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SUMMARY
In modern society, excessive nutrient intake from food is a major factor contributing to the development of a
series of metabolic disorders and cardiovascular diseases. Further investigation of the mechanisms under-
lying nutrient absorption in the intestine will help to better understand and develop preventive or therapeutic
strategies. In this study, using receptor-interacting protein kinase 1 (Ripk1) intestine-specific heterozygous
knockout mice (Ripk1IEC+/�) and high-fat diet (HFD)-feeding mouse model, we report that HFD-induced shift
in the transcriptional profile of the ileum toward that of the jejunum, characterized by increased expression of
jejunal feature genes in the ileum, are attenuated in Ripk1IEC+/� female mice, but not in males. Accordingly,
HFD-induced metabolic disorders, including obesity, impaired glucose tolerance, insulin resistance, and
dyslipidemia, are significantly ameliorated in the Ripk1IEC+/� female mice. These findings demonstrate a
new, sex-specific intestinal regulatory mechanism and highlight the critical role of intestinal RIPK1 in regu-
lating HFD-induced metabolic disorders in females.
INTRODUCTION

Obesity is a growing public health concern worldwide. It in-

creases the risk of cardiovascular diseases, type 2 diabetes,

cancer, etc.1 Caloric imbalance is one variable contributing to

obesity and metabolic disease, especially excessive caloric

intake from food causes energy intake over energy expendi-

ture.2,3 Other variables also include the involvement of genetic

components; genome-wide association studies (GWASs) have

identified genes involved in appetite control, such as leptin,

and resting energy expenditure, such as FTO (fat mass and

obesity associated).4–7 Nutrients from food are absorbed in the

gastrointestinal tract, especially in the small intestine in mam-

mals. Therefore, reducing intestinal excess nutrient absorption

would provide protection against obesity and related metabolic

diseases.

The duodenum is the first and shortest part of the small intes-

tine, primarily responsible for the further breakdown of food from

stomach. The jejunum is distal to the duodenum and the main

site of nutrient absorption, especially for the lipid absorption.

The ileum, also called the distal intestine, is the final portion of
iScience 28, 111906, Febru
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the small intestine and is responsible for absorption of vitamin

B12, bile acid, and other remaining nutrients that are not ab-

sorbed by jejunum.8 In line with the functional differences, the

proximal and distal intestine have distinct gene expression pro-

files controlled by specific transcription factors.9–11 And these

distinct gene expression profiles, stem cell proliferation, and dif-

ferentiation can be altered in high-fat/high-sugar diet-induced

obese mice.12 However, whether different segments of intestine

are equally important in the pathogenesis of diet-induced

obesity and metabolic disorders, especially between male and

female, remains unknown.

Receptor-interacting protein kinase 1 (RIPK1) is an important

regulator for both cell death and survival.13 Global RIPK1

knockout in mice causes early postnatal lethality.14 Intestinal

epithelial specific deletion of RIPK1 also leads to perinatal death

in mice due to massive epithelial cell death.15,16 RIPK1 is also a

major player in inflammatory conditions.17–20 A recent study

showed that silencing RIPK1 with antisense oligonucleotides

ameliorates high-fat diet (HFD)-induced obesity mainly by

reducing the activation of inflammation in adipose tissue and

liver in male mice.21 However, the role of intestinal epithelial
ary 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).

mailto:xiaor@pku.edu.cn
mailto:zhangxq@pku.edu.cn
https://doi.org/10.1016/j.isci.2025.111906
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.111906&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/


ND-W
T

ND-R
ipk
1
IEC+/-

HFD-W
T

HFD-R
ipk
1
IEC+/-

0

1

2

3

4

A
di

po
cy

te
ar

ea
(n

or
m

al
iz

ed
)

** **
**

Fa
st

in
g

TC
(m

g/
dL

)

ND-W
T

ND-R
ipk
1
IEC+/-

HFD-W
T

HFD-R
ipk
1
IEC+/-

0

30

60

90 ****

Age (wk)

Bo
dy

w
ei

gh
t(

g)

4 6 8 10 12 14 16 18 20 22
0

10

20

30

40

ND-WT
ND-Ripk1IEC+/-

HFD-WT
HFD-Ripk1IEC+/-

****
********

********

****
****

* ***

E

F 

C

ND-W
T

ND-R
ipk
1
IEC+/-

HFD-W
T

HFD-R
ipk
1
IEC+/-

0

20

40

60

Bo
dy

fa
tr

at
io

(%
) ********

A
Ripk1IEC+/- WTRipk1IEC-/-

RIPK1

β-ACTIN

B

RIPK1

VILLIN-1

I E M
Jejunum Ileum

β-ACTIN

I E M

D 22 wk-ND

W
T

R
ip
k1

IE
C

+/
-

22 wk-HFD

p

G H

H
FD

N
D

WT Ripk1IEC+/-

G
lu

co
se

(m
m

ol
/L

)
ND-W

T

ND-R
ipk
1
IEC+/-

HFD-W
T

HFD-R
ipk
1
IEC+/-

0

2

4

6

8

*

Ri
pk
1
IEC-/-

Ri
pk
1
IEC+/-

WT
0.0

0.5

1.0

1.5

RI
PK

1/
β-

AC
TI

N

***

***

***

Figure 1. Female Ripk1IEC+/� mice resistant to HFD-induced obesity and metabolic disorders

(A) Western blot showing the expression of RIPK1, Villin-1 and b-actin in the epithelium and muscular layer of the jejunum and ileum. I, entire intestine; E,

epithelium; M, muscular layer.

(B) Western blot and statistics showing the expression of RIPK1 and b-actin in the jejunums. Statistical tests used were one-way ANOVA with Sidak’s multiple

comparisons tests.

(C) Body weight (n = 26–46 per group). Statistical tests used were three-way ANOVA with Sidak’s multiple comparisons tests.

(D) Representative images of body size and intra-abdominal fat.

(E) Body fat ratio (n = 11–18 per group).

(F) Representative HE-stained sections of visceral white adipose tissue and statistics of adipocyte size. Scale bar, 100 mm.

(G) Overnight fasting plasma TC levels in 22-week-old female mice (n = 6–23 per group).

(H) Overnight fasting blood glucose in 20-week-old female mice (n = 22–33 per group). Statistical tests used were two-way ANOVA with Sidak’s multiple

comparisons tests [(E), (F, right panel), (G), and (H)]. Data are presented as mean ± SE, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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RIPK1 in HFD-induced obesity has never been investigated. In

this study, we found that knockdown of intestinal epithelial

RIPK1 ameliorated HFD-induced obesity in female mice via inhi-

bition of ileal jejunization to prevent excessive nutrients

absorption.

RESULTS

Reducing intestinal epithelial RIPK1 attenuates HFD-
induced obesity and metabolic disorders in female mice
RIPK1 is essential for intestinal homeostasis,15,16 it is highly ex-

pressed in the small intestinal epithelium (Figure 1A). To test if in-
2 iScience 28, 111906, February 21, 2025
testinal epithelial cell (IEC) RIPK1 is involved in HFD-induced

obesity, we generated IEC-specific Ripk1 knockout mice by

crossing villin-Cre and RIPK1flox/flox mice (Figures S1A–S1D; Fig-

ure 1B). As in prior studies,15,16 we found that almost all of the

mice homozygous for IEC Ripk1-knockout (Ripk1IEC�/�) died

within one week after birth; only very few Ripk1IEC�/� mice could

survive to a fewweeks, but their body sizeweremuch smaller than

their wild type (WT) littermates and showed profound villus atro-

phy (Figure S2A). Heterozygous (Ripk1IEC+/�) mice survived nor-

mally, and on a normal chow diet (ND), the body weight, food

intake, intestinal epithelial morphology, cell death, and villus

length (Figures S2B–S2E) had no apparent differences compared
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Figure 2. Female Ripk1IEC+/� mice resistant to HFD-induced insulin resistance and hepatic steatosis

(A) Overnight fasting plasma insulin levels in 22-week-old female mice (n = 3–9 per group).

(B) Glucose curve and the AUC of ipGTT of 12-week-old female mice (n = 12–22 per group).

(C) Glucose curve and the AUC of ipGTT of 20-week-old female mice (n = 12–39 per group).

(D) Representative HE and Oil red stained sections of liver, and statistics of Oil red. Scale bar, 100 mm.

(E) Overnight fasting plasma ALT levels (n = 8–23 per group).

(F) Western blots (left) and statistical analysis (right) of total Akt (t-Akt) and phosphorylated Akt (p-Akt) at ser473 in the liver (n = 4–8 per group). Statistical tests

used were two-way ANOVA with Sidak’s multiple comparisons tests [(A), (B, right panel), (C, right panel), and (E)]. Statistical tests used were three-way ANOVA

with Sidak’s multiple comparisons tests [(B, left panel) and (C, left panel)]. Statistical tests used were unpaired two-tailed Student’s t test [(D, right panel) and (F)].

Data are presented as mean ± SE, *p < 0.05, **p < 0.01, ***p < 0.001.
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to those of their WT littermates. However, when the mice were

administered a HFD starting at 4 weeks of age, the body weight

gain in the female Ripk1IEC+/� mice was significantly attenuated

relative to female WT (Figure 1C). Surprisingly, the HFD-induced

increase in body weight in male Ripk1IEC+/� mice were compara-

ble with the male WT mice (Figure S3A). In accordance with the

body weight change in female mice, after 18 weeks of HFD

feeding, Ripk1IEC+/� mice had less visceral fat mass (Figure 1D),

significantly lower body fat ratio (Figure 1E), and smaller visceral

adipocytes (Figure 1F) compared to female WT mice. Moreover,

compared to WT female mice, female Ripk1IEC+/� mice displayed

reduced levels of fasting blood total cholesterol (TC) (Figure 1G)

and fasting glucose (Figure 1H) after 18 weeks of HFD feeding.

Obesity is associated with increased insulin resistance. We

found that HFD-induced increase in serum insulin was reduced

in Ripk1IEC+/� female mice (Figure 2A); furthermore, the deterio-

rated glucose tolerance induced by HFD was also ameliorated

in the female Ripk1IEC+/� mice when tested at both 12 weeks

(HFD-feeding for 8 weeks) and 20weeks (HFD feeding for

16 weeks), respectively (Figures 2B–2C). Once again, the HFD-

induced deterioration of glucose tolerance in the maleRipk1IEC+/�

mice was comparable to that in WT male mice in multipole tests

(Figure S3B). Because obesity frequently presents with fatty liver,

we then investigated the influence of reduced intestinal epithelial

RIPK1 on liver steatosis. Along with the reduced body weight,

the liver size was smaller (Figure S4A) and the liver weight was

significantly lower in female Ripk1IEC+/� mice fed with HFD (Fig-
ure S4B). Hematoxylin-eosin (HE) and Oil red staining of liver sec-

tions showed that fat deposition in HFD-fed female Ripk1IEC+/�

mice was fewer than HFD-fed WT mice (Figure 2D), and the

alanine aminotransferase (ALT) was lower in HFD-fed female

Ripk1IEC+/� mice than in HFD-fed WT mice (Figure 2E). However,

the cell death indicated by cleaved caspase-3 immunohistochem-

ical staining (FigureS4C), inflammatory cell infiltration indicated by

CD45 immunohistochemical staining (Figure S4D), and fibrosis

indicated by Masson staining (Figure S4E) in the liver were not

different between HFD-fed WT and Ripk1IEC+/� female mice.

Nevertheless, the fat deposition was not different between HFD-

fedmaleRipk1IEC+/� andWTmice in the liver (FigureS3C). In addi-

tion, insulin sensitivity evidenced by insulin-stimulated Akt phos-

phorylation (p-Akt) was clearly attenuated in the livers of the

HFD-fed female WT mice, but not affected by HFD in Ripk1IEC+/�

mice (Figure 2F). All the above results demonstrated that reducing

intestinal RIPK1 effectively attenuated HFD-induced obesity and

related metabolic disorders in female mice, suggesting that intes-

tinal response to HFD maybe had a sex difference. Based on

above observations, in the subsequent studies, we focused on

revealing the function of intestinal RIPK1 in HFD-induced obesity

in female mice.

HFD induces ileal jejunization in female mice
Studies showed that IEC proliferation and villi elongation

induced by HFD or high-fat/high-sugar diet contribute to obesity

in male mice.12,22 However, the villi elongation (Figure S5A) and
iScience 28, 111906, February 21, 2025 3
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epithelial cell proliferation (Figure S5B) did not differ significantly

between Ripk1IEC+/� and WT mice fed with ND or HFD in fe-

males. Since RIPK1 is important in regulating cell death, we

did TUNEL staining in the ileum of HFD-fed female mice, and

the results showed that there was no significant difference in

TUNEL-positive cells between WT and Ripk1IEC+/� mice (Fig-

ure S5C). Therefore, epithelial cell proliferation and cell death

are not likely the underlying mechanisms of the improved meta-

bolic phenotypes in HFD-fed Ripk1IEC+/� female mice.

To gain insights into the systematic changes in the intestine

induced by HFD in the female mice, we used RNA-seq to profile

the transcriptome of different segments of the intestine from fe-

male WT mice on ND and HFD. Principal component analysis

(PCA) revealed that under ND feeding, the transcriptional profiles

of the duodenum and jejunum, portions of the proximal small in-

testine, were similar; while the transcriptional profile of ileumwas

distinct from that of the proximal small intestine (Figure 3A).

Using a 2-fold change and an adjusted p value of 0.05 as

threshold comparing transcriptomes of duodenum vs. jejunum,

duodenum vs. ileum, and jejunum vs. ileum, we defined 480,

941, 50, and 777 genes that were enriched in the duodenum,

duodenum-jejunum, jejunum, and ileum as their signature genes,

respectively (Figure 3B; Table S1). Pathway enrichment analysis

showed that duodenal and/or jejunal signature genes are

involved mainly in signaling pathways related to nutrient diges-

tion and absorption, which was consistent with their main

function (Figure 3C). In contrast to the absorption related

signaling pathways, the ileal signature genes are involved largely

in ECM-receptor interaction, focal adhesion, and immune

response related pathways; these are also consistent with the

main function of the ileum (Figure 3C).
4 iScience 28, 111906, February 21, 2025
2Interestingly, after HFD feeding, the

transcriptional profiles of the duodenum

and jejunum showed no obvious change,

but the transcriptional profile of the ileum

was shifted toward those of the duo-

denum and jejunum in WT mice (Fig-

ure 4A), indicating that the ileum was

the portion of the intestine affected the

most by HFD at transcriptional level.

Consistent with this shifted direction,

the HFD-upregulated genes in the ileum

were mainly enriched in major nutrient

digestion and absorption pathways (Fig-

ure 4B), while the downregulated genes

were largely involved in steroid biosyn-
thesis, terpenoid biosynthesis, nitrogen metabolism, and im-

mune response related pathways (Figure 4B). Further gene

set enrichment analysis (GSEA) of signature genes revealed

that the transcriptome of the ileum of HFD-fed WT mice was

close to that of the ND-fed jejunum and duodenum-jejunum

rather than ND-fed ileum (Figure 4C). Thus, many jejunal signa-

ture genes were upregulated by HFD in the ileum, while many

ileal signature genes were downregulated, after HFD feeding

(Figure 4D; Table S1). Furthermore, the jejunal signature genes

that gained in the ileum after HFD-feeding are mainly involved

in nutrient absorption and metabolism (Figure 4E), while the

downregulated signature genes in the ileum are largely related

to steroid biosynthesis, terpenoid biosynthesis, sulfur meta-

bolism, and nitrogen metabolism pathways (Figure 4E). These

results demonstrated that HFD induces the ileum to gain the

expression of jejunal signature genes and lose ileal signature

genes at the transcriptional level. We termed these changes

‘ileal jejunization’.

Reducing intestinal RIPK1 counteracts HFD-induced
ileal jejunization and nutrient absorption in female mice
To understand whether the improved metabolic phenotypes of

reducing intestinal RIPK1 in HFD-fed female mice is related

with ileal jejunization, we further analyzed the transcriptomes

of different segments of the Ripk1IEC+/� intestine in the ND or

HFD-fed group (Figure 5A), and also those between Ripk1IEC+/�

and WT mice on ND or HFD (Figure 5B). Similar to the WT intes-

tine, the transcriptomes of Ripk1IEC+/� duodenum and jejunum

shared high degree of similarity, while being quite different

from that of ileum under ND conditions (Figure 5A, left). Remark-

ably, the HFD-induced shift of ileal transcriptome that seen inWT
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mice (Figure 4A) was blocked in Ripk1IEC+/� mice (Figure 5A,

right). The difference between HFD-fed WT and Ripk1IEC+/�

mice was more evident when the transcriptomes of different in-

testinal segments and diets were analyzed together (Figure 5B).

Compared to HFD-fed WT ileum, nutrient absorption and meta-

bolism signaling pathways were downregulated, while the

immune pathways were upregulated in the HFD-fed Ripk1IEC+/�

ileum (Figure 5C). The jejunal feature genes as shown in the Fig-

ure 5D were downregulated compared to HDFWTmice and ileal

marker genes were upregulated, signifying that the transcrip-

tional profile of HFD-fed Ripk1IEC+/�mice in the ileum resembled

the ileum of ND WT mice and not the jejunum. Consistently, 2 h

after BODIPY-FA gavage, the lipid uptake in the jejunum and

ileum did not differ between ND WT and ND Ripk1IEC+/�, but
the lipid uptake was markedly increased in the ileum of WT

mice in HFD group, while the lipid uptake in HFD-treated

Ripk1IEC+/� mice was similar to those of the mice on ND groups

(Figure 5E). Measuring plasma TG levels after oral olive oil

gavage is a commonly used method to assess the capacity for

intestinal lipid absorption. Indeed, the serum TG level was signif-
icantly lower in the HFD-fed Ripk1IEC+/� mice than HFD-fed WT

mice after gavage of olive oil (Figure 5F).

Furthermore, quantitative reverse transcription polymerase

chain reaction (qRT-PCR) confirmed that nutrient uptake-related

ileal jejunization genes were only dramatically upregulated in the

ileum of HFD-treated WT mice, but not in the HFD-treated

Ripk1IEC+/� ileum when compared to ND-fed mice (Figure 6A).

Accordantly, the proximal intestinal marker genes were upregu-

lated while distal intestinal marker genes were downregulated in

the ileum of HFD-treated WT mice, but not in the HFD-treated

Ripk1IEC+/� ileum (Figure 6A). However, such changes were

absent in the ileum of HFD-fed male mice (Figure 6B).

To confirm if the different metabolic phenotypes between

HFD-fed male and female mice were related to the levels of

RIKP1 expression, the expression of Ripk1 in the intestine was

assessed by q-PCR. At postnatal day 1 (P1) and week 4, Ripk1

expression in the intestines of Ripk1IEC+/� mice was significantly

lower than that in their WT controls in both males and females

(Figures 7A and 7B). Surprisingly, at 8 weeks, Ripk1 expression

in the intestines of Ripk1IEC+/� male mice was comparable to
iScience 28, 111906, February 21, 2025 5



DA

0

10000

20000

30000

40000

ND-WT

HFD-Ripk1IEC+/-
HFD-WT
ND-Ripk1IEC+/-

C

E

B

JejunumIleum

ND

W
T

R
ip
k1

IE
C

+/
-

ND HFDHFD F

0 2 4
0

100

200

300

Time (hr)

TG
(m

g/
dL

)

HFD-WT HFD-Ripk1IEC+/-

*

*
*

0

200

400

600

800

AU
C

of
TG

**

0

5000

10000

15000

20000

Li
pi

d
dr

op
le

ta
re

a
pe

rv
ill

us
（
μm

2 ）

******

Figure 5. Reducing intestinal RIPK1 inhibits ileal jejunization and lipid absorption induced by HFD in female mice
(A) PCA score plots of 22,493 gene expression data in the small intestine of Ripk1IEC+/� mice.

(B) PCA score plots of 22,493 gene expression data in the small intestine of WT and Ripk1IEC+/� mice.

(C) KEGG pathway enrichment analysis of differentially expressed genes in ileum of WT and Ripk1IEC+/� mice after HFD-feeding.

(D) Heatmap showing the transcription ofmarker genes and nutrient absorption-related genes in the jejunum and ileum ofmicewith different genotypes and diets.

(E) Representative images and statistics of the lipid uptake in the jejunum and ileum 2 h after BODIPY-FA gavage. Green fluorescence represents lipids. Scale bar,

100 mm. Statistical tests used were two-way ANOVA with Sidak’s multiple comparisons tests.

(F) Serum TG curve and the AUC of the oil gavage test in 18-week-old female mice (n = 4–6 per group). Data are presented as mean ± SE, *p < 0.05, unpaired t-test.
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their WT controls, while Ripk1 expression in the intestines of

Ripk1IEC+/� female mice remained lower than in WT female

mice (Figures 7A and 7B). Furthermore, at 22 weeks of age,

Ripk1 expression in the ileum of both ND- and HFD-fed

Ripk1IEC+/� female mice was significantly lower than in WT

mice (Figure 7C). In contrast, Ripk1 expression in the ileum of

Ripk1IEC+/� male mice did not differ significantly from that of

WT mice in either ND- or HFD-fed conditions (Figure 7D) These

results may explain why epithelial cell specific-RIPK1 knock-

down is more effective in ameliorating the HFD-induced meta-

bolic disorders in female mice, suggesting that ileal jejunization

might be a fundamental mechanism for ileal functional adapta-

tion in response to HFD stimuli in female mice, and confirmed

that RIPK1 playing a critical role in such intestinal adaptation.

Ileal jejunization and absorption elevation occurs before
the onset of obesity in HFD-fed female mice
Studies have found that 1-week HFD feeding can significantly in-

crease intestinal epithelium lipid absorption in mice.23 To further
6 iScience 28, 111906, February 21, 2025
elucidate whether ileal jejunization also occurred prior to obesity,

we examined the ileal jejunization-related gene expression in the

ileum of femalemice before the onset of obesity (fedwith HFD for

2 weeks), and compared with those of ND-fed WT mice (Fig-

ure 8A). qRT-PCR showed that the expression of ileal jejuniza-

tion-related nutrient absorption genes was increased signifi-

cantly in the ileum of HFD-fed WT mice, while these changes

were suppressed in the HFD-fed Ripk1IEC+/� mice (Figure 8B).

Fasting plasma TG and TC were also significantly increased in

the WT mice than in Ripk1IEC+/� mice after 2 weeks of HFD-

feeding (Figure 8C). Furthermore, the TG level 2 h after olive oil

gavage was higher in HFD WT mice compared with HFD

Ripk1IEC+/� mice (Figure 8D). To test whether the HFD-induced

changes in the female mice are dependent on RIPK1 kinase ac-

tivity, we treated HFD-fedWT female mice with the RIPK1 kinase

inhibitor Nec-1s. We found that Nec-1s had no significant effect

on HFD-induced changes in body weight (Figure S6A), serum TG

and TC (Figure S6B), and gene expression (Figure S6C), sug-

gesting that RIPK1-kinase activity is possibly not necessary for
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Figure 6. HFD-induced ileal jejunization is absent in male mice

(A) mRNA expression levels of ileal jejunization and nutrient uptake related genes, proximal and distal intestinal marker genes in the ileum of 22-week-old female

mice (n = 4–6 per group).

(B) mRNA expression levels of ileal jejunization and nutrient uptake related genes, proximal and distal intestinal marker genes in the ileum of 30-week-old male

mice (n = 4–6 per group). Statistical tests used were two-way ANOVA with Sidak’s multiple comparisons tests [(A) and (B)]. Data are presented as mean ± SE,

*p < 0.05, **p < 0.01, ***p < 0.001.
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these changes. These results confirmed that an HFD-induced

ileal jejunization and an increase in nutrient absorption occurred

before the onset of obesity. And further confirmed the regulatory

effect of intestinal RIPK1 in ileal jejunization in female mice.

Taken together, our findings indicated that the HFD-induced

increase in intestinal absorption takes place mainly in the ileum

of female mice. The abundance of intestinal RIPK1 plays impor-

tant role in this process. Reducing RIPK1 in the intestine can

effectively prevent obesity and metabolic disorders caused

by HFD.

DISCUSSION

Obesity is closely related to energy intake from food, especially

in women.2,24–26 Studies have shown that an HFD promotes

obesity.27,28 HFD also activates the hedonic center to increase

food intake, which leads to excessive energy intake and, ulti-

mately, obesity.29 All these results indicate that systemic

changes related to excess energy intake contribute to the pro-

gression of obesity. In this study, we demonstrated that the

ileum, the distal intestine, plays a dominant role in HFD-induced

obesity and related metabolic disorders in female mice, and the

amount of RIPK1 in the IEC is a critical mediator during these

processes.
Most investigations of fat absorption in the intestine were con-

ducted several decades ago. Using intestinal intubation, Borg-

strom et al. showed that the jejunum is the main site of fat ab-

sorption in humans.30 An acute oil gavage study in rats further

confirmed that the jejunum is the main site of fat absorption.

When facedwith larger amounts of ingested fat, absorption spills

over from the jejunum to the ileum.31 This evidence was also

confirmed in healthy individuals and in patients who underwent

various degrees of intestinal resection.32 These findings indi-

cated that the jejunum is the predominant site for fat absorption,

and that the ileum contributes when fat has exceeded the ability

of jejunum to absorb it. In 1954, Kremen et al. performed sur-

geries to remove the distal or proximal intestine in dogs. They

found that the body weight loss happens immediately after

removing 50% of the proximal intestine, but that body weight

gradually was regained 10 weeks after the surgery and returned

to the pre-operative weight at 24 weeks post-surgery.33 Howev-

er, when 50%of the distal intestine was removed, the initial body

weight loss was similar to that seen after removing the 50% of

proximal intestine, but the dogs did not regain body weight after

24 weeks.33 These results indicate that the ileum has more flex-

ibility or adaptability in response to nutrient ingestion. Neverthe-

less, the underlyingmechanism for such changes in the ileum re-

mains unknown. In this study, we found that when female mice
iScience 28, 111906, February 21, 2025 7
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Figure 7. RIPK1 mRNA expression in the in-

testines of male and female mice

(A) mRNA expression levels of Ripk1 in the intestine

of ND-fed WT and Ripk1IEC�/� female mice.

(B)mRNA expression levels ofRipk1 in the intestine

of ND-fed WT and Ripk1IEC�/� male mice.

(C) mRNA expression levels of Ripk1 in the ileum of

ND- or HFD-fed WT and Ripk1IEC�/� female mice.

(D) mRNA expression levels of Ripk1 in the ileum of

ND- or HFD-fed WT and Ripk1IEC�/� male mice.

Statistical tests used were unpaired two-tailed

Student’s t test [(A) and (B)]. Statistical tests used

were two-way ANOVA with Sidak’s multiple com-

parisons tests [(C) and (D)]. Data are presented as

mean ± SE, *p < 0.05, **p < 0.01, ***p < 0.001.
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are exposed to an HFD, the ileum acquires more jejunal-like fea-

tures and increases its adaptability for nutrients absorption, and

the amount of intestinal RIPK1 is important regulator for this

process.

Besides differences in absorptive ability between the proximal

and distal intestine, recent studies have revealed differences in

their gene expression.9,10,12,34 GATA4, a proximal intestinal

marker gene, is critical for establishing and maintaining the jeju-

nal-ileal epithelial identities.9,10 GATA4 regulates a panel of

absorptive gene expression, especially those involved in lipid

metabolism. Mice lacking intestinal epithelial-GATA4 dramati-

cally downregulated genes involved in lipid and cholesterol up-

take, transport and processing in the jejunum, significantly

reduced cholesterol and dietary fat absorption.9 On the other

hand, the transcriptional identity of jejunum and duodenum is

induced in the ileum when GATA4 is ectopically expressed in

the ileum.11 In this study, we found that HFD significantly upregu-

lated GATA4 and jejunal-character genes in the ileum and lipid

uptake was also increased in the HFD-fed ileum. However, these

upregulations were prevented in the ileum of Ripk1IEC+/� female

mice. These results indicate that HFD-induced ileal jejunization is

the basis of the increase in adaptive absorption in the ileum, and
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that intestinal RIPK1 is a key controller for this adaptation in fe-

male, but not in male mice, revealing a sex-differentiated mech-

anism in HFD-induced obesity.

RIPK1 is a star molecule in regulating cell fate, immune

response, and inflammatory disease, and has been extensively

studied.13,19,35,36 One recent study found that globally silencing

of RIPK1 suppresses HFD-induced adipose tissue and liver

inflammation, and consequently obesity in male mice.21 We

observed an improvement in HFD-induced metabolic disorders

in female Ripk1IEC+/� mice, but not in male Ripk1IEC+/� mice.

Additionally, we noted that Ripk1 expression in the small intes-

tines of Ripk1IEC+/� male mice was significantly lower than their

WT controls at both newborn and 4 weeks of age. However,

Ripk1 expression in the intestines was no longer different be-

tween Ripk1IEC+/� and WT male mice at 8 weeks and 30 weeks

of age. The difference in RIPK1 levels may explain the pheno-

typic differences between Ripk1IEC+/� males and females

following HFD feeding. Further investigation is needed into the

underlying mechanisms by which RIPK1 expression changes

with age in Ripk1IEC+/� male mice, as well as the mechanisms

by which RIPK1 regulates HFD-induced changes in gene

expression. In particular, it is crucial to determine whether
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Figure 8. Ileal jejunization is induced by

HFD prior to the onset of obesity

(A) Bodyweight of femalemice (n = 4–6 per group).

(B) mRNA expression levels of nutrient absorp-

tion-related genes in the ileum (n = 5–8 per group).

(C) Overnight fasting plasma TG and TC levels of

female mice (n = 5–8 per group).

(D) Plasma TG curve and the AUCof the oil gavage

test in female mice (n = 4–6 per group).

Statistical tests used were unpaired two-tailed

Student’s t test [(A), (C) and (D)]. Statistical tests

used were one-way ANOVA with Sidak’s multiple

comparisons tests [(B)]. Data are presented as

mean ± SE, *p < 0.05, **p < 0.01, ***p < 0.001.
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RIPK1 knockdown affects gene expression by altering gut mi-

crobiota composition and activity, considering the sex differ-

ences in microbiota.37,38 Our findings add a potential sex prefer-

ence mechanism for RIPK1 in mediating obesity related to an

HFD. Disrupting RIPK1 may act by both anti-inflammatory and

inhibiting absorption, with preference to different genders, to

exert its beneficial effects on HFD-induced obesity and meta-

bolic disorders.

Taken together, our findings not only discovered that ileal jeju-

nization is the major initiator of HFD-induced obesity in female

mice, but also highlighted a new function of intestinal RIPK1 in

regulating metabolic disease with sex-preferential mechanism.

These results provide the potential for targeting RIPK1 in the pre-

vention or treatment of diet-related obesity and metabolic

disorders.

Limitations of the study
In this study, we have revealed a new, sex-specific regulatory

mechanism of intestinal RIPK1 in regulating HFD-induced meta-

bolic disorders in female mice. However, the depth of underlying

mechanisms by which intestinal RIPK1 respond to HFD are not

yet fully understood. Comprehensive in vivo and in vitro experi-

ments are needed to explore the molecular signaling pathways

in future studies. The current findings are based on an HFD-

induced mouse model, so it is critical to study whether such

sex differences are present in humans. For this, collaboration

with clinical scientists to collect human samples for further inves-

tigation is essential.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will

be fulfilled by the lead contact, Xiuqin Zhang (zhangxq@pku.edu.cn).

Materials availability

The materials used and generated in this study are available from the lead

contact with a completed material transfer agreement.

Data and code availability

d Data: All data reported in this article will be shared by the lead contact

upon request. RNA-Seq data have been deposited at NCBI Gene

Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) and are pub-

licly available as of the date of publication. Accession numbers are listed

in the key resources table.

d Code: This article does not report the original code.

d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon reasonable request.

ACKNOWLEDGMENTS

We thank Dr. Jon Moon for editing the English, Dr. Shu-Yong Lin for construc-

tive comments on this study. This work was supported by the National Natural

Science Foundation of China (81471063, 81970690), and National Key

Research and Development Program of China (2018YFA0801405,

2018YFA0507600).

AUTHOR CONTRIBUTIONS

Y.Y. conceived the project, designed and performed experiments, analyzed

and interpreted data, made the figures, and wrote the manuscript; X.H. de-

signed and performed experiments, analyzed data, made the figures, and
wrote the manuscript; C.G., W.W., Y.X., F.Z., W.C., W.C., S.L., X.S., and

N.H. performed experiments; J.W. analyzed the data and edited the manu-

script; X.H. created Ripk1-Loxp mice, provided technical support, and edited

the manuscript; R.-P.X. worked on project design and data interpretation; X.Z.

conceived the project, designed experiments, interpreted data, and wrote the

manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
B Mice

d METHOD DETAILS

B Blood glucose, plasma insulin and ALT measurement

B Glucose tolerance test

B Lipid absorption assay

B Tissue sample collection

B Histology and immunohistochemistry

B TUNEL staining

B Western blotting

B RNA-seq analysis

B Screening signature genes

B qRT-PCR analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.

2025.111906.

Received: June 22, 2024

Revised: November 27, 2024

Accepted: January 23, 2025

Published: January 27, 2025

REFERENCES

1. Adams, K.F., Schatzkin, A., Harris, T.B., Kipnis, V., Mouw, T., Ballard-Bar-

bash, R., Hollenbeck, A., and Leitzmann, M.F. (2006). Overweight,

Obesity, and Mortality in a Large Prospective Cohort of Persons 50 to

71 Years Old. N. Engl. J. Med. 355, 763–778.

2. Hall, K.D., Heymsfield, S.B., Kemnitz, J.W., Klein, S., Schoeller, D.A., and

Speakman, J.R. (2012). Energy balance and its components: implications

for body weight regulation. Am. J. Clin. Nutr. 95, 989–994. https://doi.org/

10.3945/ajcn.112.036350.

3. Levitsky, D.A., Sewall, A., Zhong, Y., Barre, L., Shoen, S., Agaronnik, N.,

LeClair, J.-L., Zhuo,W., and Pacanowski, C. (2019). Quantifying the impre-

cision of energy intake of humans to compensate for imposed energetic

errors: A challenge to the physiological control of human food intake.

Appetite 133, 337–343.

4. Dina, C., Meyre, D., Gallina, S., Durand, E., Körner, A., Jacobson, P.,

Carlsson, L.M.S., Kiess, W., Vatin, V., Lecoeur, C., et al. (2007). Variation

in FTO contributes to childhood obesity and severe adult obesity. Nat.

Genet. 39, 724–726. https://doi.org/10.1038/ng2048.

5. Frayling, T.M., Timpson, N.J., Weedon, M.N., Zeggini, E., Freathy, R.M.,

Lindgren, C.M., Perry, J.R.B., Elliott, K.S., Lango, H., Rayner, N.W.,

et al. (2007). A common variant in the FTO gene is associated with body

mass index and predisposes to childhood and adult obesity. Science

316, 889–894. https://doi.org/10.1126/science.1141634.
iScience 28, 111906, February 21, 2025 9

mailto:zhangxq@pku.edu.cn
https://www.cell.com/iscience/fulltext/S2589-0042(24)02675-0
https://www.cell.com/iscience/fulltext/S2589-0042(24)02675-0
https://www.cell.com/iscience/fulltext/S2589-0042(24)02675-0
http://www.ncbi.nlm.nih.gov/geo
https://doi.org/10.1016/j.isci.2025.111906
https://doi.org/10.1016/j.isci.2025.111906
http://refhub.elsevier.com/S2589-0042(25)00166-X/sref1
http://refhub.elsevier.com/S2589-0042(25)00166-X/sref1
http://refhub.elsevier.com/S2589-0042(25)00166-X/sref1
http://refhub.elsevier.com/S2589-0042(25)00166-X/sref1
https://doi.org/10.3945/ajcn.112.036350
https://doi.org/10.3945/ajcn.112.036350
http://refhub.elsevier.com/S2589-0042(25)00166-X/sref3
http://refhub.elsevier.com/S2589-0042(25)00166-X/sref3
http://refhub.elsevier.com/S2589-0042(25)00166-X/sref3
http://refhub.elsevier.com/S2589-0042(25)00166-X/sref3
http://refhub.elsevier.com/S2589-0042(25)00166-X/sref3
https://doi.org/10.1038/ng2048
https://doi.org/10.1126/science.1141634


iScience
Article

ll
OPEN ACCESS
6. van der Klaauw, A.A., and Farooqi, I.S. (2015). The hunger genes: path-

ways to obesity. Cellule 161, 119–132. https://doi.org/10.1016/j.cell.

2015.03.008.

7. Argente, J., and Tena-Sempere, M. (2023). Clinical and Molecular Fea-

tures of Patients With Leptin and Leptin Receptor Deficiency: Lessons

of 25 Years of Research. J. Clin. Endocrinol. Metab. 109, e424–e425.

https://doi.org/10.1210/clinem/dgad353.

8. Jiang, C., Xie, C., Lv, Y., Li, J., Krausz, K.W., Shi, J., Brocker, C.N., Desai,

D., Amin, S.G., Bisson, W.H., et al. (2015). Intestine-selective farnesoid X

receptor inhibition improves obesity-related metabolic dysfunction. Nat.

Commun. 6, 10166.

9. Battle, M.A., Bondow, B.J., Iverson, M.A., Adams, S.J., Jandacek, R.J.,

Tso, P., and Duncan, S.A. (2008). GATA4 is essential for jejunal function

in mice. Gastroenterology 135, 1676–1686.e1. https://doi.org/10.1053/j.

gastro.2008.07.074.

10. Bosse, T., Piaseckyj, C.M., Burghard, E., Fialkovich, J.J., Rajagopal, S.,

Pu, W.T., and Krasinski, S.D. (2006). Gata4 is essential for the mainte-

nance of jejunal-ileal identities in the adult mouse small intestine. Mol.

Cell. Biol. 26, 9060–9070. https://doi.org/10.1128/MCB.00124-06.

11. Thompson, C.A., Wojta, K., Pulakanti, K., Rao, S., Dawson, P., and Battle,

M.A. (2017). GATA4 Is Sufficient to Establish Jejunal Versus Ileal Identity in

the Small Intestine. Cell. Mol. Gastroenterol. Hepatol. 3, 422–446. https://

doi.org/10.1016/j.jcmgh.2016.12.009.

12. Aliluev, A., Tritschler, S., Sterr, M., Oppenländer, L., Hinterdobler, J.,

Greisle, T., Irmler, M., Beckers, J., Sun, N., Walch, A., et al. (2021). Diet-

induced alteration of intestinal stem cell function underlies obesity and

prediabetes in mice. Nat. Metab. 3, 1202–1216.

13. Ofengeim, D., and Yuan, J. (2013). Regulation of RIP1 kinase signalling at

the crossroads of inflammation and cell death. Nat. Rev. Mol. Cell. Biol. 14,

727–736.

14. Kelliher, M.A., Grimm, S., Ishida, Y., Kuo, F., Stanger, B.Z., and Leder, P.

(1998). The death domain kinase RIP mediates the TNF-induced NF-kB.

Sign 8, 297–303.

15. Takahashi, N., Vereecke, L., Bertrand, M.J.M., Duprez, L., Berger, S.B.,
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
All mice procedures in this study were approved by the Institutional Animal Care and Use Committee of Peking University and were in

accord with the principles of laboratory animal care of the National Academy of Sciences/National Research Council (approval num-

ber: FT-ZhangXQ-7). All mice in this study were maintained in a temperature-controlled barrier facility under specific pathogen-free

conditions with a 12 h light/dark cycle and given free access to water and food in the Laboratory Animal Center (an AAALAC-ac-

credited experimental animal facility) at Peking University, Beijing, China.

To create mice with a knock-out for IEC-specific Ripk1, a targeting vector was generated by inserting the genomic DNA fragment

containingRipk1 exon 2 between the two loxP sites (Figure S1A). The targeting vector was linearized and electroporated into ES cells

derived fromC57BL/6J and 129mixed background. Clones were analyzed for correct integration by Southern blot analysis. Chimeric

micewere obtained bymicroinjecting the correctly targeted clones into C57BL/6 blastocysts, which thenwere crossedwith C57BL/6

mice to obtain germline transmission. Thesemice were then back-crossed to C57BL/6 for at least 10 generations to obtain the Ripk1

floxed (Ripk1fl/fl) mice. Ripk1fl/fl mice were bred with Vil1-cre mice (purchased from Jackson Laboratory) to obtain Ripk1IEC�/�,
Ripk1IEC+/�mice (Figure S1B). Genotyping of the mice harboring the Ripk1fl allele resulted in a 484 bp fragment for the Ripk1flox allele

and a 374 bp fragment for the WT allele (Figure S1C). Genotyping of mice expressing Vil1-Cre was performed according to the

manufacturer’s protocols from Jackson Laboratory.

To induce obesity, the different genotypemodel mice were housed separately andwere fed an HFD (D12492, Research Diets, New

Brunswick, NJ, USA) to 22 weeks for female mice, and 30weeks for malemice starting at 4 weeks of age, except if noted specifically.

To test the effect of RIPK1 kinase activity on HFD-induced changes in the intestine of female mice, the RIPK1 kinase inhibitor

Nec-1s was intraperitoneally injected into HFD-fed mice at dosages of 2.5 mg/kg or 5 mg/kg for 2 weeks, starting at 4 weeks of

age. The dosage of Nec-1s was based on previous studies.39,40

METHOD DETAILS

Blood glucose, plasma insulin and ALT measurement
Blood glucose was measured by portable glucometer (Roche, ACCU-CHEK Performa) from tail vein blood. Plasma insulin was

measured with an ELISA kit (Millipore, Mouse Metabolic Hormone Magnetic Bead Panel) according to the manufacturer’s protocols.

Plasma ALT was measured using an automatic biochemical analyzer (Roche, Cobas c311 analyzer).

Glucose tolerance test
For intraperitoneal glucose tolerance test (ipGTT), mice were fasted for overnight, then glucose was injected intraperitoneally at 2

g/kg body weight. Blood samples were taken from the tail vein at the indicated time points and glucose levels were measured by

a portable glucometer.

Lipid absorption assay
Micewere fasted overnight and then 10mL/kg of olive oil was gavaged orally. Plasma samples were obtained from the tail vein before

and 1, 2, and 4h after the fat challenge to determine plasma lipid levels. Plasma total cholesterol (LabAssay Cholesterol, Wako) and

triglycerides content (LabAssay Triglyceride, Wako) were measured according to the manufacturers’ protocols.

In an alternative assay, mice were fasted for 4 h and gavaged with BODIPY 500/510 C1, C12 FAs (2 mg/g body weight; Molecular

Probes #D3823), and olive oil (10 mL/g bodyweight). The mice were euthanized 2 h after gavage. Their small intestines were excised

and embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek, Torrance, CA, USA). 10 mm sections were prepared and mounted

with DAPI, and the sections were imaged under a fluorescence microscope. For quantitative analysis, lipid droplet area was

measured within 50 well-oriented villi using ImageJ (NIH, Bethesda, MD).

Tissue sample collection
To evaluate intestinal epithelial cell proliferation, BrdU (Sigma, St. Louis, MO) at 100 mg/kg body weigh was injected into the mice

intraperitoneally, and the mice were anesthetized and killed by cervical dislocation 1 h after the injection. To evaluate insulin sensi-

tivity, the mice were euthanized 15 min after injecting insulin into the peritoneum (1 U/kg body weight). Blood was collected, and the

plasma was separated by centrifugation. Small intestinal and other tissues were harvested for further study. To collect different parts
iScience 28, 111906, February 21, 2025 e2
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of the intestine, the entire intestine was removed and rinsed rapidly in ice-cold ringer buffer (115 mM NaCl, 25 mM NaHCO3, 1.2 mM

MgCl2, 1.2 mM CaCl2, 2.4 mM K2HPO4, and 0.4 mM KH2PO4, pH 7.35) supplemented with phenylmethylsulfonylfluoride. The rinsed

small intestineswere cut into three segments with length ratios of 1:3:2 (corresponding to duodenum, jejunum, and ileum), and rapidly

frozen in liquid nitrogen for RNA or protein extraction, or fixed in 4% paraformaldehyde (PFA) for histological and immunohistochem-

ical analysis. The intestinal epithelium andmuscle layer were separated as in a previous report.41 Briefly, the intestinal segments were

flushed with ice-cold ringer buffer and inverted for a thorough wash. The intestines were then incubated in 5 mL of ice-cold Cell

Recovery Solution for 40 min to allow epithelium detachment. The separated epithelium and muscle layer were collected in separate

tubes, centrifuged at 5000g for 5 min, and snap frozen in liquid nitrogen for protein extraction. For Oil red O staining, a small piece of

the liver was embedded in Tissue-Tek O.C.T. Compound. for make frozen sections later.

Histology and immunohistochemistry
Tissues fixed in PFA were embedded in paraffin, and 3–5 mm sections were prepared. The sections were stained with hematoxylin-

eosin (HE) for histological analysis. For immunohistochemistry, sections were incubated with anti-BrdU (BD, 1:600), anti-CC3 (CST,

1:400) or anti-CD45 (abcam, 1:100) antibodies overnight at 4�C, followed by incubation with anti-mouse (Dako Diagnostics, 1:1000)

or anti-rabbit (ZSGB-BIO, PV-6001) horseradish peroxidase–labeled secondary antibodies for 1 h at room temperature. Slides were

developed using 3,39-diaminobenzidine tetrahydrochloride and counterstained with hematoxylin. Sections were imaged under a mi-

croscope (IX73, Olympus). For quantitative analysis, BrdU-positive cells were imaged within 50 well-oriented crypts from ten 203

images and counted per crypt using ImageJ (NIH, Bethesda, MD).

For immunofluorescent staining, sections were incubated with anti-RIPK1 (BD, 1:600) antibody overnight at 4�C, followed by in-

cubation with Alexa Fluor 568 goat anti-mouse lgG(H + L) (Invitrogen, 1:1000) for 1 h at room temperature. Images were taken by

fluorescent microscope (Leica, DM4B).

TUNEL staining
To detect cell death in situ, TUNEL staining of paraffin sections was performed using a One Step TUNEL Apoptosis Assay Kit (C1089,

Beyotime) following themanufacturer’s instructions. TUNEL-positive cells were imaged under the samemicroscope. For quantitative

analysis, TUNEL-positive cells from ten 203 images were counted using ImageJ (NIH, Bethesda, MD).

Western blotting
Intestinal tissues were homogenized and lysed by RIPA buffer (Solarbio, R0010) supplemented with a protease inhibitor cocktail

(1:100, Sigma), a phosphatase inhibitor (1:10, Roche), and 2 mM PMSF. Protein lysates were analyzed by 10% SDS-PAGE, and

transferred to a PVDF membrane (Millipore). After the protein bands were transferred, the membranes were blocked in 5% fat-

free milk at room temperature for 1 h, and the membranes were incubated at 4�C overnight with the following primary antibodies:

anti-RIPK1 (1:1000, BD), anti-AKT (1:1000, Cell signaling), anti-p-AKT (Ser473,1:1000, Cell signaling), anti-villin1 (1:1000, Cell

signaling), anti-b-actin (1:1000, Yeasen Biotechnology), followed by a 1-h incubation with anti-rabbit or mouse horseradish

peroxidase–labeled secondary antibodies (1:2000, ZSGB-BIO) at room temperature. An ECL detection system (Bio-Rad) was

used to reveal the peroxidase label. Relative abundance was quantified by densitometry using ImageJ.

RNA-seq analysis
Total RNA of duodenum, jejunum or ileum extracted by a TRIzol Reagent (Thermo Fisher Scientific, 15596026) were subjected to

RNA-Seq analysis on a DNBSEQ2000 system in the Beijing Genomics Institute (BGI), China. RNA quantification and quality assess-

ment were performedwith the Agilent 2100 Bioanalzyer. After library construction, paired-end 150 base pair readswere generated on

the DNBseq platform. The raw file (fastq) was processed to quality check, alignment, sorting and annotation by using viz. FastQC,

Bowtie2, HISAT2, and Samtools along with imperative files containing themouse genome reference sequence (GRCm39 fromUCSC

genome browser on mouse) and genes coordinate information file. Gene expression levels (TPM) were calculated from gene reads.

After performing pre-filtering to keep only rows that have an average count of at least 1, differentially expressed genes (DEG) were

analyzed by DESeq242 using a fold-change (FC) > 2 and a adjusted p-values cut-off <0.05. GSEA software and KOBAS43 were used

to analyze functional and pathway enrichment, respectively.

Screening signature genes
We defined the signature genes according to the method in previous studies.11 Differential genes between groups were screened

using a 2-fold change and a adjusted p value less than 0.05 as the threshold. Briefly, differential genes were screened in duodenum

and jejunum, jejunum and ileum, and duodenum and ileum, respectively, following the thresholds above. The set of genes that were

significantly higher in duodenum than in jejunum and ileum was defined as the signature genes of duodenum. The set of genes that

were significantly higher in jejunum than in duodenum and ileum was defined as the signature genes of jejunum. The set of genes

that were significantly higher in ileum than in duodenum and jejunum were defined as the signature genes of ileum. The set of genes

that were not significantly different between duodenum and jejunum but significantly higher than ileum was defined as the signature

gene of duodenum-jejunum.
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qRT-PCR analysis
Total RNA was extracted from intestine tissues using TRIzol Reagent (Thermo Fisher Scientific, 15596026). cDNA was prepared with

TransScript First-Strand cDNASynthesis SuperMix (TransGen Biotech, AT301) according to themanufacturer’s protocols. qRT-PCR

was performed to analyze the expression of target genes on a CFX96 Touch Real-Time PCR Detection System (BIO-RAD) using

SuperReal PreMix Plus with SYBR Green reagent (TIANGEN BIOTECH, FP205) with the primer sets (Table S2), Actb was used as

the reference gene.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as mean ± SE, unless otherwise indicated. Statistical analysis was performed by using the unpaired t-test or

ANOVA with GraphPad PRISM version 8.0 (GraphPad software, Inc.). p value <0.05 was considered statistically significant. The

western blotting quantifications were conducted in ImageJ (NIH, USA). Animals were randomly assigned to experimental groups.

The number of animals per experimental group is presented in each figure and figure legends.
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