three or more groups. Qualitative data 
are reported as frequencies and percentages. Statistical analyses were conducted using SAS version 9, with a 
significance level set at p < 0.05.

Results
Long-term HFD feeding induces obesity in C57BL/6 mice
C57BL/6 mice were fed an HFD for 10 weeks to establish an obesity model. As shown in Fig. 1, at the end 
of this dietary treatment, the HFD-fed mice exhibited greater weight gain (Fig.  1A) and elevated levels of 
triglycerides (Fig. 1B), total cholesterol (Fig. 1C), free fatty acids (FFA) (Fig. 1D), and TNF-α (Fig. 1E) in their 
plasma compared to mice fed a LFD. These results confirm the successful establishment of the obesity model in 
C57BL/6 mice through long-term high-fat diet feeding. Additionally, triglyceride levels in the colonic contents 
were notably increased in the obesity model group (Fig. 1F), which may contribute to elevated levels of pro-
inflammatory cytokines and chemokines, such as TNF-α in the intestine. This cascade of events could exacerbate 
colitis progression, suggesting a potential association between obesity and increased susceptibility to colitis.

HFD-induced obesity exacerbates the progression of experimental colitis
TNBS treatment resulted in a reduction in body weight in mice over a 3 day period, with more pronounced weight 
loss observed in the model mice compared to the control groups (Fig. 2A). Compared to the LFD group, the 
intestines of HFD-fed mice appeared thinner and exhibited a pallid coloration throughout. Colitis manifestations 
following TNBS treatment included colon shortening, swelling, bleeding, and ulcer formation, with HFD-fed 
mice displaying more severe symptoms than the LFD-fed group (Fig.  2B). Semiquantitative assessment of 
these colons showed higher clinical scores in HFD-fed mice compared to LFD-fed mice (Fig. 2C). Histological 
analysis demonstrated that mice fed a high-fat diet (HFD) displayed colonic mucosal atrophy compared to those 
on a low-fat diet (LFD). Furthermore, HFD-fed mice exhibited more severe ulceration, characterized by larger 
and more numerous ulcers in H&E-stained sections, along with significantly lower histological scores following 

Scientific Reports |        (2025) 15:35479 3| https://doi.org/10.1038/s41598-025-19294-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


TNBS induction (Fig. 2D,E). Additionally, the study revealed elevated levels of pro-inflammatory cytokines and 
chemokines (TNF-α, IL-6) in the colonic mucosa of HFD-fed mice compared to LFD-fed controls. Furthermore, 
long-term HFD combined with TNBS treatment induced a significant upregulation of TNF-α, IL-6, and 
IFN-γ in the colonic mucosa relative to the LFD group. (Fig. 2F). These findings suggest that prolonged HFD 
consumption may lead to lipid accumulation in the intestine, resulting in heightened inflammatory responses 
and exacerbation of colitis progression in TNBS-induced experimental colitis.

Fig. 1.  Long-term HFD feeding induces obesity in C57BL/6 mice. (A) Changes in body weight of mice fed 
a low-fat diet (LFD) or high-fat diet (HFD) for 10 Weeks. *P < 0.05, **P < 0.01, ***P < 0.001 versus LFD; n = 5 
each group. (B) Triglyceride content in the plasma of LFD-fed or HFD-fed mice. ***P < 0.001 versus LFD; n = 5 
each group. (C) Cholesterol content in the plasma of LFD-fed or HFD-fed mice. ***P < 0.001 versus LFD; n = 5 
each group. (D) Free fatty acid (FFA) content in the plasma of LFD-fed or HFD-fed mice. ***P < 0.001 versus 
LFD; n = 5 each group. (E) TNF-a content in the plasma of LFD-fed or HFD-fed mice. **P < 0.01 versus LFD; 
n = 5 each group. (F) Triglyceride content in colonic mucosa of LFD-fed or HFD-fed mice. **P < 0.01 versus 
LFD; n = 5 each group.

 

Name Species
Forward and reverse primer sequence
(5′—> 3′)

GAPDH Mus musculus
​T​G​T​G​T​C​C​G​T​C​G​T​G​G​A​T​C​T​G​A

​C​C​T​G​C​T​T​C​A​C​C​A​C​C​T​T​C​T​T​G​A

Tnfα Mus musculus
​T​C​A​G​C​C​T​C​T​T​C​T​C​A​T​T​C​C​T​G

​C​A​G​G​C​T​T​G​T​C​A​C​T​C​G​A​A​T​T​T

Ifng Mus musculus
​G​C​G​T​C​A​T​T​G​A​A​T​C​A​C​A​C​C​T​G

​T​G​A​G​C​T​C​A​T​T​G​A​A​T​G​C​T​T​G​G

Il6 Mus musculus
​A​T​A​G​T​C​C​T​T​C​C​T​A​C​C​C​C​A​A​T​T​T​C​C

​C​T​G​A​C​C​A​C​A​G​T​G​A​G​G​A​A​T​G​T​C​C​A​C

Agtr1
Mus ​C​T​G​C​T​C​T​C​C​C​G​G​A​C​T​T​A​A​C​A

musculus ​C​T​G​C​T​C​T​C​C​C​G​G​A​C​T​T​A​A​C​A

Ren
Mus ​G​A​G​G​C​C​T​T​C​C​T​T​G​A​C​C​A​A​T​C

musculus ​T​G​T​G​A​A​T​C​C​C​A​C​A​A​G​C​A​A​G​G

Agt
Mus ​T​C​T​T​T​G​G​C​A​C​C​C​T​G​G​T​C​T​C​T​T​T​C​T

musculus ​T​T​C​T​C​A​G​T​G​G​C​A​A​G​A​A​C​T​G​G​G​T​C​A

Agtr2
Mus ​G​C​C​A​A​C​A​T​T​T​T​A​T​T​T​C​C​G​G​G​A

musculus ​C​C​A​C​T​G​A​G​C​A​T​A​T​T​T​C​T​C​G​G​G

Mas1
Mus ​C​A​T​C​T​A​G​G​A​C​T​G​G​G​C​A​G​A​G​C

musculus ​A​G​T​C​A​G​G​A​G​G​T​G​G​A​G​A​G​C​A​A

Table 2.  Primers for RT-qPCR.
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HFD-induced obesity exacerbates local RAS activation in the colon of mice treated with 
TNBS
The RAS has been found to play a significant role in the pathogenesis of colitis. Garg et al.28 demonstrated that 
key components of the RAS are expressed in the intestinal tract and may contribute to inflammation and fibrosis 
in IBD. Their research suggests that ACE inhibitors and angiotensin II receptor blockers (ARBs) could offer 
potential therapeutic benefits for patients with IBD, and further investigation is needed to assess the efficacy of 
this novel treatment approach. Accordingly, we hypothesized that obesity may exacerbate colitis development 
by activating the RAS pathway. To investigate this, we assessed the local expression of RAS components in the 
colon of experimental models. Western blot analysis of colonic mucosal lysates revealed a significant increase in 
AT1R, AGT, and renin levels in the colon of HFD-fed mice compared to LFD-fed mice, particularly following 
TNBS treatment (Fig. 3A,B). Additionally, qRT-PCR analysis showed a significant upregulation of mRNA levels 
for these genes in HFD-fed mice compared to LFD-fed mice (Fig. 3C). We found that levels of Mas1 (MasR) 
were significantly elevated in HFD-fed mice, especially in those treated with TNBS, compared to mice on a LFD 
diet. We hypothesize that obesity-related conditions—such as a high-fat diet and metabolic dysregulation—may 
disrupt the ACE2/Ang1-7/MasR axis, leading to MasR upregulation. Alternatively, chronic AT1R overactivation 
in obesity may trigger a compensatory rise in MasR expression to counteract the deleterious effects of Ang 
II. In contrast, the Agtr2 (AT2R) gene, known for its anti-inflammatory properties, was downregulated in 
HFD-fed mice, particularly in those treated with TNBS. (Fig. 3D). These findings suggest that prolonged HFD 
consumption enhances activation of the local RAS in the colon, which may contribute to the exacerbation of 
colitis progression.

Long-term HFD increases intestinal permeability in TNBS-treated mice.
Mehandru et al.29 observed that in IBD, there is impairment of intestinal epithelial barrier function, with 
alterations in tight junctions and increased intestinal permeability serving as significant markers. In our study, 
intestinal permeability was assessed using FITC-dextran gavage test. FITC-dextran feeding assays revealed 
that mice fed a HFD and treated with TNBS had a significantly higher plasma concentration of FITC-dextran 
compared to mice fed a LFD and treated with TNBS, indicating worsened intestinal permeability in the HFD-
fed mice following TNBS induction (Fig.  3E). Additionally, Western blot analysis of colonic mucosal lysates 
revealed a reduction in occludin expression following TNBS treatment. Consistent with the findings on intestinal 
permeability, the decrease in occludin was significantly greater in mice subjected to a prolonged HFD compared 

Fig. 2.  HFD-induced obesity exacerbates the progression of experimental colitis. (A) Body weight changes 
in mice fed a low-fat diet (LFD) or HFD for 10 wk following 2,4,6-trinitrobenzenesulfonic acid (TNBS) 
treatment. *P < 0.05, **P < 0.01 versus respective LFD or HFD; #P < 0.05, ##P < 0.01 versus LFD + TNBS; n = 5 
each group. (B) Gross morphology of the colons on day 3 after TNBS treatment. (C) Clinical score of the 
colons on day 3 after TNBS treatment. *P < 0.05 versus LFD + TNBS; n = 5 each group. (D) Hematoxylin 
and eosin histology of the colons on day 3 after TNBS treatment (arrows point to the ulcerated area; 
magnification: × 50). (E) Histological score of the colons on day 3 after TNBS treatment. *P < 0.05 versus 
LFD + TNBS; n = 5 each group. (F) Real-time PCR quantitation of pro-inflammatory cytokines and chemokines 
in colonic mucosa on day 3 after TNBS treatment. *P < 0.05, **P < 0.01 versus LFD or HFD; #P < 0.05 versus 
LFD or LFD + TNBS; n = 5 each group.
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to those on a LFD (Fig. 3F,G). This difference may be a key factor contributing to the compromised integrity of 
intestinal epithelial tight junctions and damage to the mucosal epithelial barrier.

Blockade of AT1 receptor signaling ameliorates experimental colitis induced by long-term 
HFD.
To confirm RAS activation by long-term HFD, diet-induced obese mice were treated in the presence or absence 
of losartan (LST) (10 mg/ml) for 14 days (Fig. 4A) and, which blocked AT1 receptor signaling. As can be seen in 
Fig. 5, losartan effectively reduced body weight loss (Fig. 4B) and decreased histological injuries, such as colonic 
swelling, shortening, bleeding, and ulceration, in obese mice with TNBS-induced colitis (Fig. 4C,E). Additionally, 

Fig. 3.  HFD-induced obesity exacerbates local RAS activation and intestinal permeability in the colon of 
mice treated with TNBS. (A) Representative Western blot of major components of the RAS in colonic mucosa 
on day 3 after TNBS treatment. (B) Densitometric quantitation of major components of the RAS in colonic 
mucosa on day 3 after TNBS treatment. *P < 0.05, **P < 0.01 versus LFD or HFD; #P < 0.05, ##P < 0.01 versus 
LFD or LFD TNBS; n = 4 each group. (C) Real-time PCR quantitation of Agtr1, Agt and Ren in colonic 
mucosa on day 3 after TNBS treatment. **P < 0.01 versus LFD or HFD; #P < 0.05, ##P < 0.01 versus LFD or LFD 
TNBS; n = 5 each group. (D) Real-time PCR quantitation of Agtr2 and Mas1 in colonic mucosa on day 3 after 
TNBS treatment. **P < 0.01 versus LFD or HFD; ##P < 0.01 versus LFD or LFD TNBS; n = 5 each group. (E) 
Quantitation of paracellular FITC-dextran passage across mucosal barrier in mice. **P < 0.01 versus low-fat 
diet (LFD) or HFD; #P < .05 versus LFD TNBS; n = 4 each group. (F) Western blot analyses of occludin in 
colonic mucosal lysates. (G) Densitometric quantitation of occludin in colonic mucosal lysates. **P < 0.01 
versus LFD or HFD; ##P < 0.01 versus LFD or LFD TNBS; n = 3 each group. Only representative blots are 
shown.
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both clinical and histological scores decreased significantly in the group treated with losartan (Fig. 4D,F). Mice 
treated with losartan also exhibited reduced levels of pro-inflammatory cytokines and chemokines (TNF-α, IL-6, 
IFN-γ) in the colonic mucosa (Fig. 4G). Losartan also significantly reduced the expression of AT1R and renin 
while increasing AT2R expression in the colonic mucosa of mice (Fig. 4H).

These findings suggest that blocking AT1 receptor signaling with losartan effectively mitigates TNBS-induced 
colitis in mice subjected to a long-term HFD, indicating a potential link between the RAS and obesity.

Blockade of AT1 receptor signaling ameliorates intestinal permeability and Th17 cells 
expression under long-term HFD.
To explore the mechanism by which losartan alleviates TNBS-induced colitis in obese mice on a long-term 
HFD, intestinal permeability was assessed across different groups. The experimental group treated with losartan 
showed a significant decrease in intestinal permeability compared to the control group that did not receive 
losartan (Fig.  5A), which aligns with the clinical and pathological changes observed in Fig.  4. Additionally, 
losartan treatment mitigated the TNBS-induced reduction in occludin in the intestinal epithelium, as shown 
by western blot analysis of colonic mucosal lysates (Fig. 5B,C). We found an increase in CD4+ Th17 cells in the 
lamina propria of mice fed a HFD, especially in mice treated with TNBS. However, the expression of CD4+Th17 

Fig. 4.  Blockade of AT1 receptor signaling ameliorates experimental colitis induced by long-term HFD. 
(A) Workflow diagram. (B) Body weight changes in mice on HFD-TNBS following losartan treatment. 
*P < 0.05, **P < 0.01 versus respective HFD or HFD LST; #P < 0.05, versus HFD TNBS; n = 5 each group. 
(C) Gross morphology of the colons in mice following losartan treatment. (D) Clinical score of the colons 
in mice following losartan treatment. **P < 0.01 versus HFD TNBS; n = 5 each group. (E). Hematoxylin 
and eosin histology of the colons in mice following losartan treatment (arrows point to the ulcerated area; 
magnification: × 50). (F). Histological score of the colons in mice following losartan treatment. **P < 0.01 versus 
HFD TNBS; n = 5 each group. (G) Real-time PCR quantitation of pro-inflammatory cytokines and chemokines 
in colonic mucosa following losartan treatment. **P < 0.01, ***P < 0.001 versus respective HFD or HFD LST; 
#P < 0.05, versus HFD TNBS; n = 5 each group. (H) Real-time PCR quantitation of Agtr1, Ren and Agtr2 in 
colonic mucosa on day 3 after TNBS treatment. *P < 0.05, **P < 0.01 versus respective HFD or HFD LST; 
#P < 0.05, #P < 0.01 versus HFD TNBS; n = 5 each group.
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cells was significantly reduced after treatment with losartan (Fig. 5D,E). These results suggest that inhibiting AT1 
receptor signaling with losartan effectively ameliorates TNBS-induced colitis by reducing intestinal permeability, 
enhancing the colonic mucosal epithelial barrier, and decreasing the expression of CD4+ Th17 cells.

Discussion
Dietary fat plays a crucial role in the development of intestinal diseases30. This interest is particularly focused on 
the molecular mechanisms through which obesity-induced intestinal permeability contributes to the progression 
of IBD14. Adipose tissue plays a crucial role in energy homeostasis; however, excessive macronutrient intake and 
metabolic dysfunction can lead to pathological expansion of visceral adipose tissue31. This expansion promotes 
the production of monocyte chemoattractants, leading to the infiltration of adipose tissue by circulating 
monocytes, which then differentiate into macrophages. These macrophages secrete various pro-inflammatory 
cytokines, including TNF-α, IL-1β, and IL-6, thereby driving chronic, low-grade systemic inflammation32. In this 
study, we observed that HFD-induced obese mice exhibited more expression levels of TNF-α, IL-6, and IFN-γ 
within the colonic mucosa. These factors are critical regulators of tight junction integrity and are significant risk 
factors for increased intestinal permeability33.

The integrity of the intestinal barrier is known to be highly sensitive to the inflammatory state of the intestine. 
Under homeostatic conditions, the intestine employs various mechanisms to prevent the translocation of 
foreign substances from the lumen to the lamina propria Tight junctions (TJs) between intestinal epithelial 
cells are composed of a complex array of proteins, including occludin, claudin. These proteins collectively 
regulate intestinal permeability by modulating ion flux, small molecule transport, and solute selectivity, thereby 
maintaining the separation between the lamina propria and the lumen30. This regulatory function is crucial in 
the pathogenesis of IBD34. Occludin, a key protein within intestinal epithelial tight junctions, is essential for 
maintaining the integrity of the intestinal barrier. Its primary role is in stabilizing tight junctions rather than 
their initial assembly33. Severe impairment of occludin expression has been documented in disease models of 

Fig. 5.  Blockade of AT1 receptor signaling ameliorates intestinal permeability and Th17 cells expression 
under long-term HFD. (A) Quantitation of paracellular FITC-dextran passage across mucosal barrier in mice. 
**P < 0.01, ***P < 0.001 versus respective HFD or HFD LST; ##P < 0.01, versus HFD TNBS; n = 5 each group. (B) 
Western blot analyses of occludin in colonic mucosal lysates. (C) Densitometric quantitation of occludin in 
colonic mucosal lysates. **P < 0.01 versus respective HFD or HFD LST; ##P < 0.01 versus HFD or HFD TNBS; 
n = 3 each group. Only representative blots are shown. (D) Representative FACS plots for Th17 cells in the 
colonic lamina propria. (E) Quantitation of Th17 cells. **P < 0.01 versus respective HFD or HFD LST; ##P < 0.01 
versus HFD or HFD TNBS. n = 5 per group.
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intestinal inflammation35. Our data indicate that HFD-induced obesity significantly increases colonic mucosal 
permeability in TNBS colitis model mice, which is associated with a marked reduction in occludin protein 
expression. This suggests a compromise in the integrity of epithelial tight junctions. The precise molecular 
mechanisms underlying the increased mucosal permeability observed in obese individuals are yet to be fully 
elucidated. Dietary components may also influence intestinal permeability and the severity of colitis in murine 
models through their interactions with the gut microbiota36. The disruption of the intestinal mucosal barrier is 
crucial for the unwanted interaction between antigens and the immune system, leading to inflammation14. It is 
well-established that a fully functional RAS exists in both animal and human adipose tissue, playing a crucial 
role in the regulation of body fat and thus representing a significant factor in the pathophysiology of obesity37. 
Conversely, obesity itself can lead to overactivation of the RAS22. For instance, Rahmouni et al.38 demonstrated 
that obesity induced by a HFD resulted in increased expression of AGT genes in intra-abdominal adipose tissue 
in both mice and humans. Rasha et al.39 proposed through a literature review that obesity activates the RAS 
and induces angiotensin II secretion, which may contribute to both local and systemic inflammation in breast 
adipose tissue and is associated with breast cancer. RAS antagonists are increasingly seen as key to addressing 
the growing issues of obesity and insulin resistance40. Emerging data also suggest a potential role for the RAS 
in IBD. For instance, it was found that a genetic mouse model with angiotensinogen knockout displayed milder 
disease in TNBS-induced colitis, along with reduced production of pro-inflammatory cytokines and increased 
production of anti-inflammatory cytokines in the colon. This indicates that the RAS is involved in the immune 
regulation of the colon. Shi et al.24 used a renin transgenic mouse model to show that overexpression of renin 
significantly increases susceptibility to colitis, a process highly dependent on active renin and independent of 
high blood pressure. However, the exact mechanism linking the RAS to colitis remains unclear. The local RAS in 
the gastrointestinal tract exerts pleiotropic effects through various signaling pathways, which may play a crucial 
role in the pathogenesis of IBD. Additionally, angiotensin II (Ang II) promotes T-helper 1 (Th1) and T-helper 17 
(Th17) mediated autoimmunity, further contributing to IBD pathogenesis. Ang II can directly stimulate the Th1/
Th17 immune response in epithelial cells via colonic dendritic cells, thereby inducing Th17 and Th1/Th17 cell 
differentiation and mediating autoimmune responses24. Furthermore, Lee et al.41 identified the RAS as a potential 
mediator of colonic inflammation, which can exacerbate IBD by activating the NF-κB signaling pathway. This 
pathway regulates various pro-inflammatory genes essential for the inflammatory response. Notably, the ACE 
inhibitor enalapril has been shown to mitigate this pro-inflammatory effect.

In this study, we investigated the impact of obesity on the development of colitis using a TNBS-induced 
model, which closely mimics CD. Obesity was induced in mice by feeding them a HFD. Our findings show that 
obesity resulting from prolonged HFD feeding exacerbates tight junction damage in the colonic epithelium of 
colitis-afflicted mice. This condition significantly increases mucosal permeability, compromises the integrity of 
the intestinal epithelial barrier, and worsens experimental colitis. These effects are, at least in part, attributed 
to excessive activation of the local RAS. Further experiments demonstrated that losartan, an AT1 receptor 
antagonist, effectively reverses the damage caused by obesity, validating our hypothesis that obesity exacerbates 
experimental colitis in mice through local RAS activation. Our research highlights that obesity significantly 
increases the risk of developing colitis, with the gut RAS playing a critical role in this relationship. Therefore, 
future research should focus on exploring diverse therapeutic interventions, including nutritional therapy, 
obesity management strategies, and pharmacological agents targeting the RAS.

Data availability
No datasets were generated or analysed during the current study. The datasets used and/or analysed during the 
current study are available from the corresponding author on reasonable request.
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