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The intestine is essential for digestion and nutrient absorption, and its altered function contributes to 
metabolic dysregulation and obesity-induced intestinal inflammation. Intestinal immune responses 
have been associated with the regulation of metabolic dysfunction during obesity. Given that the 
epithelial cell-derived cytokine IL-25 has been demonstrated to regulate metabolic disorders, we 
sought to examine the role of intestinal IL-25 in modulating a high-fat diet (HFD)-induced obesity. 
We found that mice on a high-fat diet exhibited decreased IL-25 expression in the small intestine. 
Intestinal IL-25 mRNA levels displayed an inverse association with plasma triglycerides, total 
cholesterol, glucose levels, and the expression of the cholesterol transporter Npc1l1 in the intestine. 
In HFD-induced obesity, transgenic mice overexpressing IL-25 in the intestinal epithelial cells 
demonstrated diminished mRNA expression of intestinal genes related to glucose, cholesterol, and fat 
absorption, along with chylomicron production, while also systemically decreasing plasma glucose, 
total cholesterol, and triglyceride levels, fat accumulation, and weight gain. In vitro, IL-25 treatment of 
human intestinal Caco-2 cells directly decreased cholesterol uptake and downregulated the expression 
of NPC1L1 and its transcriptional regulator, SREBP2. These findings highlight IL-25 as a potential 
modulator in the intestine that regulates intestinal cholesterol absorption and systemic metabolism in 
obesity.
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Obesity, characterized by excessive accumulation of body fat within adipose tissue1, remains a critical global public 
health challenge2 and has become a major risk factor for non-communicable diseases (NCDs) and metabolic 
syndrome such as hypertension, hyperlipidemia, hyperglycemia, and cardiovascular disease3. Moreover, obesity 
is associated with low-grade chronic inflammation4,5, as evidenced by elevated plasma levels of TNF-α and IL-6 
in obese patients and diet-induced obese mice, which lead to the progression of insulin resistance-mediated 
diabetes4,6. In addition to the elevated inflammatory markers present in circulation during obesity, inflammation 
within adipose tissue is significantly linked to the development of obesity and insulin resistance. In both obese 
humans and mice, increased secretion of IL-6, TNF-α, and monocyte chemoattractant protein-1 (MCP-1) by 
adipocytes and adipose tissue macrophages directly contributes to the development of insulin resistance4,5,7–11. 
On the other hand, other organs such as the liver12, kidney13, muscle14, brain15, and intestine also play significant 
roles in obesity-associated inflammation and metabolic dysfunction.

Alteration in the intestinal morphology and function has been observed in obese humans and animal 
models, including increased intestinal length16,17, a higher absorptive surface area16,17, and enhanced intestinal 
permeability18,19 and absorption17,20. Previous studies demonstrated that obesity significantly augments 
intestinal glucose absorption by upregulating the expression of glucose transporters, such as GLUT221 and 
SGLT122,23, which are associated with insulin resistance and glycemia. Moreover, an increase in intestinal 
NPC1L1, a cholesterol transporter that facilitates intestinal cholesterol absorption has been observed in type 2 
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diabetes patients with higher BMI24 and mice fed with HFD-induced hyperlipidemia25. Inhibition of NPC1L1 
using the drug ezetimibe serves as an alternative treatment for hypercholesterolemia in obese individuals26,27. 
Related study using microarray analysis of the intestine following high-fat diet administration showed alteration 
in the gene involved in fat absorption including FATP4, CD36, MTP, and apoA-IV genes28. Moreover, high-fat 
diet enhanced inflammatory environment in the intestine that was associated with dysregulated glucose and 
lipid homeostasis during diet-induced obesity. The inflammatory cytokine TNF-α was found to be elevated in 
the small intestine of mice subjected to a high-fat diet, which corresponded with increased body weight gain, 
adiposity, and enhanced plasma insulin and glucose levels29. Moreover, this cytokine could impair intestinal 
cholesterol metabolism by downregulating the expression of cholesterol efflux-related gene ABCA1 and reducing 
HDL efflux in the Caco-2 cells30.

IL-25, a cytokine derived from the intestinal epithelial cells, serves as a key modulator of type 2 immunity 
and plays role in maintaining intestinal barrier integrity31–33 and promoting protective immunity against 
helminth infections34–36. IL-25 also has a role in modulating metabolic dysfunction, as evidenced by significantly 
attenuated body weight gain and improved glucose homeostasis in obese mice following IL-25 treatment37. 
Consistently, treatment of HFD fed mice with IL-25 enhanced ILC2 levels and M2 macrophages, thereby 
improving hepatic steatosis38. IL-25 has also been shown to modulate lipid metabolism in M2 macrophages by 
augmenting mitochondrial respiratory capacity and lipolysis39. Moreover, it plays a direct role in adipocytes by 
maintaining adiponectin levels under homeostatic conditions and mitigating inflammatory responses during 
low-grade inflammation40. A recent study revealed that IL-25 treatment inhibited short-term high-fructose diet-
induced fatty acid synthesis, leading to a reduction of triglyceride accumulation in the liver41. Despite several 
studies illustrating the significant functions of IL-25 in the systemic regulation of metabolic diseases and obesity, 
its specific role in sustaining intestinal metabolic homeostasis, another characteristic of diet-induced obesity, 
remains unclear. We hypothesized that intestine-derived IL-25 is integral for the maintenance of intestinal 
metabolic homeostasis and may contribute to obesity prevention.

In the present study, we aimed to investigate the contribution of intestinal IL-25 expression in regulating the 
intestinal lipid absorption in a high-fat diet-induced obesity model. Intestinal cytokine IL-25 transcript levels 
were found to be negatively correlated with blood triglyceride, total cholesterol and glucose levels as well as with 
the expression of cholesterol transporter NPC1L1 in a high-fat diet-induced obesity model. The overexpression 
of IL-25 in the intestine resulted in diminished expression of genes associated with glucose, cholesterol and 
triglyceride absorption, as well as chylomicron formation in the intestines, and exerted a systemic effect by 
lowering plasma glucose, total cholesterol, triglyceride levels, fat accumulation, and weight gain. In vitro 
treatment of human intestinal Caco-2 cells with IL-25 directly reduced cholesterol uptake and the expression of 
NPC1L1 and its positive transcription factor, SREBP2. Our study revealed additional roles of IL-25 in high-fat 
diet-induced obesity through the regulation of cholesterol transport in the intestine.

Results
High-fat diet alters systemic metabolism and the expression of genes related to the 
absorption of glucose,cholesterol and triglycerides in the intestine of BALB/c mice.
Obesity is associated with chronic low-grade inflammation in several tissues42,43. The intestine has gained 
highlighting for its potential role in metabolic dysfunction and obesity-induced intestinal inflammation16. Within 
the small intestine, jejunum has been suggested to play a role in regulating glucose and lipid absorption under 
the influence of insulin21,44 and serves as a hallmark contributor to obesity-related alteration in the intestine. 
We first investigated the effects of a high-fat diet on metabolic changes in BALB/c mice by feeding them either 
a normal chow diet (NCD) or high-fat diet (HFD) for 8 weeks. Our study successfully established the obesity 
model, as HFD-fed mice showed a significant increase in body weight starting from week 2 of the feeding period 
compared to NCD-fed mice (Fig. 1A). Consistent with these body weight gains, the food efficiency ratio (FER) 
indicated that HFD-fed mice were more efficient to convert food intake into body weight gain than NCD-fed 
mice even though their daily food intake was lower (Fig. 1B). Furthermore, eWAT (epididymal white adipose 
tissue) weight was markedly increased in HFD-fed mice (Fig. 1C), coupled with enhanced liver weight, which 
correlated with elevated liver triglyceride levels (Fig.  1D). Compared to NCD-fed mice, HFD-fed mice had 
higher plasma glucose, total cholesterol, and triglyceride levels (Fig. 1E).

To further investigate intestinal changes during HFD-induced obesity, we analyzed the expression of genes 
associated with glucose absorption, cholesterol transport, fatty acid transport and chylomicron formation in the 
jejunum of NCD-and HFD-fed mice using quantitative real-time PCR. The jejunum of HFD-fed mice exhibited 
increased expression of glucose absorption-related genes, such as Sglt1 and Glut2, but not Glp1, compared to 
the NCD group (Fig. 2). Similarly, genes involved in cholesterol absorption (Npc1l1), fat absorption (Fatp4 and 
Cd36), and chylomicron production (Mogat2, Apobec1, Mttp, Dgat1, Acat2) were upregulated in the jejunum of 
HFD group (Fig. 2). Thus, the jejunum of mice subjected to a high-fat diet exhibited substantial activation of 
genes linked to nutrient absorption and chylomicron synthesis, suggesting the involvement of the intestine in 
obesity-related metabolic dysfunction.

The relationship between cytokine expression associated with intestinal inflammation and 
homeostasis and systemic glucose and lipid levels.
As intestinal immune responses have been implicated in the development of metabolic dysfunction linked to 
obesity45, we investigated the expression of intestinal cytokines in a diet-induced obese condition. The mRNA 
expression levels of the proinflammatory cytokine (Tnfa) and the epithelial cell-derived cytokines associated 
with maintenance of intestinal homeostasis (Il25, Tslp, Il33) were analyzed in jejunum of NCD- and HFD-fed 
mice using quantitative real-time PCR. The HFD group exhibited increased Tnfa expression relative to the NCD 
group, alongside a significant decrease in Il25 mRNA expression, whereas Tslp and Il33 levels were unchanged 
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(Fig. 3A). We further assessed the association between the expression levels of these cytokines in the intestine and 
the levels of plasma glucose, total cholesterol, and triglycerides. Spearman’s correlation analysis revealed a strong 
negative association between the expression of Il25 and plasma glucose (r=-0.8571, p = 0.0025), plasma total 
cholesterol (r=-0.8085, p = 0.0065), and plasma triglyceride (r=-0.7781, p = 0.0108). In contrast, no significant 
association was found between these parameters and intestinal Tnfa gene expression (Fig.  3B). Moreover, 
Spearman’s correlation analysis demonstrated a significant negative correlation between Il25 expression and the 
cholesterol absorption-related gene Npc1l1 (r=-0.7781, p = 0.0107) in the jejunum of HFD-fed mice (Fig. 3C), 
but not with glucose absorption-related gene Sglt1 (r=-0.3040, p = 0.3910) or fat absorption-related genes 
Fatp4 (r=-0.5228, p = 0.1246) and Cd36 (r = 0.07879, p = 0.8382) (Fig.  3C). These findings suggested that the 
downregulation of intestinal cell-derived cytokines Il25 in obesity may contribute to systemic lipid and glucose 
metabolism changes.

Fig. 1.  Systemic metabolic changes in high-fat diet-induced obesity of BALB/c mice. BALB/c mice were fed 
with NCD or HFD for 8 weeks and metabolic changes were evaluated. (A) Body weight gain (g) was measured 
weekly between each group. (B) Food intake (g/mouse/day) and Food efficiency ratio (FER) were calculated 
as the ratio of body weight gain (g/day) to food intake (g/day), multiplied by 100, for each group. (C) eWAT 
weight (g) and representative images of abdominal fat in each group after 8 weeks of feeding. (D) Liver weight 
(g) and the amounts of liver triglycerides (mg/mg protein) in each group after 8 weeks of feeding. (E) Plasma 
concentration of glucose, total cholesterol (TC), and triglyceride (mg/dL) in each group after 8 weeks of 
feeding. Graphs depict mean ± SD of three independent experiments, with n = 6 mice per group. Significance 
was determined using two-way ANOVA with Dunnett’s multiple comparisons test (Fig. 1A) and Student’s t-test 
analysis (Fig. 1B-E) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Intestinal IL-25 overexpression prevented metabolic alterations in a HFD-induced obesity 
model
Given that intestinal IL-25 expression has been linked to alteration in systemic lipid and glucose metabolism 
changes, we further investigated whether intestinal IL-25 overexpression influenced systemic glucose and 
lipid metabolisms. The iFABP IL-25 transgenic mice, which IL-25 specifically overexpressed in the epithelial 
cells of the mucosal layer of the small intestine46, and their littermate controls were subjected to a high-fat 
diet for approximately 8 weeks to evaluate systemic and intestinal metabolic changes. These transgenic mice 
demonstrated a significant elevation in IL-25 levels exclusively in the jejunum, with no alterations in other 
organs, such as the liver and eWAT, nor in systemic blood levels, as observed by the unchanged serum IL-25 
levels relative to wild-type littermate controls (Supplementary Fig. S1). Moreover, iIL-25 transgenic mice on a 
NCD exhibited no significant differences in body weight changes, food intake, food efficiency ratio, the weight 
of eWAT and liver, liver triglyceride levels, or plasma levels of glucose, total cholesterol and triglycerides when 
compared to NCD-fed wild-type littermate controls, suggesting normal metabolic homeostasis was maintained 
(Supplementary Fig. S2). Compared with littermate controls, iIL-25tg mice fed with HFD exhibited a significant 
reduction in body weight changes from week 5 of the feeding period (Fig.  4A) with comparable daily food 
intake (Fig. 4B) and a marked reduction in food efficiency ratio (Fig. 4B). Additionally, the weight of eWAT 
and liver as well as liver triglyceride levels in iIL-25tg mice were significantly reduced compared with control 
mice (Fig. 4C-D). Interestingly, compared to control mice given HFD, iIL-25tg mice greatly diminished plasma 
glucose, total cholesterol and triglyceride levels (Fig. 4E). Altogether, our data indicated that intestinal IL-25 
expression influences systemic lipid and glucose metabolic alteration.

Overexpression of intestinal IL-25 modulates the expression of intestinal genes involved in 
nutrient absorption and chylomicron formation during HFD-induced obesity
To better understand the link between IL-25 expression and the absorption of glucose and cholesterol in the 
intestine, we analyzed the expression of genes involved in nutrient absorption and formation of chylomicrons 
in the jejunum of iIL-25tg mice and littermate control, both fed with HFD. Notably, compared with HFD-fed 
littermate control group, the jejunum from HFD-fed iIL-25tg showed a reduced expression of genes involved 
in glucose absorption (Sglt1, Glut2), cholesterol absorption (Npc1l1), fatty acid absorption (Fatp4, Cd36), and 
formation of chylomicrons (Mogat2, Apobec1, Mttp, Dgat1) (Fig. 5A). As we observed a significant negative 
correlation between Il25 expression and the cholesterol absorption-related gene Npc1l1 in the jejunum of HFD-
fed mice, we further performed western blot analysis to compare the NPC1L1 protein expression in jejunal tissue 
lysates between the HFD-fed iIL-25tg group and the HFD-fed littermate control group. Consistent with mRNA 
expression, we observed a markedly diminished level of NPC1L1 protein expression in the jejunum of HFD-fed 
iIL-25tg mice compared to the HFD-fed littermate control group (Fig. 5B). Thus, overexpression of IL-25 in the 
intestine decreased systemic lipid and glucose metabolic levels, and the expression of intestinal genes involved 
in nutrient absorption and formation of chylomicrons during HFD-induced obesity. Together with the above 

Fig. 2.  Alterations in intestinal glucose and lipid absorption gene expression in BALB/c mice with high-
fat diet-induced obesity. Quantitative real-time PCR analysis of glucose absorption (Sglt1, Glut2, Glp1), 
cholesterol transport (Npc1l1, Scarb), fatty acid transport (Fatp4, Cd36) and chylomicron production (Mogat2, 
Apobec1, Mttp, Dgat1, Acat2) in the jejunum of NCD-and HFD-fed mice after 8 weeks of feeding. The mRNA 
expression data are presented as fold induction over actin (Actb) expression, with the mRNA levels in NCD-
fed mice set as 1. Graphs depict mean ± SD of three independent experiments, with n = 6 mice per group. 
Significance was determined using Student’s t-test analysis (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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findings, reduced levels of IL-25 in the intestines during HFD-induced obesity may influence systemic lipid and 
glucose metabolisms by altering the expression of nutrient absorption transporter and lipid metabolism in the 
small intestine.

IL-25 treatment reduced cholesterol uptake in human intestinal Caco-2 cell model
The negative association between the expression of IL-25 and cholesterol absorption-related gene Npc1l1, coupled 
with reduced intestinal Npc1l1 expression and plasma cholesterol in iIL-25tg mice, prompted us to investigate 
whether IL-25 may regulate cholesterol absorption in the intestinal epithelial cells. To further investigate the 
function of IL-25 in controlling intestinal cholesterol metabolism, the intestinal epithelial Caco-2 cells were 
treated with human recombinant IL-25 for 24 h. These cells were then incubated with fluorescent cholesterol 
analog 25-NBD-cholesterol for 30 min, followed by measuring cholesterol uptake using flow cytometry analysis. 
Compared to the untreated control, we found that IL-25 treatment inhibited the cholesterol uptake in Caco-2 
cells, as evidenced by decreased mean fluorescence intensity and the percentage of 25-NBD-cholesterol in the 
IL-25 treatment group (Fig.  6A). We also assessed the mRNA expression of genes related to the cholesterol 
uptake (Npc1l1, Scarb1), fatty acid transporter (Cd36, Fatp4), and cholesterol efflux (Abca1, Abcb1, Abcg5, 
Abcg8) in Caco-2 cells using quantitative real-time PCR. As shown in Fig. 6B, treatment with IL-25 decreased 
the mRNA expression of Npc1l1 but not that of other genes. Our findings revealed that IL-25 expression may 
reduce cholesterol absorption in the intestine by downregulating NPC1L1 expression.

Fig. 3.  The association between intestinal IL-25 expression and the systemic and intestinal metabolic 
changes in high-fat diet-induced obesity. BALB/c mice were fed with NCD or HFD for 8 weeks. The 
alteration of intestinal cytokine gene expression was determined and associated with various metabolic 
parameters. (A) Quantitative real-time PCR analysis of proinflammatory cytokine (Tnfa) and epithelial cell-
derived cytokines (Il25, Tslp, Il33) in the jejunum of NCD-and HFD-fed mice. The mRNA expression data 
are presented as fold induction over actin (Actb) expression, with the mRNA levels in NCD-fed mice set as 
1. Graphs depict mean ± SD of three independent experiments, with n = 6 mice per group. Significance was 
determined using Student’s t-test analysis. (B) The correlation between plasma glucose, total cholesterol (TC), 
and triglycerides (mg/dL) and the mRNA expression levels of intestinal cytokines Tnfa (upper row) and Il25 
(bottom row), with n = 10 mice from HFD group was analyzed using Spearman’s rank test. (C) The association 
between the expression level of Il25 gene and genes related to glucose and lipid absorption in the jejunum, 
including Sglt1, Npc1l1, Fatp4, Cd36, with n = 10 mice from HFD group was analyzed using Spearman’s rank 
test. Correlation coefficients (r) and p values are provided. (*p < 0.05, **p < 0.01)
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IL-25 regulates NPC1L1 expression by downregulating the transcription factor 
SREBP2 in Caco-2 cells
Considering that IL-25 was found to decrease cholesterol absorption in Caco-2 cells, we elucidated the 
mechanisms by which IL-25 modulates the expression of cholesterol transporter Npc1l1 that essential for 
promoting cholesterol absorption47. We conducted western blot analysis to validate the mRNA expression 
analysis of Npc1l1 in Caco-2 cells. Corresponding to the mRNA results, we observed a reduction in NPC1L1 
protein expression in these cells treated with IL-25 (Fig. 7A). Previous studies have shown that transcription 
factors, such as Hnf4a and Srebp2, are involved in regulating the expression of Npc1l1 in Caco-2 cells48. In 
addition, the transcription factor Hnf1a has been found as a regulator of Npc1l1 expression in human liver HuH7 
cells49. To explore potential regulatory mechanisms, we examined the mRNA expression of Hnf1a, Hnf4a and 
Srebp2 in Caco-2 cells, both with and without IL-25 treatment. Although the mRNA levels of Hnf1a and Hnf4a 
expression remained unchanged, IL-25 treatment resulted in a significant reduction in Srebp2 mRNA expression 
(Fig. 7B). The protein expression of SREBP2 was further assessed in Caco-2 cells from each condition group. 
IL-25 treatment significantly reduced the protein expression of mature form of SREBP2 (mSREBP2), whereas 
the expression of the precursor form of SREBP2 (pSREBP2) remained unchanged (Fig. 7C). Additionally, we 

Fig. 4.  The effect of high-fat diet feeding on systemic metabolic changes in iIL-25 transgenic mice. 
iIL-25tg or littermate control BALB/c mice were fed with HFD for 8 weeks and metabolic changes were 
evaluated. (A) Body weight gain (g) was measured weekly between each group. (B) Food intake (g/mouse/
day) and Food efficiency ratio (FER) were calculated for iIL-25tg or littermate control BALB/c mice fed with 
HFD by dividing body weight gain (g/day) by daily food intake (g/day), multiplied by 100. (C) eWAT weight 
(g) and representative picture of abdominal fat in each group after 8 weeks of feeding. (D) Liver weight (g) 
and the amounts of liver triglycerides (mg/mg protein) in each group after 8 weeks of feeding. (E) Plasma 
concentration of glucose, total cholesterol (TC), and triglyceride (mg/dL) in each group after 8 weeks of 
feeding. Graphs depict mean ± SD of three independent experiments, with n = 6 mice per group. Significance 
was determined using two-way ANOVA with Dunnett’s multiple comparisons test (Fig. 4A) and Student’s t-test 
analysis (Fig. 4B-E) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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assessed the influence of IL-25 treatment on the expression of SREBP2 target genes, such as Hmgcr and Ldlr, in 
Caco-2 cells. Following IL-25 treatment, we observed a decrease in the mRNA expression of Hmgcr, but Ldlr 
expression remained unaffected (Fig. 7D). Our findings suggest the potential involvement of IL-25 in regulating 
transcription factor for NPC1L1 (SREBP2) and its target gene Hmgcr. Altogether, these data indicated that IL-25 
may modulate NPC1L1 expression by inhibiting mature SREBP2 levels in the intestinal epithelial Caco-2 cells.

Discussion
Recent studies have demonstrated the role of intestinal immunity in the regulation of metabolic disorders, 
including obesity16,50,51; however, the contribution of intestinal cytokines to systemic lipid metabolism in the 
context of diet-induced obesity remains unclear. In our study, a high-fat diet altered not only systemic lipid and 
glucose metabolic levels but also the expression of intestinal cytokines. The reduced expression of intestinal IL-25 
was negatively associated with elevated systemic lipid and glucose metabolic levels in HFD-induced obesity. The 
transgenic overexpression of IL-25 in intestinal epithelial cells altered whole-body metabolism and influenced 
the expression of genes associated with nutrient absorption and cholesterol transport. IL-25 treatment in human 

Fig. 5.  Overexpression of intestinal IL-25 promoted the expression of gene related to the lipid and glucose 
absorption in the intestine during high-fat diet-induced obesity. iIL-25tg or littermate control BALB/c mice 
were fed with HFD for 8 weeks and the expression of gene involved in nutrient absorption and chylomicron 
production was evaluated in the jejunum. (A) Quantitative real-time PCR analysis of glucose absorption 
(Sglt1, Glut2), cholesterol transport (Npc1l1), fatty acid transport (Fatp4, Cd36) and chylomicron production 
(Mogat2, Apobec1, Mttp, Dgat1, Acat2) in the jejunum of iIL-25tg or littermate control HFD-fed mice. The 
mRNA expression data are presented as fold induction over actin (Actb) expression, with the mRNA levels in 
littermate control NCD-fed mice set as 1. Graphs depict mean ± SD of three independent experiments, with 
n = 6 mice per group. (B) Western blot analysis of NPC1L1 and β-actin in the jejunal lysate of HFD-fed iIL-
25tg or littermate control mice compared with NCD-fed littermate control mice. Lane M represents molecular 
weight protein marker (kDa). The molecular weights of NPC1L1 and β-actin are 145 kDa and 42 kDa, 
respectively. Bar graph represents the protein level measured by the intensity of protein bands in arbitrary 
units. The intensity of β-actin expression was normalized with that of NPC1L1 expression. The full-length 
blots are presented in Supplementary Fig. S4. Graphs depict mean ± SD of three independent experiments. 
Significance was determined using Student’s t-test and one-way ANOVA followed by Turkey post hoc analysis 
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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intestinal Caco-2 cells resulted in a reduction in cholesterol uptake and decreased expression of the cholesterol 
absorption NPC1L1, along with related transcription factor SREBP2.

In our study, BALB/c mice subjected to a high-fat diet exhibited increased body weight gain, lipid 
accumulation in both eWAT and liver, elevated plasma lipid profile and glucose levels, and significant alterations 
in the intestine, including the expression of cytokines and genes involved with glucose, cholesterol and fat 
absorption, as well as chylomicron formation. Previous research has suggested that obesity is linked to the 
intestinal inflammation16,19,29. A prior study revealed a strong positive correlation between ileal Tnfa mRNA 
expression and plasma glucose levels in C57BL/6 mice subjected to a HFD for 16 weeks29. While we observed 
an increase in the mRNA expression of the proinflammatory cytokine Tnfa in the jejunum of HFD-fed mice, 
we did not detect any correlation between Tnfa expression and the levels of plasma lipid and glucose. The 
discrepancy results may be attributed to the difference in the mouse strain used in our investigation, BALB/c 
mice, a strain recognized for its Th2-type immune response52. C57BL/6 mice exhibit greater susceptibility to 
diet-induced obesity and glucose intolerance than other strains53,54. Moreover, the duration of HFD feeding may 
also account for the observed discrepancies. Besides the expression of Tnfa in the jejunum, we also evaluated 
additional cytokines related to the regulation of intestinal immune response and revealed a decrease in intestinal 
IL-25 expression in HFD-induced obesity. Previous reports indicated a reduction in IL-25 and TSLP mRNA 
expression in the intestinal tuft cells following HFD feeding, suggesting the involvement of intestinal tuft cells 
in metabolic regulation55. Correlation analysis revealed an inverse relationship between intestinal Il25 mRNA 
levels and plasma glucose, total cholesterol, and triglyceride levels. More importantly, we found a significant 
negative correlation between intestinal Il25 and Npc1l1 mRNA levels, suggesting that alterations within the 
intestine, particularly IL-25 expression, may influence systemic metabolism during obesity by regulating the 
expression of genes associated with nutrient absorption and cholesterol transport in the intestine.

Transgenic mice that overexpressed IL-25 in intestinal epithelial cells and were subjected to a high-fat diet 
exhibited diminished body weight gain, decreased lipid accumulation, and reduced plasma levels of glucose, 
total cholesterol, and triglyceride. This systemic effect was accompanied by intestinal changes, including reduced 
expression of gene involved intestinal glucose absorption, cholesterol absorption, fatty acid absorption, and 

Fig. 6.  The effect of IL-25 treatment on cholesterol uptake in Caco-2 cells. Caco-2 cells were cultured in 
24-well plate for 21 days. Cells were treated with or without 100 ng/mL human recombinant IL-25 for 24 h 
before analysis of cholesterol uptake using 25-NBD cholesterol by flow cytometric analysis and gene expression 
by quantitative real time PCR. (A) Representative histogram and graph show mean fluorescence level (MFI) 
and percentage (%) of cholesterol uptake in Caco-2 cells. (B) Quantitative real time PCR analysis showed the 
mRNA expression level of genes related to cholesterol uptake transport (Npc1l1, Scarb1), fatty acid transporter 
(Cd36, Fatp4), and cholesterol efflux (Abcg5, Abcg8, Abca1, Abcb1). Data are presented as fold induction over 
actin (Actb) expression, with the mRNA levels in the control untreated cell set as 1. Graphs depict mean ± SD of 
three independent experiments. Significance was determined using one-way ANOVA followed by Turkey post 
hoc analysis and Student’s t-test (**p < 0.01, ***p < 0.001, ****p < 0.0001).
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formation of chylomicrons. These data suggested that the intestinal IL-25 may play a role in controlling nutrient 
absorption and lipid metabolism within the small intestine, thereby influencing systemic lipid and glucose 
metabolic alteration. Previous study demonstrated that the increased expression of IL-25 in small intestinal tuft 
cells was associated with improving insulin sensitivity and glucose tolerance, as well as reductions in liver weight, 
eWAT mass, body weight, fat to lean mass ratio, and GABA receptor expression in obese mice55. By analysis in 
lamina propria and eWAT, these alterations were shown to be unrelated to the involvement with type 2 immune 
cells55. It is likely that the intestinal IL-25 may exert their effects by modulating intestinal epithelial cell function 
and type 2 immune response. In addition to the association between obesity and changes in intestinal immune 
composition, intestinal dysbiosis, characterized by an imbalance in gut microbiota composition has been 
reported to promotes the pathogenesis of obesity in both murine models and humans57–60. Further studies are 
required to investigate whether intestinal IL-25 expression may alter microbiota composition, resulting in the 
regulation of intestinal metabolisms that mitigate systemic obesity-induced chronic low-grade inflammation. 
Besides IL-25 cytokine expression, the role of its binding receptors, IL-17RB and IL-17RA, in the intestine 

Fig. 7.  The effect of IL-25 on the expression of NPC1L1 and their positive transcription regulator in 
Caco-2 cells. Caco-2 cells were cultured in 24-well plate for 21 days. Cells were treated with or without 
100 ng/mL human recombinant IL-25 for 24 h. (A) Western blot analysis of NPC1L1 and β-actin. Lane M 
represents molecular weight protein marker (kDa). The molecular weights of NPC1L1 and β-actin are 145 kDa 
and 42 kDa, respectively. Bar graph represents the protein level by measuring intensity of protein bands in 
arbitrary units. The intensity of β-actin was normalized with the intensity of NPC1L1. The full-length blots 
are presented in Supplementary Fig. S5. (B) Quantitative real time PCR analysis of Hnf1a, Hnf4a, and Srebp2 
mRNA expression. Data are presented as fold induction over actin (Actb) expression, with the mRNA levels 
in the control untreated cell set as 1. (C) Western blot analysis of pSREBP-2, mSREBP-2 and β-actin. Lane 
M represents molecular weight protein marker (kDa). The molecular weights of pSREBP-2, mSREBP-2, and 
β-actin are 126 kDa, 55 kDa, and 42 kDa, respectively. Bar graph represents the protein level by measuring 
intensity of protein bands in arbitrary units. The intensity of β-actin was normalized with the intensity of 
pSREBP-2 and mSREBP-2. The full-length blots are presented in Supplementary Fig. S5. (D) Quantitative real 
time PCR analysis of Hmgcr and Ldlr mRNA expression. Data are presented as fold induction over actin (Actb) 
expression, with the mRNA levels in the control untreated cell set as 1. Graphs depict mean ± SD of three 
independent experiments. Significance was determined using Student’s t-test (**p < 0.01, ***p < 0.001).
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during HFD-induced obesity remains unclear, necessitating further investigation to elucidate their involvement 
in intestinal metabolic homeostasis.

Although we observed no association between Il25 and Sglt1 mRNA expression in the intestines of HFD-fed 
mice, related study by Smith et al.56 demonstrated that IL-25 treatment in HFD-fed C57BL/6 mice inhibited 
glucose absorption and Sglt1 activity in the intestines, without altering intestinal Sglt1 mRNA expression56. Similar 
to this finding, HFD-fed iIL-25tg mice exhibited lower plasma glucose levels and reduced mRNA expression of 
Sglt1 and Glut2 in the jejunum. Additionally, glucose uptake using the fluorescent glucose analog 6-NBDG and 
the mRNA expression of genes related to glucose transport and metabolism was reduced in Caco-2 cells that were 
treated with IL-25 (Supplementary Fig. S3), suggesting the importance of IL-25 in regulating intestinal glucose 
absorption and improving glucose homeostasis. Moreover, the effect of IL-25 in regulating cholesterol uptake 
in human intestinal epithelial Caco-2 cells was revealed. IL-25 treatment decreased cholesterol uptake and the 
expression of cholesterol transporter NPC1L1, along with their positive transcription regulator, the mature form 
of SREBP-2. This form of SREBP-2 has been shown to transcriptionally activate the NPC1L1 expression and 
involve with NPC1L-1-mediated cholesterol absorption in the Caco-2 cells61. It is likely that IL-25 influences 
the regulation of intestinal cholesterol absorption by downregulating NPC1L1 expression through SREBP2 
activation, which contributes to decreased plasma cholesterol levels. In support of our findings, a previous 
study indicated that the overexpression of intestinal SREBP2 correlated with elevated serum cholesterol levels, 
suggesting that the intestine significantly contributes to the regulation of cholesterol homeostasis in the body62. 
Alternatively, the inhibition of NPC1L1 was also found to suppress fat absorption through downregulating 
intestinal FATP4 and improve glucose tolerance63. In this context, IL-25 may reduce intestinal expression of 
NPC1L1, thereby contributing to the maintenance of systemic glucose or lipid homeostasis. Intestinal IL-25 
expression may regulate chylomicron formation; however, more investigations, including the measurement of 
plasma ApoB48 (Apolipoprotein B-48) levels, are necessary to elucidate the underlying mechanisms.

In conclusion (Fig. 8), this study demonstrated the role of intestinal IL-25 in modulating systemic lipid and 
glucose metabolism, nutrient absorption, and cholesterol transport, suggesting its potential as a therapeutic 
target for HFD-induced metabolic disorders. IL-25 expression in the intestine was associated with reduced 
body weight gain and lipid accumulation in the liver and eWAT. IL-25 significantly influenced intestinal 
function by reducing cholesterol absorption, potentially impacting systemic lipid metabolism. Further studies 
will explore how intestinal IL-25 signaling influences synthesis and secretion of chylomicrons by the intestine 
and the contribution of microbiota composition. These factors may collectively shape intestinal and systemic 
metabolism, providing protection against diet-induced obesity.

Materials and methods
Animals
Sex-matched male and female BALB/c mice, aged 6 to 8 weeks -old were purchased from Nomura Siam 
International Co., Ltd., Thailand. All genetically modified iFABP-IL-25 transgenic mice, sex-matched male and 
female mice, aged 6 to 8 weeks (kindly provided by Dr. Yui-Hsi Wang, University of Cincinnati, Cincinnati 
Children’s Hospital Medical Center)46 were bred and maintained under specific pathogen-free conditions within 
the animal facility of Thammasat University. The genotyping of these mice was validated using primers specific 
to iIL-25 transgenic mice, which included the forward primer (5′-​C​A​G​G​A​C​C​G​A​A​T​C​T​C​T​G​C​T​T​T-3′) and the 
reverse primer (5′-​T​C​A​A​G​T​C​C​C​T​G​T​C​C​A​A​C​T​C​A-3′) as previously described46,64. All animal experiments 
were conducted in accordance with the relevant ARRIVE guidelines (https://arriveguidelines.org) and received 
approval from the Thammasat University Animal Care and Use Committee (019/2023).

In vivo mouse models of diet-induced obesity
The diet-induced obesity model was performed as previously described65. Mice (n = 6–10 per group) were fed 
either a normal chow diet with 10% energy from fat (Testdiet®, irradiated) or a high-fat diet with 60% energy 
from fat (Testdiet®, irradiated) for 8 weeks. Body weight and food intake were monitored weekly throughout 
the experiment. The food efficiency ratio (FER, %) was calculated by dividing body weight gain (g/day) by food 
intake (g/day) and multiplying by 10066. At the end of the feeding period, mice were sacrificed by CO2 inhalation 
to assess metabolic changes by capturing a photo of fat accumulation in the abdominal cavity, collecting blood 
samples for measurements of glucose, triglyceride, and total cholesterol levels in plasma and weighing the 
eWAT and liver. Liver and jejunum tissues were excised, snap-frozen in liquid nitrogen, and kept at -80 °C for 
subsequent analysis.

Quantitation of liver triglyceride content
Triglyceride content in liver was measured according to previously described with some modifications67. 
Approximately 250 mg of liver tissue was washed with cold sterile PBS, homogenized with 1 mL of 5% IGEPAL 
(Sigma-Aldrich) on ice, and then gently heated at 95  °C for 30  min before being allowed to cool to room 
temperature. Homogenate tissue was centrifuged at 10,000 x g at 4 °C for 10 min. The supernatant was collected 
and diluted at 1:10 in sterile Ultrapure water (Type I) to determine protein concentration using the Pierce™ 
BCA Protein Assay Kit (Thermo Fisher Scientific). Triglyceride concentration was then determined with the 
Stanbio Triglyceride LiquiColor™ (Stanbio Laboratory) by measuring absorbance at 490 nm and calculating it 
to a standard curve (ranging from 1.5625 to 200 mg/mL). Liver triglyceride content was normalized to the total 
protein concentration of each sample.
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Measurement of blood chemistry
Blood samples from mice in each condition were centrifuged at 3,000 rpm at 25 °C for 10 min to collect plasma 
samples. Plasma glucose levels were measured using an enzymatic method, while total cholesterol and triglyceride 
levels were determined via enzymatic colorimetric method on a Mindray BS620M analyzer, according to the 
manufacturer’s instructions.

RNA extraction and quantitative RT-PCR
Jejunum tissue or Caco-2 cell samples were homogenized in the TRIzol® reagent (Invitrogen) to isolate total 
RNA, following the manufacturer’s instructions. Total RNA (1 ng to 5 µg) was used to synthesize cDNA using 
RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific™) which includes oligo dT primer, 10 mM dNTP 
mix, 5X Reaction buffer, RiboLock RNase Inhibitor and RevertAid M-MuLV Reverse Transcriptase. To assess 
the levels of target mRNA, cDNA samples were subjected to amplification using iTaq™ Universal SYBR® Green 
Supermix (Bio-Rad Laboratories) with primers listed in Supplementary Table S1 on the CFX96 Touch Real-
Time PCR Detection System (Bio-Rad Laboratories). Endogenous actin (Actb) mRNA served as an internal 
control to normalize the expression levels of target.

In vitro effect of IL-25 on cholesterol uptake in Caco-2 cells
Human epithelial cell lines (Caco-2 cells, ATCC HTB-37) were grown in high-glucose Dulbecco’s Modified 
Eagle Medium (DMEM, Gibco™), supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 
1% penicillin-streptomycin (P/S). Cells were maintained at 37  °C in a humidified chamber with 5% CO₂ as 
previously described64. Confluent cells (85–90%) were utilized for subsequent experimental analysis. The effect 
of IL-25 on cholesterol uptake in Caco-2 cells was evaluated as previously described with some modifications68. 
Briefly, Caco-2 cells were seeded at a density of 2 × 105 cells/well in 24-well plate, with the medium replaced 
every 2 days, and cultured for 21 days until reaching full confluence. After 21 days of incubation, cells were 

Fig. 8.  A proposed role of IL-25 on systemic and intestinal metabolic changes in high-fat diet-induced 
obesity BALB/c mice. Intestinal IL-25 plays a crucial role in modulating systemic lipid and glucose 
metabolism. Moreover, IL-25 regulates intestinal function by decreasing cholesterol absorption, which may 
lead to systemic lipid metabolic changes. These findings suggest that targeting IL-25 could offer a strategy for 
modulating metabolic dysfunction associated with obesity.
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incubated in serum-free medium for 2 h and treated with recombinant human IL-25 (IL-17E) as prepared in 
complete DMEM (100 ng/mL, R&D system) for 24 h. The concentration of IL-25 at 100 ng/mL was selected 
based on a previous study investigating the effect of IL-25 on primary intestinal epithelial cells64. Endotoxin 
levels in recombinant human IL-25 were validated by the manufacturer to be less than 0.10 EU/µg of protein, as 
determined using the Limulus Amebocyte Lysate (LAL) assay. To assess cholesterol uptake, Caco-2 cells were 
washed twice with sterile DPBS, resuspended in serum-free medium containing 10 µM 25-NBD cholesterol 
(Avanti® Polar Lipid, Inc.) and incubated at 37 °C for 30 min. The cells were then rinsed twice with cold sterile 
DPBS and harvested using with 0.25% trypsin-EDTA. After harvesting, cells were stained with propidium iodide 
(PI, Biolegend) and performed flow cytometry analysis using a BD FACSLyric cytometer (BD Biosciences). The 
collected data were analyzed with FlowJo™ Software (Tree Star, Inc.). Cholesterol uptake was expressed as the 
mean fluorescence intensity (MFI) and calculated by dividing the MFI value of each sample by the MFI value of 
untreated control samples, then multiplying with 100.

Western blot analysis
For protein expression analysis, Caco-2 cells from different treatment groups were washed twice with sterile 
DPBS and homogenized in cold modified RIPA buffer (50 mM Tris–HCl pH 7.4, 1% Triton X-100, 0.2% sodium 
deoxycholate, 0.2% sodium dodecylsulfate (SDS), 1 mM EDTA) containing 1 mM PMSF (Phenylmethanesulfonyl 
fluoride, Sigma-Aldrich) and protease inhibitor cocktail (Roche). Cell lysates were collected by centrifugation 
12,000 rpm at 4 °C for 20 min. For western blot analysis, 30 µg protein lysates were separated by 8% SDS-PAGE 
(BioRad Laboratories) and transferred electrophoretically to a PVDF (Polyvinylidene fluoride) membrane 
(Millipore). The membrane was then blocked with 5% nonfat milk (Bio Basic) and incubated with the primary 
antibodies specific for NPC1L1 (1:1,000, Santa Cruz Biotechnology), SREBP2 (1:1,000, Abcam) at 4  °C with 
shaking at 80  rpm. After overnight incubation, the membrane was washed and incubated with horseradish 
peroxidase (HRP)-conjugated secondary antibodies, either goat anti-mouse IgG (heavy and light chain) (1:3,000, 
Bio-Rad Laboratories) or goat anti-rabbit IgG (heavy and light chain) (1:2000, Cell Signaling Technology). 
Immunoblots were visualized using ECL substrate (Bio-Rad Laboratories) and exposed to autoradiography 
Films (Kodak X-Ray Film, ABM Good). For loading control determination, the membrane was incubated in 
stripping buffer (1 M Tris pH 6.8, 20%SDS, β-mercaptoethanol) at 56 °C for 15 min. After washing with 1XTBST, 
the membrane was then blocked with 5% nonfat milk (Bio Basic) and incubated with the HRP-conjugated 
β-actin mouse monoclonal antibody (1:10,000, #AC-15, Sigma-Aldrich) at 4 °C with shaking at 80 rpm for 1 h. 
After washing with TBST, chemiluminescent detection is used to visualize the protein bands. The intensity of the 
specified band was measured using ChemiDoc Imaging System (Bio-Rad Laboratories). Protein quantification 
was performed using Image Lab software, with normalization to β-actin as the internal control.

Statistical analysis
Each experiment was performed at least three times. All data are presented as the mean value ± SD. Data were 
analyzed using the unpaired t test (two-tailed), the one-way ANOVA with Turkey’s post hoc analysis, and two-
way ANOVA followed by Dunnett’s multiple comparisons test. The correlation study was conducted using 
Spearman’s rank correlation coefficient. Statistical analysis was conducted using GraphPad Prism 10 Software, 
and a p-value of < 0.05 was considered statistically significant.

Data availability
All data are included in the manuscript and the supplementary information and can be obtained from the cor-
responding author upon request.

Received: 10 December 2024; Accepted: 21 March 2025

References
	 1.	 Salans, L. B., Cushman, S. W. & Weismann, R. E. Studies of human adipose tissue. Adipose cell size and number in Nonobese and 

obese patients. J. Clin. Investig. 52, 929–941. https://doi.org/10.1172/jci107258 (1973).
	 2.	 Koliaki, C., Dalamaga, M. & Liatis, S. Update on the obesity epidemic: after the sudden rise, is the upward trajectory beginning to 

flatten?? Curr. Obes. Rep. 12, 514–527. https://doi.org/10.1007/s13679-023-00527-y (2023).
	 3.	 Ejigu, B. A. & Tiruneh, F. N. The link between overweight/obesity and noncommunicable diseases in Ethiopia: evidences from 

nationwide WHO STEPS survey 2015. Int. J. Hypertens. 2023 (2199853). https://doi.org/10.1155/2023/2199853 (2023).
	 4.	 Hotamisligil, G. S., Shargill, N. S. & Spiegelman, B. M. Adipose expression of tumor necrosis factor-alpha: direct role in obesity-

linked insulin resistance. Sci. (New York N Y). 259, 87–91. https://doi.org/10.1126/science.7678183 (1993).
	 5.	 Xu, H. et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J. Clin. 

Investig. 112, 1821–1830. https://doi.org/10.1172/jci19451 (2003).
	 6.	 Borges, M. D. et al. Relationship between Proinflammatory cytokines/chemokines and adipokines in serum of young adults with 

obesity. Endocr. Metab. Immune Disord. Drug Targets. 18, 260–267. https://doi.org/10.2174/1871530318666180131094733 (2018).
	 7.	 Kern, P. A. et al. The expression of tumor necrosis factor in human adipose tissue. Regulation by obesity, weight loss, and 

relationship to lipoprotein lipase. J. Clin. Investig. 95, 2111–2119. https://doi.org/10.1172/jci117899 (1995).
	 8.	 Fried, S. K., Bunkin, D. A. & Greenberg, A. S. Omental and subcutaneous adipose tissues of obese subjects release interleukin-6: 

depot difference and regulation by glucocorticoid. J. Clin. Endocrinol. Metab. 83, 847–850. https://doi.org/10.1210/jcem.83.3.4660 
(1998).

	 9.	 Weisberg, S. P. et al. Obesity is associated with macrophage accumulation in adipose tissue. J. Clin. Investig. 112, 1796–1808. 
https://doi.org/10.1172/jci19246 (2003).

	10.	 Harkins, J. M. et al. Expression of interleukin-6 is greater in preadipocytes than in adipocytes of 3T3-L1 cells and C57BL/6J and 
Ob/ob mice. J. Nutr. 134, 2673–2677. https://doi.org/10.1093/jn/134.10.2673 (2004).

Scientific Reports |        (2025) 15:10445 12| https://doi.org/10.1038/s41598-025-95516-7

www.nature.com/scientificreports/

https://doi.org/10.1172/jci107258
https://doi.org/10.1007/s13679-023-00527-y
https://doi.org/10.1155/2023/2199853
https://doi.org/10.1126/science.7678183
https://doi.org/10.1172/jci19451
https://doi.org/10.2174/1871530318666180131094733
https://doi.org/10.1172/jci117899
https://doi.org/10.1210/jcem.83.3.4660
https://doi.org/10.1172/jci19246
https://doi.org/10.1093/jn/134.10.2673
http://www.nature.com/scientificreports


	11.	 Kang, Y. E. et al. The roles of adipokines, Proinflammatory cytokines, and adipose tissue macrophages in obesity-Associated 
insulin resistance in modest obesity and early metabolic dysfunction. PloS One. 11, e0154003. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​3​7​1​/​j​o​u​r​n​a​l​.​p​o​n​
e​.​0​1​5​4​0​0​3​​​​ (2016).

	12.	 Obstfeld, A. E. et al. C-C chemokine receptor 2 (CCR2) regulates the hepatic recruitment of myeloid cells that promote obesity-
induced hepatic steatosis. Diabetes 59, 916–925. https://doi.org/10.2337/db09-1403 (2010).

	13.	 Ramkumar, N., Cheung, A. K., Pappas, L. M., Roberts, W. L. & Beddhu, S. Association of obesity with inflammation in chronic 
kidney disease: a cross-sectional study. J. Ren. Nutrition: Official J. Council Ren. Nutr. Natl. Kidney Foundation. 14, 201–207 (2004).

	14.	 Wu, H. & Ballantyne, C. M. Skeletal muscle inflammation and insulin resistance in obesity. J. Clin. Investig. 127, 43–54. ​h​t​t​p​s​:​/​/​d​o​
i​.​o​r​g​/​1​0​.​1​1​7​2​/​j​c​i​8​8​8​8​0​​​​ (2017).

	15.	 Kreutzer, C. et al. Hypothalamic inflammation in human obesity is mediated by environmental and genetic factors. Diabetes 66, 
2407–2415. https://doi.org/10.2337/db17-0067 (2017).

	16.	 Monteiro-Sepulveda, M. et al. Jejunal T cell inflammation in human obesity correlates with decreased enterocyte insulin signaling. 
Cell Metabol. 22, 113–124. https://doi.org/10.1016/j.cmet.2015.05.020 (2015).

	17.	 Stojanović, O. et al. Dietary excess regulates absorption and surface of gut epithelium through intestinal PPARα. Nat. Commun. 12, 
7031. https://doi.org/10.1038/s41467-021-27133-7 (2021).

	18.	 Brun, P. et al. Increased intestinal permeability in obese mice: new evidence in the pathogenesis of nonalcoholic steatohepatitis. 
Am. J. Physiol. Gastrointest. Liver. Physiol. 292, G518–525. https://doi.org/10.1152/ajpgi.00024.2006 (2007).

	19.	 Luck, H. et al. Regulation of obesity-related insulin resistance with gut anti-inflammatory agents. Cell Metabol. 21, 527–542. 
https://doi.org/10.1016/j.cmet.2015.03.001 (2015).

	20.	 Mayer, J. & Yannoni, C. Z. Increased intestinal absorption of glucose in three forms of obesity in the mouse. Am. J. Physiol. 185, 
49–53. https://doi.org/10.1152/ajplegacy.1956.185.1.49 (1956).

	21.	 Ait-Omar, A. et al. GLUT2 accumulation in enterocyte apical and intracellular membranes: a study in morbidly obese human 
subjects and Ob/ob and high fat-fed mice. Diabetes 60, 2598–2607. https://doi.org/10.2337/db10-1740 (2011).

	22.	 Huang, W. et al. [Impact of high-fat diet induced obesity on glucose absorption in small intestinal mucose in rats]. Wei Sheng Yan 
jiu = J. Hygiene Res. 41, 878–882 (2012).

	23.	 Nguyen, N. Q. et al. Accelerated intestinal glucose absorption in morbidly obese humans: relationship to glucose transporters, 
incretin hormones, and glycemia. J. Clin. Endocrinol. Metabolism. 100, 968–976. https://doi.org/10.1210/jc.2014-3144 (2015).

	24.	 Lally, S., Tan, C. Y., Owens, D. & Tomkin, G. H. Messenger RNA levels of genes involved in dysregulation of postprandial 
lipoproteins in type 2 diabetes: the role of Niemann-Pick C1-like 1, ATP-binding cassette, transporters G5 and G8, and of 
microsomal triglyceride transfer protein. Diabetologia 49, 1008–1016. https://doi.org/10.1007/s00125-006-0177-8 (2006).

	25.	 He, Z. et al. Laminarin Reduces Cholesterol Uptake and NPC1L1 Protein Expression in High-Fat Diet (HFD)-Fed Mice. Marine 
drugs 21, (2023). https://doi.org/10.3390/md21120624

	26.	 Davis, H. R. & Veltri, E. P. Zetia: Inhibition of Niemann-Pick C1 like 1 (NPC1L1) to reduce intestinal cholesterol absorption and 
treat hyperlipidemia. J. Atheroscler. Thromb. 14, 99–108. https://doi.org/10.5551/jat.14.99 (2007).

	27.	 Chan, D. C., Watts, G. F., Gan, S. K., Ooi, E. M. & Barrett, P. H. Effect of Ezetimibe on hepatic fat, inflammatory markers, and 
Apolipoprotein B-100 kinetics in insulin-resistant obese subjects on a weight loss diet. Diabetes Care. 33, 1134–1139. ​h​t​t​p​s​:​/​/​d​o​i​.​o​
r​g​/​1​0​.​2​3​3​7​/​d​c​0​9​-​1​7​6​5​​​​ (2010).

	28.	 Petit, V. et al. Chronic high-fat diet affects intestinal fat absorption and postprandial triglyceride levels in the mouse. J. Lipid Res. 
48, 278–287. https://doi.org/10.1194/jlr.M600283-JLR200 (2007).

	29.	 Ding, S. et al. High-fat diet: bacteria interactions promote intestinal inflammation which precedes and correlates with obesity and 
insulin resistance in mouse. PloS One. 5, e12191. https://doi.org/10.1371/journal.pone.0012191 (2010).

	30.	 Field, F. J., Watt, K. & Mathur, S. N. TNF-α decreases ABCA1 expression and attenuates HDL cholesterol efflux in the human 
intestinal cell line Caco-2. J. Lipid Res. 51, 1407–1415. https://doi.org/10.1194/jlr.M002410 (2010).

	31.	 Owyang, A. M. et al. Interleukin 25 regulates type 2 cytokine-dependent immunity and limits chronic inflammation in the 
Gastrointestinal tract. J. Exp. Med. 203, 843–849. https://doi.org/10.1084/jem.20051496 (2006).

	32.	 Maynard, C. L., Elson, C. O., Hatton, R. D. & Weaver, C. T. Reciprocal interactions of the intestinal microbiota and immune system. 
Nature 489, 231–241. https://doi.org/10.1038/nature11551 (2012).

	33.	 Heneghan, A. F., Pierre, J. F., Gosain, A. & Kudsk, K. A. IL-25 improves luminal innate immunity and barrier function during 
parenteral nutrition. Ann. Surg. 259, 394–400. https://doi.org/10.1097/SLA.0b013e318284f510 (2014).

	34.	 Fallon, P. G. et al. Identification of an Interleukin (IL)-25-dependent cell population that provides IL-4, IL-5, and IL-13 at the onset 
of helminth expulsion. J. Exp. Med. 203, 1105–1116. https://doi.org/10.1084/jem.20051615 (2006).

	35.	 Zaph, C. et al. Commensal-dependent expression of IL-25 regulates the IL-23-IL-17 axis in the intestine. J. Exp. Med. 205, 2191–
2198. https://doi.org/10.1084/jem.20080720 (2008).

	36.	 Angkasekwinai, P. et al. Interleukin-25 (IL-25) promotes efficient protective immunity against Trichinella spiralis infection by 
enhancing the antigen-specific IL-9 response. Infect. Immun. 81, 3731–3741. https://doi.org/10.1128/iai.00646-13 (2013).

	37.	 Hams, E., Locksley, R. M., McKenzie, A. N. & Fallon, P. G. Cutting edge: IL-25 elicits innate lymphoid type 2 and type II NKT cells 
that regulate obesity in mice. Journal of immunology (Baltimore, Md.: 191, 5349–5353, (1950). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​0​4​9​/​j​i​m​m​u​n​o​l​.​1​
3​0​1​1​7​6​​​​ (2013).

	38.	 Wang, A. J. et al. IL-25 or IL-17E Protects against High-Fat Diet-Induced Hepatic Steatosis in Mice Dependent upon IL-13 
Activation of STAT6. Journal of immunology (Baltimore, Md.: 195, 4771–4780, (1950). https://doi.org/10.4049/jimmunol.1500337 
(2015).

	39.	 Feng, J. et al. IL-25 stimulates M2 macrophage polarization and thereby promotes mitochondrial respiratory capacity and lipolysis 
in adipose tissues against obesity. Cell Mol. Immunol. 15, 493–505. https://doi.org/10.1038/cmi.2016.71 (2018).

	40.	 Jeerawattanawart, S. et al. IL-25 directly modulates adipocyte function and inflammation through the regulation of adiponectin. 
Inflamm. Research: Official J. Eur. Histamine Res. Soc. 71, 1229–1244. https://doi.org/10.1007/s00011-022-01606-x (2022).

	41.	 Shimada, M. et al. Treatment with Interleukin-25 suppresses Short-Term High-Fructose Diet-Induced hepatic gene expression and 
activities of fatty acid synthesis enzymes in rats. J. Oleo Sci. 72, 99–104. https://doi.org/10.5650/jos.ess22266 (2023).

	42.	 Petrick, H. L. et al. Adipose tissue inflammation is directly linked to Obesity-Induced insulin resistance, while gut dysbiosis and 
mitochondrial dysfunction are not required. Function (Oxford England). 1, zqaa013. https://doi.org/10.1093/function/zqaa013 
(2020).

	43.	 van der Heijden, R. A. et al. High-fat diet induced obesity primes inflammation in adipose tissue prior to liver in C57BL/6j mice. 
Aging 7, 256–268. https://doi.org/10.18632/aging.100738 (2015).

	44.	 Haidari, M. & FRUCTOSE FEEDING IN THE HAMSTER IS ACCOMPANIED BY ENHANCED INTESTINAL DE NOVO 
LIPOGENESIS AND ApoB. Fasting and Postprandial Overproduction of Intestinally Derived Lipoproteins in an Animal Model 
of Insulin Resistance: EVIDENCE THAT CHRONIC 48-CONTAINING LIPOPROTEIN OVERPRODUCTION*. Journal of 
Biological Chemistry 277, 31646–31655, (2002). https://doi.org/10.1074/jbc.M200544200

	45.	 Kawano, Y. et al. Colonic Pro-inflammatory macrophages cause insulin resistance in an intestinal Ccl2/Ccr2-Dependent manner. 
Cell Metabol. 24, 295–310. https://doi.org/10.1016/j.cmet.2016.07.009 (2016).

	46.	 Lee, J. B. et al. IL-25 and CD4(+) TH2 cells enhance type 2 innate lymphoid cell-derived IL-13 production, which promotes 
IgE-mediated experimental food allergy. J. Allergy Clin. Immunol. 137, 1216–1225e1215. https://doi.org/10.1016/j.jaci.2015.09.019 
(2016).

Scientific Reports |        (2025) 15:10445 13| https://doi.org/10.1038/s41598-025-95516-7

www.nature.com/scientificreports/

https://doi.org/10.1371/journal.pone.0154003
https://doi.org/10.1371/journal.pone.0154003
https://doi.org/10.2337/db09-1403
https://doi.org/10.1172/jci88880
https://doi.org/10.1172/jci88880
https://doi.org/10.2337/db17-0067
https://doi.org/10.1016/j.cmet.2015.05.020
https://doi.org/10.1038/s41467-021-27133-7
https://doi.org/10.1152/ajpgi.00024.2006
https://doi.org/10.1016/j.cmet.2015.03.001
https://doi.org/10.1152/ajplegacy.1956.185.1.49
https://doi.org/10.2337/db10-1740
https://doi.org/10.1210/jc.2014-3144
https://doi.org/10.1007/s00125-006-0177-8
https://doi.org/10.3390/md21120624
https://doi.org/10.5551/jat.14.99
https://doi.org/10.2337/dc09-1765
https://doi.org/10.2337/dc09-1765
https://doi.org/10.1194/jlr.M600283-JLR200
https://doi.org/10.1371/journal.pone.0012191
https://doi.org/10.1194/jlr.M002410
https://doi.org/10.1084/jem.20051496
https://doi.org/10.1038/nature11551
https://doi.org/10.1097/SLA.0b013e318284f510
https://doi.org/10.1084/jem.20051615
https://doi.org/10.1084/jem.20080720
https://doi.org/10.1128/iai.00646-13
https://doi.org/10.4049/jimmunol.1301176
https://doi.org/10.4049/jimmunol.1301176
https://doi.org/10.4049/jimmunol.1500337
https://doi.org/10.1038/cmi.2016.71
https://doi.org/10.1007/s00011-022-01606-x
https://doi.org/10.5650/jos.ess22266
https://doi.org/10.1093/function/zqaa013
https://doi.org/10.18632/aging.100738
https://doi.org/10.1074/jbc.M200544200
https://doi.org/10.1016/j.cmet.2016.07.009
https://doi.org/10.1016/j.jaci.2015.09.019
http://www.nature.com/scientificreports


	47.	 Altmann, S. W. et al. Niemann-Pick C1 like 1 protein is critical for intestinal cholesterol absorption. Sci. (New York N Y). 303, 
1201–1204. https://doi.org/10.1126/science.1093131 (2004).

	48.	 Iwayanagi, Y., Takada, T. & Suzuki, H. HNF4alpha is a crucial modulator of the cholesterol-dependent regulation of NPC1L1. 
Pharm. Res. 25, 1134–1141. https://doi.org/10.1007/s11095-007-9496-9 (2008).

	49.	 Pramfalk, C. et al. HNF1alpha and SREBP2 are important regulators of NPC1L1 in human liver. J. Lipid Res. 51, 1354–1362. 
https://doi.org/10.1194/jlr.M900274 (2010).

	50.	 Luck, H. et al. Gut-associated IgA(+) immune cells regulate obesity-related insulin resistance. Nat. Commun. 10, 3650. ​h​t​t​p​s​:​/​/​d​o​i​
.​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​4​6​7​-​0​1​9​-​1​1​3​7​0​-​y​​​​ (2019).

	51.	 Garidou, L. et al. The gut microbiota regulates intestinal CD4 T cells expressing RORγt and controls metabolic disease. Cell 
Metabol. 22, 100–112. https://doi.org/10.1016/j.cmet.2015.06.001 (2015).

	52.	 Heinzel, F. P., Sadick, M. D., Holaday, B. J., Coffman, R. L. & Locksley, R. M. Reciprocal expression of interferon gamma or 
Interleukin 4 during the resolution or progression of murine leishmaniasis. Evidence for expansion of distinct helper T cell subsets. 
J. Exp. Med. 169, 59–72. https://doi.org/10.1084/jem.169.1.59 (1989).

	53.	 Karimkhanloo, H. et al. Mouse strain-dependent variation in metabolic associated fatty liver disease (MAFLD): a comprehensive 
resource tool for pre-clinical studies. Sci. Rep. 13, 4711. https://doi.org/10.1038/s41598-023-32037-1 (2023).

	54.	 Moro, C. & Magnan, C. Revisited guidelines for metabolic tolerance tests in mice. Lab Anim. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​6​8​4​-​0​2​4​-​0​
1​4​7​3​-​5​​​​ (2024).

	55.	 Arora, P. et al. Small intestinal tuft cell activity associates with energy metabolism in Diet-Induced obesity. Front. Immunol. 12 
https://doi.org/10.3389/fimmu.2021.629391 (2021).

	56.	 Smith, A. D. et al. IL-25 treatment improves metabolic syndrome in High-Fat diet and genetic models of obesity. Diabetes Metabolic 
Syndrome Obesity: Targets Therapy. 14, 4875–4887. https://doi.org/10.2147/dmso.s335761 (2021).

	57.	 Turnbaugh, P. J. et al. An obesity-associated gut Microbiome with increased capacity for energy harvest. Nature 444, 1027–1031. 
https://doi.org/10.1038/nature05414 (2006).

	58.	 Ridaura, V. K. et al. Gut microbiota from twins discordant for obesity modulate metabolism in mice. Sci. (New York N Y). 341, 
1241214. https://doi.org/10.1126/science.1241214 (2013).

	59.	 Fei, N. & Zhao, L. An opportunistic pathogen isolated from the gut of an obese human causes obesity in germfree mice. ISME J. 7, 
880–884. https://doi.org/10.1038/ismej.2012.153 (2013).

	60.	 Liu, B. N., Liu, X. T., Liang, Z. H. & Wang, J. H. Gut microbiota in obesity. World J. Gastroenterol. 27, 3837–3850. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​3​7​4​8​/​w​j​g​.​v​2​7​.​i​2​5​.​3​8​3​7​​​​ (2021).

	61.	 Muku, G. E. et al. Selective ah receptor modulators attenuate NPC1L1-mediated cholesterol uptake through repression of SREBP-2 
transcriptional activity. Lab. Invest. 100, 250–264. https://doi.org/10.1038/s41374-019-0306-x (2020).

	62.	 Ma, K. et al. Overactivation of intestinal SREBP2 in mice increases serum cholesterol. PloS One. 9, e84221. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​3​7​
1​/​j​o​u​r​n​a​l​.​p​o​n​e​.​0​0​8​4​2​2​1​​​​ (2014).

	63.	 Labonté, E. D. et al. Reduced absorption of saturated fatty acids and resistance to diet-induced obesity and diabetes by ezetimibe-
treated and Npc1l1-/- mice. Am. J. Physiol. Gastrointest. Liver. Physiol. 295, G776–783. https://doi.org/10.1152/ajpgi.90275.2008 
(2008).

	64.	 Jeerawattanawart, S., Hansakon, A., Roytrakul, S. & Angkasekwinai, P. Regulation and function of adiponectin in the intestinal 
epithelial cells in response to Trichinella spiralis infection. Sci. Rep. 13, 14004. https://doi.org/10.1038/s41598-023-41377-x (2023).

	65.	 Montgomery, M. K. et al. Mouse strain-dependent variation in obesity and glucose homeostasis in response to high-fat feeding. 
Diabetologia 56, 1129–1139. https://doi.org/10.1007/s00125-013-2846-8 (2013).

	66.	 Lee, S. J. et al. Chamnamul [Pimpinella brachycarpa (Kom.) Nakai] ameliorates hyperglycemia and improves antioxidant status in 
mice fed a high-fat, high-sucrose diet. Nutr. Res. Pract. 7, 446–452. https://doi.org/10.4162/nrp.2013.7.6.446 (2013).

	67.	 Kim, J. K. et al. Omega-3 polyunsaturated fatty acid and ursodeoxycholic acid have an additive effect in attenuating diet-induced 
nonalcoholic steatohepatitis in mice. Exp. Mol. Med. 46, e127. https://doi.org/10.1038/emm.2014.90 (2014).

	68.	 Takekawa, Y. et al. An approach to improve intestinal absorption of poorly absorbed Water-Insoluble components via Niemann-
Pick C1-Like 1. Biol. Pharm. Bull. 39, 301–307. https://doi.org/10.1248/bpb.b15-00359 (2016).

Acknowledgements
This study was supported by the Thammasat University Research Fund, Contract No. TUFT 46/2567, Tham-
masat University; S.J. was supported by the Thammasat Postdoctoral Fellowship (Grant No. TUPD1/2567). We 
thank the Faculty of Allied Health Sciences for their support.

Author contributions
S.J. contributed to data curation, formal analysis, investigation, methodology, validation, visualization, writ-
ing-original draft and writing-reviewing & editing. P.A. contributed to conceptualization, data curation, formal 
analysis, funding acquisition, investigation, methodology, project administration, supervision, validation, visu-
alization, writing-original draft and writing-reviewing & editing.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​9​5​5​1​6​-​7​​​​​.​​

Correspondence and requests for materials should be addressed to P.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Scientific Reports |        (2025) 15:10445 14| https://doi.org/10.1038/s41598-025-95516-7

www.nature.com/scientificreports/

https://doi.org/10.1126/science.1093131
https://doi.org/10.1007/s11095-007-9496-9
https://doi.org/10.1194/jlr.M900274
https://doi.org/10.1038/s41467-019-11370-y
https://doi.org/10.1038/s41467-019-11370-y
https://doi.org/10.1016/j.cmet.2015.06.001
https://doi.org/10.1084/jem.169.1.59
https://doi.org/10.1038/s41598-023-32037-1
https://doi.org/10.1038/s41684-024-01473-5
https://doi.org/10.1038/s41684-024-01473-5
https://doi.org/10.3389/fimmu.2021.629391
https://doi.org/10.2147/dmso.s335761
https://doi.org/10.1038/nature05414
https://doi.org/10.1126/science.1241214
https://doi.org/10.1038/ismej.2012.153
https://doi.org/10.3748/wjg.v27.i25.3837
https://doi.org/10.3748/wjg.v27.i25.3837
https://doi.org/10.1038/s41374-019-0306-x
https://doi.org/10.1371/journal.pone.0084221
https://doi.org/10.1371/journal.pone.0084221
https://doi.org/10.1152/ajpgi.90275.2008
https://doi.org/10.1038/s41598-023-41377-x
https://doi.org/10.1007/s00125-013-2846-8
https://doi.org/10.4162/nrp.2013.7.6.446
https://doi.org/10.1038/emm.2014.90
https://doi.org/10.1248/bpb.b15-00359
https://doi.org/10.1038/s41598-025-95516-7
https://doi.org/10.1038/s41598-025-95516-7
http://www.nature.com/scientificreports


Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |        (2025) 15:10445 15| https://doi.org/10.1038/s41598-025-95516-7

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Intestinal IL-25 prevents high-fat diet-induced obesity by modulating the cholesterol transporter NPC1L1 expression in the intestinal epithelial cells
	﻿Results
	﻿High-fat diet alters systemic metabolism and the expression of genes related to the absorption of glucose,cholesterol and triglycerides in the intestine of BALB/c mice.
	﻿The relationship between cytokine expression associated with intestinal inflammation and homeostasis and systemic glucose and lipid levels.
	﻿Intestinal IL-25 overexpression prevented metabolic alterations in a HFD-induced obesity model
	﻿Overexpression of intestinal IL-25 modulates the expression of intestinal genes involved in nutrient absorption and chylomicron formation during HFD-induced obesity

	﻿IL-25 treatment reduced cholesterol uptake in human intestinal Caco-2 cell model
	﻿IL-25 regulates NPC1L1 expression by downregulating the transcription factor SREBP2 in Caco-2 cells
	﻿Discussion
	﻿Materials and methods
	﻿Animals

	﻿In vivo mouse models of diet-induced obesity
	﻿Quantitation of liver triglyceride content
	﻿Measurement of blood chemistry
	﻿RNA extraction and quantitative RT-PCR
	﻿In vitro effect of IL-25 on cholesterol uptake in Caco-2 cells
	﻿Western blot analysis
	﻿Statistical analysis

	﻿References


