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Abstract Rapid turnover of the intestinal epithelium is a critical strategy to balance the uptake of nutri-

ents and defend against environmental insults, whereas inappropriate death promotes the spread of inflam-

mation. PPARa is highly expressed in the small intestine and regulates the absorption of dietary lipids.

However, as a key mediator of inflammation, the impact of intestinal PPARa signaling on cell death path-

ways is unknown. Here, we show that Ppara deficiency of intestinal epithelium up-regulates necroptosis

signals, disrupts the gut vascular barrier, and promotes LPS translocation into the liver. Intestinal Ppara

deficiency drives age-related hepatic steatosis and aggravates hepatic fibrosis induced by a high-fat plus
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Necroptosis;

Butyric acid
high-sucrose diet (HFHS). PPARa levels correlate with TRIM38 andMLKL in the human ileum. Inhibition

of PPARa up-regulates necroptosis signals in the intestinal organoids triggered by TNF-a and LPS stimuli

via TRIM38/TRIF and CREB3L3/MLKL pathways. Butyric acid ameliorates hepatic steatosis induced by

intestinal Ppara deficiency through the inhibition of necroptosis. Our data suggest that intestinal PPARa is

essential for themaintenance ofmicroenvironmental homeostasis and the spread of inflammation via the gut

eliver axis.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The guteliver axis has been well-documented to be involved in
both non-alcoholic fatty liver disease (NAFLD) and alcoholic liver
disease. A meta-analysis including 5620 patients with inflamma-
tory bowel disease showed the prevalence of NAFLD was 27.5%,
suggesting a close relationship between intestinal microecology
and NAFLD1. PPARa is recognized as a druggable target for the
treatment of metabolic disease symptoms (e.g., dyslipidemia)2.
PPARa is highly expressed in the small intestine and regulates
diverse pathways including lipid metabolism, cell cycle, and im-
mune response3. PPARa agonist WY14643 increases villus
height3, and Ppara deficiency in the intestine epithelium pre-
vented the cold-induced villi elongation in the small intestine4.
PPARs have also been documented to protect against inflamma-
tion in mouse models5,6. A recent study has shown that the
intestine-derived HDL3 enriching with LPS-binding protein
(LBP) detoxified LPS by forming HDL3eLBPeLPS complex and
protected the liver from inflammation and fibrosis7. The core
components of HDL including APOA1 and ABCA1 are down-
stream genes of PPARa8,9.

In the small intestine, a rapid turnover of intestinal epithelium
(3e5 days) is a critical strategy to balance the uptake of nutrients
and defend against environmental insults. The crosstalk between
cell death and inflammatory signaling pathways was confirmed by
the molecular mechanisms of cell death decision-making10.
Intestinal Ppara deficiency reduced crypt proliferation, indicated
by the decrease in crypt budding in the PparaDIE organoids4,11.
However, the influence of PPARa signaling on cell death path-
ways in the intestine epithelium is unclear.

In this work, we investigate the influence of intestinal PPARa
on the spread of gut-derived inflammation and lipid metabolism in
the liver. Our work demonstrates that Ppara deficiency of the
intestinal epithelium up-regulated necroptosis signals and
increased LPS translocation via the guteliver axis in mice. Our
work adds to the current knowledge on intestinal PPARa signaling
in fatty liver diseases.

2. Material and method

2.1. Animal models

Ppara-floxed (Pparafl/fl) mice were kindly provided by Professor
Dr. Frank Gonzalez12, and villin-cre and albumin-cre mice were
from Model Animal Research Center of Nanjing University.
Pparg-floxed (Ppargfl/fl) mice were obtained from the Jackson
Laboratory (Bar Harbor).

Pparafl/fl mice and Ppargfl/fl mice were respectively crossed
with villin-cre mice to generate the mice with intestine-specific
deletion of Ppara (PparaDIE) or Pparg (PpargDIE), and
hepatocyte-specific Ppara deletion (PparaDhep) mice were
generated using albumin-cre mice. Ppara knockout (Ppara�/�)
mice were kindly provided by Dr. Guolin Li (Hunan Normal
University). All the transgenic mice were on C57BL/6J back-
ground. Male C57BL/6J wild-type mice (20e22g) were supplied
by the Experimental Animal Center (Hubei, China). All the ani-
mals were housed in SPF facilities at the Center for Animal
Experiment Laboratory of Wuhan University.

For fructose exposure, male mice were treated with tap water
or high-fructose corn syrup (HFCS) containing 45% glucose and
55% fructose for 14 days. For antibiotic treatment, male mice
were given an antibiotic cocktail by oral gavage for 14 days13.
Ampicillin (1 mg/mL), gentamicin (1 mg/mL), metronidazole
(1 mg/mL), neomycin (1 mg/mL), and vancomycin (0.5 mg/mL)
were solved in the autoclaved drinking water. For butyrate treat-
ment, male mice were given butyrate (50 mg/mL bacitracin) in
drinking water for 14 days and were monitored for body weight
daily. For the high-fat plus high-sucrose diet (HFHS) diet study,
male mice were fed ad libitum a standard chow diet or HFHS diet
containing 20% protein, 50% carbohydrate (34% sucrose), and
21% fat (Beijing HFK Bio-Technology Co., Ltd.). For the short-
term treatment, 6-week-old animals were fed with HFHS contin-
uously for 4 weeks. For long-term treatment, 6-week-old animals
were fed with HFHS continuously for 16 weeks. All mouse studies
were carried out in accordance with protocols approved by the
Animal Care Committee of Wuhan University (WP20220034).

To detect LPS translocation through the guteliver axis, male
mice were given the antibiotic cocktail for 3 days and then orally
gavaged with 1 mg fluorescein isothiocyanate (FITC)-LPS (Xi’an
ruixi Biological Technology Co.) or 0.2 mL LPS-gold-complexes
after 2 h of fasting14. FITC-LPS translocation in the liver was
monitored by fluorescence microscopy at 4 h after the treatment,
and LPS-gold complexes in the hepatocytes were analyzed by
transmission electron microscope. For conjugation of LPS (E. coli
055:B5, Biosharp) to the colloidal gold particles (20 nm, Xi’an
ruixi Biological Technology Co.), 10 mg LPS dissolved in PBS
was dropped into the colloidal gold solution (pH 7.4) while gently
shaking. After shaking for 5 min, the excessive LPS was removed
by centrifugation (14,000 � g for 10 min).

2.2. Human samples

The ileum samples from patients who underwent surgery for
transverse colon cancer were obtained from the pathology ar-
chives at Zhongnan Hospital of Wuhan University. The paraffin-
embedded normal ileum samples were deidentified and checked
by 2 independent pathologists. The study was approved by the
Medical Ethics Committee of Zhongnan Hospital of Wuhan
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University (2023120) with a waiver of written informed consent.
The samples were processed as described in the methods of tissue
microarray and immunohistochemistry.

2.3. Histopathological analysis

Liver tissues were fixed in 4% paraformaldehyde and then
embedded into paraffin. Intestine tissues were fixed in modified
Bouin’s fixative overnight and then washed to remove residual
contents. The intestinal segments were coiled into Swiss rolls
and then fixed in 4% paraformaldehyde for subsequent paraffin
embedding and sectioning. The slices were stained with
hematoxylin and eosin (H&E), Masson’s trichrome staining, and
alkaline phosphatase (AP) staining. For Oil Red O staining,
freshly frozen liver tissues were cut into sections. After
fixation with paraformaldehyde, the samples were stained with
Oil Red O.

2.4. Analysis of metabolic phenotyping

The body weight curves of littermate mice were monitored daily
from 4 to 33 weeks. The weekly food intake was calculated by the
average daily food intake for 21 consecutive days. Data were
normalized to the body weight of the mice. Fasting blood glucose
was monitored from tail veins and using accu-chek blood glucose
meters (Roche) after fasting overnight. For the glucose tolerance
test, the mice were fasted for 16 h and given 10% glucose by
gavage at a dose of 2 g/kg. Blood glucose levels were monitored
separately at 0, 15, 30, 60, 90 and 120 min. The same batch of
mice was set aside for testing after a week of recovery. For the
insulin tolerance test, the mice were fasted for 2 h, and injected
0.75 U/kg insulin into the intraperitoneal, blood glucose levels
were monitored at 0, 15, 30, 45 and 60 min.

2.5. Biochemical analysis

Serum alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) were assessed using commercial assay kits from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Total cholesterol (TC), triglyceride (TG), and glycerolipids (GL)
levels in serum and liver were determined using assay
kits according to the manufacturer’s instructions (Applygen
Technologies Inc.). LPS concentration in serum was detected
using the kit produced by Xiamen Bioendo Technology. HDL-C
levels in plasma were determined using the commercial kit
(Applygen Technologies Inc.). Serum ApoA1 levels were assayed
by an ELISA kit (Elabscience Biotechnology).

2.6. Real-time RT-PCR

Total RNA was extracted from tissues using TRIzol reagents
(Takara). The quantity and quality of the total RNA were deter-
mined using a NanoDrop spectrophotometer (Qiagen). cDNAwas
synthesized from total RNA with a Hifair� II 1st Strand cDNA
Synthesis Kit (Yeasen Biotechnology) and amplified with SYBR
Green (Novoprotein) using a CFX Connect real-time PCR
detection system (Bio-Rad). The sequences of primers are listed in
Supporting Information Tables S1 and S2. The 2�DDCT method
was used to calculate the relative mRNA expression level after the
normalization with GAPDH.
2.7. RNA-sequencing

Total RNA was extracted from liver and ileum tissues from
Pparafl/fl and PparaDIE mice using the TRIzol reagent. The poly-
T oligo-attached magnetic beads were used to purify mRNA. After
the fragmentation, cDNA was synthesized and repaired. Hieff
NGS� DNA selection beads were used for purification and frag-
ment selection. After PCR amplification and quantification, a
single-stranded circular DNA was generated and amplified by a
rolling circle amplification to construct sequencing libraries. The
sequencing libraries were sequenced on DNBSEQ-T7 with the
PE150 model (Bioyi Biotechnology).

Data analysis was performed by Bioyi Biotechnology Co., Ltd.
The original data in FASTQ format were filtered using fastp
(v0.21.0) software. The filtered reads were mapped to the refer-
ence genome using HISAT2 (v2.1.0.). To estimate the expression
level, we use StringTie (v2.1.5) to produce reconstructions of
genes followed by the normalization using the FPKM method. The
differential expression of genes was analyzed by DESeq2
(v1.30.1). The clusterProfiler (v3.18.1) was used to perform GO
and KEGG enrichment analyses. Gene Set Enrichment Analysis
(GSEA) was performed to identify differentially expressed gene
sets using the R software (version 3.2.0).

2.8. Transmission electron microscopy

Liver and ileum tissues from male Pparafl/fl and PparaDIE mice
were fixed with 2.5% glutaraldehyde for 2 h. Then, the samples
were prepared with the support of the Research Center for Medicine
and Structural Biology of Wuhan University. The images were
captured at 80 kVon an HT7700 transmission electron microscope.

2.9. Immunohistochemistry

The paraffin-embedded samples were cut into sections and then
blocked using 3% bovine serum albumin (BSA). After antigen
retrieval using citrate buffer (pH 6.0) or tris-EDTA buffer (pH
8.0), the samples were incubated with a polyclonal rabbit anti-
mouse TGF-b (1:100, #A11916, ABclonal), polyclonal rabbit
anti-mouse a-SMA (1:100, #A1011, ABclonal), monoclonal
mouse anti-mouse NRLP3 (1:100, #68102-1-Ig, Proteintech),
polyclonal rabbit anti-mouse IL-1b (1:100, #GB11113-100,
Servicebio Technology Co., Ltd.), polyclonal rabbit anti-mouse
MLKL (1:100, #A13451, ABclonal), monoclonal rabbit anti-
mouse cleaved-caspase 3 (1:500, #9664, CST), or polyclonal
rabbit anti-mouse TRIF (1:200, #23288-1-AP, Proteintech). HRP
polymer secondary donkey anti-rabbit IgG (HþL) (1:300-500,
#AS038, ABclonal) or HRP polymer secondary donkey anti-
mouse IgG (HþL) (1:300, #AS033, ABclonal) antibodies were
used. DAB Substrate Kit (Abacm) was used for visualization, and
an Olympus BX53 fluorescence microscope (Olympus Corpora-
tion) was used to capture images.

2.10. Immunofluorescence

For tissue sections, antigen retrieval was performed as described
above and incubated with a primary antibody overnight at 4 �C.
The primary antibodies were as follows: polyclonal rabbit anti-
mouse F4/80 (1:100, #A1256, ABclonal), monoclonal rabbit
anti-mouse CD14 (1:100, #A19011, ABclonal), polyclonal rabbit



Figure 1 Ppara deficiency in intestinal epithelium promotes hepatic steatosis and mitochondria dysfunction in mice in a fed state. (A)

Representative images of liver tissue stained with H&E and Oil Red O (n Z 5). (B) Body weight of mice (n Z 8). (C) Body weight, liver weight,

and the length of the small intestine in 8-week-old mice (n Z 20). (D) Triglyceride in serum and liver (n Z 10). (E) Glycerol in serum and liver

from 8-week-old mice (n Z 10). (F) Cholesterol in serum and liver from 8-week-old mice (n Z 10). (G) ALT, and AST in serum from 8- week-

old mice (n Z 10). (H) Relative mRNA levels of genes related with lipolysis, lipogenesis, and lipid droplet proteins in the liver from 8-week-old

mice (n Z 5). (I) GSEA analysis showing the changes in mitochondrial components in the liver from 8-week-old PparaDIE mice (n Z 3). (J)

Relative mRNA levels of genes related with mitochondrial components in the liver from 8-week-old mice (n Z 5). (K) Transmission electron

microscopy images of hepatocytes from 24-week-old mice (n Z 3). (L) Heatmap representation of hepatic genes related with mitochondrial

protein complex and matrix in 8-week-old PparaDIE relative to Pparafl/fl (n Z 3). LD: lipid droplet; M: mitochondria. Data are shown as the

mean � SD. An unpaired two-tailed Student’s t-test; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2 Ppara deficiency in intestinal epithelium promotes hepatic steatosis and fibrosis in mice fed a high-fat plus high-sucrose diet (HFHS).

(A) Schematic representation of HFHS experimental design. (B) Representative images of liver tissue stained with H&E and Oil Red O after short-

term HFHS treatment (n Z 5). (C) Relative mRNA levels of Col1a1, b-Pdgfr, Tgf-b, and Timp-1 in the liver after short-term HFHS treatment

(nZ 5). (D) Relative mRNA levels of F4/80, Clec4f, and Cd14 in the liver after short-term HFHS treatment (n Z 5). (E) Body weight of mice after

long-term HFHS treatment (n Z 15). (F) Liver weight of mice after long-term HFHS treatment (n Z 15). (G) The length of the small intestine after

long-term HFHS treatment (nZ 15). (H) Serum endotoxin levels after long-term HFHS treatment (nZ 15). (I) The endotoxin levels in the liver after

long-term HFHS treatment (nZ 15). (J) Relative mRNA levels of F4/80, Clec4f, and Cd14 in the liver after short-term HFHS treatment (nZ 5). (K)

Relative mRNA levels of Col1a1, b-Pdgfr, Tgf-b, and Timp1 in the liver after the HFHS treatment for 16 weeks (nZ 5). (L) Representative images of

liver tissue stained with H&E, Oil Red O, and Masson’s trichrome and immunohistochemical staining for a-SMA and TGF-b after long-term HFHS

treatment (n Z 5). (M) Levels of a-SMA and TGF-b were quantified using Image J software and expressed as AODs. Data are shown as the

mean � SD. For the two groups, statistical significance was tested by unpaired Student’s t-test; for more than two groups, statistical significance was

tested by one-way ANOVA followed by the least significant difference (LSD) test; *P < 0.05, **P < 0.01, ***P < 0.001.

4862 Shufang Na et al.



Figure 3 Ppara deficiency in intestinal epithelium activates inflammatory signaling pathways in both the ileum and liver. (A) Endotoxin in serum

and liver (nZ 10). (B) Immunofluorescent staining of F4/80 (red) in the liver of 8-week-old mice (nZ 5). (C) Protein levels of F4/80 in the liver of 8-

week-old mice (nZ 3). (D) Relative mRNA levels of F4/80,Clec4f, and Cd14 in the liver of 8-week-old mice (nZ 5). (E) Relative mRNA levels of

Il-1b and Tnf-a in the liver of 8-week-old mice (nZ 5). (F) RelativemRNA levels of Lbp in the liver of 8-week-old mice (nZ 5). (G) Representative

H&E staining, immunohistochemical staining for AP, and immunofluorescent staining for CD14 (green) in the ileum of 8-week-oldmice (nZ 5). (H)

Protein levels of CD14 and relative mRNA levels of Lbp and CD14 in the ileum of 8-week-old mice (n Z 5). (I) Enrichment graph of NOD-like

receptor signaling dataset performed with ileum samples from 8-week-old PparaDIE mice (n Z 3). (J) Heatmap representation of genes involved

in innate antibacterial defense in 8-week-old PparaDIE ileum relative to Pparafl/fl (n Z 3). (K) Relative mRNA levels of Defa21, Defa22, Defa3,

Defa5, and Reg3b in the ileum from 8-week-old mice (n Z 5). (L) Schematic representation of high-fructose corn syrup (HFCS) experimental

design. (M) Representative images stained with H&E and Oil Red O, and immunofluorescent staining for F4/80 (red) in liver tissue from 8-week-old

mice exposed to HFCS for 14 days (nZ 5). (N) Representative H&E image and immunohistochemical staining for AP in the ileum of 8-week-old

mice exposed to HFCS for 14 days (n Z 5). (O) Serum endotoxin levels in 8-week-old mice exposed to HFCS for 14 days (n Z 8). AP: alkaline

phosphatase staining. Data are shown as the mean � SD. An unpaired two-tailed Student’s t-test; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 Ppara deficiency in intestinal epithelium increases the translocation of gut-derived antigens into the liver. (A) Intestinal permeability

assessment (FITC-dextran, 4 kD) in 8-week-old mice (n Z 10). (B) Relative mRNA levels of Zo-1 and Cldn8 in the ileum from 8-week-old mice

(n Z 5). (C) The relative proportion of bacterial species in the cecum content by 16S rRNA gene sequencing (n Z 6). (D) Bugbase phenotypic

prediction of gut microbiota in 8-week-old mice (n Z 6). (E) The mRNA and protein levels of PV1 in the ileum of 8-week-old mice (n Z 5). (F)

Transmission electron microscopy images of the diaphragm (red star) in the capillaries from ileum sections in 24-week-old mice (n Z 3). (G)

Representative images of fluorescence microscopy and transmission electron in 8-week-old mice treated with FITC-LPS (green) or Au-LPS

(n Z 3e5). (H) Portal HDL-C levels in 8-week-old mice (n Z 10). (I) The protein levels of APOA1 and ABCA1 in the ileum of 8-week-old

mice (nZ 5). (J) Relative mRNA levels of Apoa1, Pon1, and Pon3 in the ileum of 8-week-old mice (nZ 5). (K) Serum APOA1 levels in 8-, 16- and

32-week-old mice (n Z 8e10). (L) Serum APOA1 levels in 8-week-old mice exposed to HFCS for 14 days (n Z 8). (M) Serum APOA1 levels in

16-week-old PparaDhep mice (n Z 10). (N) Schematic representation of a cocktail of broad-spectrum antibiotics (Abx) experimental design. (O)
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anti-mouse FADD (1:100, #A20252, ABclonal), monoclonal
rabbit anti-mouse p-RIPK3 (1:100, #91702, CST),
monoclonal rabbit anti-mouse p-MLKL (1:200, #37333, CST),
monoclonal rabbit anti-mouse cleaved-caspase 8 (1:100, #8592,
CST), polyclonal rabbit anti-mouse TRIM38 (1:100, #13405-1-
AP, Proteintech). Secondary antibodies included Alexa Fluor�

488 AffiniPure goat anti-rabbit IgG (HþL) (1:200-400, #111-545-
003, Jackson ImmunoResearch) and Alexa Fluor� 594 AffiniPure
goat anti-rabbit IgG (HþL) (1:200e1:400, #111-585-003,
Jackson ImmunoResearch). The cell nuclei were labeled with
DAPI. Images were captured using an Olympus BX53 fluores-
cence microscope (Olympus Corporation), and the settings for
each image data set were identical.

2.11. Immunoblotting

Liver and ileum tissues were respectively homogenized in RIPA
buffer containing protease inhibitor cocktail. The samples (10 mg
protein) were separated by SDS-polyacrylamide gel electrophoresis
and then transferred to PVDF membranes. These samples were
incubated overnight with a polyclonal rabbit anti-mouse F4/80
(1:1000, #A1256, ABclonal), polyclonal rabbit anti-mouse APOA1
(1:2000, #A14211, ABclonal), polyclonal rabbit anti-mouse
ABCA1 (1:1000, #NB400-105, Novus Biological, Centennial),
monoclonal rabbit anti-mouse CD14 (1:1000, #A19011, ABclonal),
or polyclonal rabbit anti-mouse PV1 (1:2000, #A15906, ABclonal).
Monoclonal mouse anti-mouse GAPDH (1:5000, #AC002,
ABclonal) was used as a loading control. Immunoblots were
visualized by chemiluminescence and then exposed to autoradio-
graphic film. The images were analyzed using a gel recording and
analysis system (Beijing Liuyi Instruments).

2.12. Intestinal permeability test

Eight-week-old PparaDIE mice and Pparafl/fl mice were used for
the intestinal permeability test. The mice were given FITC-dextran
(4 kD, 0.6 mg/g) by gavage after 6 h of fasting15,16. After the
treatment for 4 h, the blood was collected and the serum was taken
for the assay. PBS was used to dilute the serum and to create a
standard curve. Multi-Mode Microplate Reader was used for the
fluorescence assay with an excitation wavelength of 485 nm and
an emission wavelength of 530 nm.

2.13. Gut bacteria metagenomic assay

Bacterial DNA from cecal contents was extracted using the
E.Z.N.A Soil DNA Kit (OMEGA Bio-tek) followed by the
quantity and quality using a NanoDrop spectrophotometer. Bac-
terial 16S rRNA genes were amplified by PCR using primers
binding to the V3eV4 region. After purification of PCR products
using VAHTSTM DNA Clean Beads (Vazyme), amplicon
sequencing was performed on the Illumina MiSeq platform
(paired-end) (Bioyi Biotechnology). Bioinformatic analysis was
Representative images stained with H&E and Oil Red O, and immunofluore

with Abx (n Z 5). (P) Triglyceride in serum and liver treated with Abx

accumulation in the liver from 8-week-old mice treated with Abx (n Z 5).

(nZ 5). (S) Protein levels of F4/80 in the liver of 8-week-old mice treated w

in the liver of 8-week-old mice treated with Abx (n Z 5). LD: lipid drople

Au-LPS: LPS-gold-complexes. Data are shown as the mean � SD. An unp
performed with QIIME2 (2019.4) and R software (version 3.2.0)
by Bioyi Biotechnology Co., Ltd. Raw sequence data were
demultiplexed using the demux plugin, and the DADA2 plugin
was used to quality filter, denoise, merge and remove chimera.
The classify-sklearn naı̈ve Bayes taxonomy classifier was used to
assign amplicon sequence variants (ASVs) to taxonomy cate-
gories. Alpha diversity analysis was performed using QIIME2,
and the richness and evenness of ASVs were compared using
abundance curves. LEfSe (Linear discriminant analysis effect
size) was performed to determine differentially abundant taxa
between Pparafl/fl mice and PparaDIE mice. The phenotype
analysis in microbiome samples was predicted using the BugBase
platform (https://bugbase.cs.umn.edu).

2.14. Cell culture and treatment

HIEC-6 cells were transiently transfected with the PPARa and
CREB3L3 expression vector for 24 h. To test the necroptosis
signaling, HIEC-6 cells were treated with 30 ng/mL TNF-a for
24 h after the transfection with the PPARa and CREBL3
expression vector. HIEC-6 cells were exposed to butyric acid in
the absence or presence of the selective PPARa inhibitor GW6471
(10 mmol/L) for 24 h.

2.15. Transient transfection and luciferase assay

The fragments encoding PPARa and CREB3L3 were respectively
cloned into the pSG5 vector and pcDNA3.1 (�) vector. The XhoI/
HindIII fragment of the human TRIM38 promoter region (corre-
sponding to region �2000, to þ1 bp) was subcloned into the XhoI/
HindIII digested pGL4.11 luciferase reporter vector. The XhoI/
BglII fragment of the human RIPK3 promoter region (�1500 to
þ1 bp) or MLKL promoter region (�2000 to þ1 bp) was respec-
tively subcloned into the XhoI/BglII digested pGL4.11 luciferase
reporter vector. DNA sequence analysis was used to verify the
constructs. To investigate the regulation of TRIM38 by PPARa,
HIEC-6 cells were transfected with TRIM38 promoter reporter
vector, phRL-TK Renilla luciferase control vector, PPARa
expression plasmid, RXRa expression plasmid, or the empty vec-
tors followed by the addition with WY14643 (10 mmol/L). To
investigate the regulation of RIPK3 and MLKL by CREB3L3,
HIEC-6 cells were transfected with CREB3L3 expression
plasmid, phRL-TK Renilla luciferase control vector,
RIPK3 promoter reporter vector,MLKL promoter reporter vector, or
the empty vectors followed by the addition with GW6471
(10 mmol/L). After transfection for 24 h, luciferase activity was
quantified using a dual-luciferase reporter assay system (Promega).

2.16. Intestinal organoid culture and treatment

Male 8-week-old mice were sacrificed and the ileum was removed
and flushed 3 times with ice-cold PBS. The tissue was cut into
segments and then washed with ice-cold PBS. The intestinal
scent staining for F4/80 (red) in the liver from 8-week-old mice treated

(n Z 10). (Q) Relative mRNA levels of genes related to triglyceride

(R) Hepatic levels of cytokines from 8-week-old mice treated with Abx

ith Abx (nZ 3). (T) Relative mRNA levels of F4/80, Clec4f, and Cd14

t; M: mitochondria; FITC-LPS: fluorescein isothiocyanate (FITC)-LPS;

aired two-tailed Student’s t-test; **P < 0.01, ***P < 0.001.
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crypts were isolated with Gentle Cell Dissociation Reagent
(Stemcell Technologies) and filtered by a 70 mm cell strainer.
After the quantification and centrifugation, the crypts were
resuspended in IntestiCult™ Organoid Growth Medium (Stemcell
Technologies) and mixed with Matrigel (Corning). The mixture
containing 500 crypts was seeded in a pre-warmed 24-well plate
and incubated at 37 �C for 10 min. After Matrigel polymerization,
IntestiCult™ Organoid Growth Medium was added to each well
and the cultures were incubated at 37 �C. Bright-field microscopy
was used to monitor the development of intestinal crypts. To
investigate the effect of PPARa on necroptosis, the organoid
cultures were treated with TNF-a (30 ng/mL) and LPS (1 mg/mL)
for 24 h after passing the organoid cultures17.

2.17. Tissue microarray and immunohistochemistry

The tissue microarray of formalin-fixed and paraffin-embedded
ileum samples was made by Servicebio Technology Co., Ltd. The
sections were incubated with monoclonal mouse anti-human
PPARa (1:200, #GTX22779, Genetex), polyclonal rabbit anti-
human TRIM38 (1:100, #13405-1-AP, Proteintech), polyclonal
rabbit anti-human MLKL (1:100, #A13451, ABclonal), mono-
clonal rabbit anti-human cleaved-caspase 3 (1:300, #9664, CST),
polyclonal rabbit anti-human CD14 (1:100, #A19011, ABclonal),
polyclonal rabbit anti-human FADD (1:100, #A20252, ABclonal),
or polyclonal rabbit anti-human TRIF (1:200, #23288-1-AP, Pro-
teintech) antibody overnight. HRP polymer secondary donkey
anti-rabbit IgG (HþL) (1:300-500, #AS038, ABclonal) or HRP
polymer secondary donkey anti-mouse IgG (HþL) (1:300,
#AS033, ABclonal) antibodies were used to bind to the corre-
sponding primary antibodies and DAB Substrate Kit was used for
immunovisualization, three areas of each sample were randomly
selected for image acquisition, and those with intact villi struc-
tures were further used for IHC scoring. Panoramic 1000 digital
pathology scanner (3DHISTECH Ltd.), CaseViewer 2.4 (3DHIS-
TECH Ltd), and Halo v3.0.311.314 (Indica labs) were used for
IHC scoring.

2.18. Statistical analysis

Relative mRNA and protein levels were expressed as arbitrary
units. Age- and sex-matched wild-type, Ppara�/�, Pparafl/fl,
PparaDIE, PpargDIE, and PparaDhep mice were assigned to groups
without randomization. The data from in vitro experiments are
shown as the mean � standard error of mean (SEM) and the data
from animal experiments were shown as the mean � standard
deviation (SD). The differences between the two groups were
tested using an unpaired two-tailed Student’s t-test. The differ-
ences among the groups were analyzed with one-way ANOVA
followed by the least significant difference (LSD) test. Spear-
man’s method was used to calculate the correlation coefficient for
IHC scores of tissue microarrays. Differences with P < 0.05 were
considered significant.

3. Results

3.1. Ppara deficiency of the intestinal epithelium drives age-
related hepatic steatosis and mitochondria dysfunction in a fed
state

Fat droplets were observed in liver tissue from 16-week-old Ppara
knockout (Ppara�/�) mice in a fed state when stained with Oil
Red O (Fig. lA). This is consistent with previous findings that
Ppara�/� mice over 12 weeks of age had elevated plasma tri-
glyceride levels and macrovesicular or large droplet fatty change
in centrilobular hepatocytes in a fed state for unclear reason18-20.
Age-related steatosis in centrilobular hepatocytes was also
observed in intestine-specific deletion of Ppara (PparaDIE) mice,
but not in 16-week-old mice with hepatocyte-specific Ppara
deletion (PparaDhep) or intestine-specific Pparg deletion
(PpargDIE) (Fig. lA). The data suggest that the spontaneous lipid
accumulation in the liver of Ppara�/� mice is not due to hepatic
Ppara deletion, but rather to changes in intestinal PPARa levels.
There were no differences in body weight, liver weight, and the
length of the small intestine between PparaDIE mice and Pparafl/fl

mice (Fig. 1B and C). The triglyceride levels in serum and liver
were slightly increased in PparaDIE mice compared with the
control, while no changes in glycerol, cholesterol, and liver
function were observed (Fig. 1DeG). The mRNA level of genes
related to triglyceride synthesis (Lpin2, Acacb, and Dgat2) and
lipid droplet-associated genes (Plin4 and Plin5) were significantly
up-regulated in PparaDIE liver compared with the control, while
the genes related to lipolysis (Mgl, Lpl, Lipe, and Angptl8) were
down-regulated (Fig. 1H). No significant differences in glucose
tolerance and insulin tolerance were observed between PparaDIE

mice and Pparafl/fl mice (Supporting Information Fig. S1A and
S1B). The levels of genes related to fatty acid metabolism in
the liver were unchanged in PparaDIE mice after 24-h fasting
compared with the control (Supporting Information Fig. S2).

GSEA of RNAseq data showed that intestinal Ppara deficiency
caused the damage to mitochondrial protein complex and matrix
in the liver (Fig. 1I and J). Electron microscopy revealed a massive
lipid droplets accumulation, and mitochondria swelling as well as
disruption of cristae in hepatocytes from 24-week-old PparaDIE

mice, compared with the control (Fig. 1K). Heatmap depiction
showed down-regulated genes in these two cellular components,
including ATP synthases, ubiquinol-cytochrome c reductases, and
mitochondrial ribosomal proteins in PparaDIE liver (Fig. 1L). The
impaired ability of mitochondrial oxidative phosphorylation re-
sults in triglyceride accumulation in the hepatocytes21. These data
suggest that the accumulation of lipid droplets in the hepatocytes
caused by intestinal Ppara deficiency may be due to the impair-
ment of mitochondrial function. The impairment of mitochondrial
ultrastructure and functions (e.g., ATP synthesis) has been
observed in liver tissues of patients with obesity, non-alcoholic
steatohepatitis, or various stages of alcoholic steatohepatitis21.

3.2. Ppara deficiency of the intestinal epithelium accelerates
hepatic fibrosis by HFHS

A high-fat diet plus fructose or sucrose markedly accelerated and
aggravated fibrosis22,23. The experimental scheme is shown in
Fig. 2A, with short-term treatment for HFHS lasting 4 weeks and
long-term treatment lasting 16 weeks. We observed that the
PparaDIE mice displayed aggravated hepatic steatosis after the
short-term treatment of HFHS compared with the control
(Fig. 2B). Fibrosis initiation was accelerated in the liver from
PparaDIE mice after the short-term HFHS treatment compared
with the control, indicated by the increased levels of marker genes
(b-Pdgfr, Tgf-b, and Timp-1) (Fig. 2C); meanwhile, Cd14 mRNA
levels, a surface marker for hepatic macrophages, were increased
in the PparaDIE mice (Fig. 2D). Weight gain, liver weight, and the
length of the small intestine were unchanged between groups after
long-term HFHS treatment (Fig. 2EeG).



Figure 5 Ppara deficiency in intestinal epithelium up-regulates the necroptosis signaling pathway in the ileum from 8-week-old mice. (A) Repre-

sentative TUNEL staining, immunohistochemical staining for IL-1b, NLRP3, cleaved-caspase 3, TRIF, andMLKL, and immunofluorescent staining for

FADD (green), cleaved-caspase 8 (green), p-RIPK3 (red), p-MLKL (red), and TRIM38 (green) in the ileum (n Z 5). (B) Transmission electron

microscopy images of epithelial cells in the ileum from24-week-oldmice (nZ 3). (C) Enrichment graph of necroptosis signaling dataset performedwith

ileumsamples (nZ3). (D)RelativemRNAlevels of genes related to apoptosis and necroptosis in ileumsamples (nZ5). (E) Schematic representationof

the experimental design using ileum organoid cultures from 8-week-old mice. (F) Immunofluorescent staining of apoptotic and necroptosis signaling

components in organoid cultures (nZ 5). (G) Immunofluorescent assay in ileumorganoids treatedwithTNF-a andLPS (nZ 5). (H) Spearman’smethod

was used to analyze the correlation between PPARa expression and TRIM38 level in human ileum microarray (nZ 7). (I) TRIM38 promoter-driven

luciferase activity in human intestinal epithelial HIEC-6 cells (n Z 3). (J) Relative PPARa mRNA levels in mouse ileum (n Z 5). (K) Representa-

tive immunohistochemical staining for PPARa in mouse ileum (nZ 5). cleaved-CASP3: cleaved-caspase 3; cleaved-CASP8: cleaved-caspase 8. Data

are shown as the mean � SD. For the two groups, statistical significance was tested by unpaired Student’s t-test; for more than two groups, statistical

significance was tested by one-way ANOVA followed by the least significant difference (LSD) test; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6 Butyric acid attenuates PPARa-induced necroptosis in HIEC-6 cells and ameliorates hepatic steatosis in PparaDIE mice. (A) Relative

CREB3L3 mRNA level in HIEC-6 cells transfected with the PPARa expression vector (n Z 3). (B) Relative mRNA level of apoptotic and

necroptosis signaling components in HIEC-6 cells transfected with the CREB3L3 expression vector (n Z 3). (C) Relative mRNA level of

apoptotic and necroptosis signaling components in HIEC-6 cells treated with TNF-a (n Z 3). (D) Effects of GW6471 on RIPK3 and MLKL

promoter-driven luciferase activities in human intestinal epithelial HIEC-6 cells (n Z 3). (E) Relative CREB3L3 mRNA level in HIEC-6 cells

treated with butyric acid (n Z 3). (F) Relative mRNA level of necroptosis signaling components in HIEC-6 cells treated with TNF-a and butyric

acid (n Z 3). (G) Schematic representation of the experimental design for butyric acid treatment. H, Relative CREB3L3 mRNA level in Pparafl/fl

and PparaDIE mice treated with butyric acid (nZ 5). (I) Relative mRNA level of necroptosis signaling components in PparaDIE mice treated with

butyric acid (n Z 5). (J) Representative immunohistochemical staining for cleaved-caspase 3 and MLKL, and immunofluorescent staining for

cleaved-caspase 8 (green), p-RIPK3 (red), and p-MLKL (red) in the ileum after butyric acid treatment (nZ 5). (K) Representative images stained

with H&E and Oil Red O, and immunofluorescent staining for F4/80 (red) in liver tissue after butyric acid treatment (n Z 5). (L) Relative mRNA
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Compared with the control, PparaDIE mice had higher levels of
endotoxin in both serum and liver after long-term HFHS treatment
(Fig. 2H and I). The levels of surface markers for hepatic mac-
rophages including F4/80 and Clec4f were higher in the PparaDIE

mice than in the control (Fig. 2J); additionally, the degree of liver
fibrosis was aggravated in the PparaDIE mice (Fig. 2KeM).

3.3. Ppara deficiency of the intestinal epithelium leads to the
up-regulation of inflammatory signals in both the liver and ileum

Compared with the age-matched control, PparaDIE mice on a
standard chow diet had higher levels of serum endotoxin
(Fig. 3A). Compared with the control, the levels of surface
markers for hepatic macrophages (F4/80, Clec4f, and Cd14) and
cytokines (Il-1b and Tnf-a) were increased in 8-week-old
PparaDIE mice. The higher F4/80 levels in the liver were also
observed in Ppara�/� mice compared with the control
(Supporting Information Fig. S3A). LBP binds to LPS and
transfers to CD14, which controls TLR4-mediated endocy-
tosis24,25. The increased Lbp levels were observed in PparaDIE

liver compared with the control (Fig. 3BeF).
The increased levels of alkaline phosphatase (AP) that acted as

a highly anti-inflammatory component of the intestinal barrier
were observed in PparaDIE ileum compared with the control
(Fig. 3G). This is consistent with the finding that AP levels were
higher in Ppara�/� ileum than in the control (Fig. S3A). PparaDIE

mice had higher levels of Lbp and CD14 in the ileum than the
control, but CD14 levels in the duodenum and jejunum were
comparable (Fig. 3G and H, Supporting Information Fig. S4). The
higher CD14 levels in the ileum were also observed in Ppara�/�

mice compared with the controls (Fig. S3A). GSEA of RNAseq
data indicated the enhancement of NOD-like receptor signaling
pathway caused by intestinal Ppara deficiency (Fig. 3I). The
levels of genes involved in innate antibacterial defense including
the a-defensin family (Defa21, Defa22, Defa3, and Defa5) and
regeneration of islet-derived 3-b (Reg3b) were increased in
PparaDIE ileum (Fig. 3J and K).

A previous study showed that the 2-week fructose exposure
aggravated LPS-induced systemic inflammation in the absence of
metabolic disorder26. After fructose exposure for 2 weeks
(Fig. 3L), the levels of serum endotoxin and hepatic F4/80 were
higher in 8-week-old PparaDIE mice than the control; additionally,
the lipid accumulation in PparaDIE liver was increased (Fig. 3M
and O). The levels of AP were markedly increased in the ileum
from PparaDIE mice exposed to HFCS compared with the control
(Fig. 3N).

3.4. Ppara deficiency of the intestinal epithelium promotes the
spread of inflammation via the guteliver axis

The disruption of the intestinal barrier is a critical pathological
process in chronic liver inflammation triggered by gut-derived
endotoxin27. No change in the permeability was found in 8-week-
old PparaDIE mice using FITC-labeled dextroglucose (Fig. 4A),
levels of genes related with lipolysis, lipogenesis, and lipid droplet protein

serum and liver after butyric acid treatment (n Z 10). (N) Hepatic levels

levels of F4/80 in the liver after butyric acid treatment (nZ 3). (P) Relative

treatment (n Z 5). Buty: butyric acid. Data are shown as the mean � SD

Student’s t-test; for more than two groups, statistical significance was tes

(LSD) test; *P < 0.05, **P < 0.01, ***P < 0.001.
which was consistent with the previous finding4. PparaDIE mice
had even higher levels of tight junctions (Zo-1 and Cldn8)
compared with the control (Fig. 4B).

The gut vascular barrier (GVB) controls the entrance of bac-
teria and bacterial products into the liver via the portal circulation,
besides the intestinal epithelial barrier to prevent bacteria trans-
location28. The disruption of GVB has been found as an early
event in NASH development. The extracellular structural domain
of plasma vesicle-associated protein (PV1) forms a protein mesh
that is arranged in chains of fine fibers as microscopic openings in
the capillaries29. PV1 is a marker of GVB permeability, and its
expression has been reported to be markedly up-regulated by LPS
and a high-fat diet in the ileum28. The induction of PV1 leads to
the increase in caveolae-mediated transcellular transport of
endothelial cells30. The up-regulation of PV1 in the jejunum and
ileum was correlated with the spread of Salmonella into the liver
after oral infection31. The data from 16S rRNA gene amplicon
sequencing in the cecum content showed an increased proportion
of Proteobacteria in cecum contents from PparaDIE mice
compared with the control; additionally, the abundance of Pro-
teobacteria in biofilm-forming and stress-tolerant bacteria was
higher in PparaDIE mice than in the control based on BugBase
analysis (Fig. 4C and D). The expression levels of PV1 in the
ileum from PparaDIE mice were increased compared with the
control (Fig. 4E). Electron microscopy revealed that the micro-
scopic openings in the capillaries were increased in ileum villi
from PparaDIE mice compared with the control (Fig. 4F). FITC-
LPS was sporadically detectable in the ileum villi from
Pparafl/fl mice, but not in the liver (Fig. 4G). However, the levels
of FITC-LPS were significantly increased in both the ileum villi
and liver in PparaDIE mice. Transmission electron microscopy
showed the presence of LPS within lipid droplets of hepatocytes
from PparaDIE mice, which was not observed in Pparafl/fl mice.

PparaDIE mice had lower portal HDL-C levels compared with
the control (Fig. 4H). The protein levels of APOA1 in PparaDIE

ileum were lower than the control (Fig. 4I). PparaDIE mice had
lower levels of serum APOA1 than the age-matched control,
although an age-dependent reduction of serum APOA1 was
observed (Fig. 4K). Serum APOA1 was reduced by short-term
HFCS exposure in 8-week-old PparaDIE mice (Fig. 4L). No
change in serum APOA1 levels was observed in 16-week-old
PparaDhep mice compared with the control (Fig. 4M). Pon1 and
Pon3 are associated with HDL particles and have antioxidant and
anti-inflammatory actions. The mRNA levels of Pon1 and Pon3 in
the ileum from 8-week-old PparaDIE mice were lower than the
control (Fig. 4J).

We depleted the intestinal microbiota of 8-week-old PparaDIE

mice using a cocktail of broad-spectrum antibiotics (Abx)
(Fig. 4N). Lipid accumulation was undetectable in PparaDIE liver
after Abx treatment (Fig. 4O); unsurprisingly, there was no dif-
ference in triglyceride levels in both serum and liver between
PparaDIE mice and Pparafl/fl mice (Fig. 4P). No difference in the
expression of genes related to triglyceride synthesis (Lpin2),
lipolysis (Lpl and Angptl8), lipid droplet-associated genes (Plin4
s in the liver after butyric acid treatment (n Z 5). (M) Triglyceride in

of cytokines in mice after butyric acid treatment (n Z 5). (O) Protein

mRNA levels of F4/80, Clec4f, and Cd14 in the liver after butyric acid

. For the two groups, statistical significance was tested by unpaired

ted by one-way ANOVA followed by the least significant difference
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and Plin5) was found between PparaDIE liver and Pparafl/fl liver
(Fig. 4Q). Additionally, the hepatic levels of surface markers of
macrophages and cytokines were unchanged in PparaDIE mice
treated with Abx compared with the control (Fig. 4ReT).
3.5. Ppara deficiency of the intestinal epithelium affects the cell
death pathway in the ileum

We measured in situ cell death using TUNEL staining, and the
data indicated that Ppara deficiency increased cell death at the top
of the ileum villus (Fig. 5A). Although the PparaDIE mice had
higher IL-1b levels in the ileum, no differences in NLRP3 levels
were observed between the PparaDIE and Pparafl/fl ileum
(Fig. 5A). Electron microscopy revealed nuclear migration in
columnar epithelia cells and heightened immune cell populations
in the ileum from PparaDIE mice compared with the control
(Fig. 5B), which is consistent with observations in patients with
inflammatory bowel disease32. GSEA of RNAseq data indicated
that intestinal Ppara deficiency caused the enrichment of the
necroptosis signaling pathway in the intestine (Fig. 5C). Unlike
apoptosis, necroptosis causes the leakage of soluble intracellular
contents and the induction of proinflammatory responses33.
Compared with the control, the expression levels of apoptotic
signaling components (FAS, FADD, RIPK1) were decreased in the
PparaDIE ileum; additionally, the levels of cleaved-caspase 3 and
cleaved-caspase 8 were decreased in the PparaDIE ileum (Fig. 5A
and D). The PparaDIE mice had higher levels of necroptosis
signaling components including phosphor-RIPK3 and phosphor-
MLKL in the ileum (Fig. 5A), which is consistent with the find-
ings in the ileum from Ppara�/� mice (Fig. S3B). RIPK3 can be
directly activated by TLR signaling via the critical adaptor
TRIF33. TRIF levels were increased in the ileum from PparaDIE

mice, compared with the control (Fig. 5A). TRIM38 degrades
TRIF via the polyubiquitination-proteasome pathways, and
Trim38 deficiency has been shown to promote TLR3/4-mediated
cytokine induction (e.g., TNF-a) and cell death triggered by
LPS34. The decreased levels of Trim38 were observed in the ileum
from both PparaDIE and Ppara�/� mice, compared with the
respective control (Fig. 5A, Fig. S4B).

We investigated the checkpoints of apoptosis and necroptosis
in the organoids to avoid the impact of gut microbiota on cell
death pathways (Fig. 5E). Consistently with in vivo data, TRIM38
levels were lower in the PparaDIE organoids than in controls
(Fig. 5F). TNF-a triggers RIPK1/RIPK3-mediated programmed
cell death pathways including both apoptosis and necroptosis, and
LPS activates RIPK3-mediated necroptosis via the TLReTRIF
pathway33. Compared with the control, the levels of cleaved
caspase 8 were markedly reduced in the PparaDIE organoids in
response to TNF-a and LPS stimuli (Fig. 5F); additionally, the
phosphorylation of RIPK3 and MLKL was markedly induced in
the PparaDIE organoids (Fig. 5G). In human ileum samples, a
significant correlation was found between PPARa expression and
TRIM38, FADD, or MLKL levels (Fig. 5H, Supporting
Information Fig. S5). The transfection of PPARa expression
vector and WY14643 treatment induced the transcriptional
activity of the TRIM38 promoter in HIEC-6 cells compared with
the control (Fig. 5I). Additionally, PPARa levels were decreased
in the ileum from older mice compared with younger mice, sug-
gesting an increased risk of necroptosis in the intestinal epithelium
with age (Fig. 5J and K).
3.6. Butyric acid inhibits necroptosis of the ileum epithelium
and ameliorates hepatic steatosis in PparaDIE mice

CREB3L3 is highly expressed in the small intestine and regulates
lipid metabolism as well as inflammatory responses triggered by
infection35. Intestinal Creb3l3 is a downstream target gene of
Ppara indicated by RNA-seq analysis in mice (data not shown)
and transfection experiment in HIEC-6 cells (Fig. 6A). A previous
study has shown that the Creb3l3 promoter contains a functional
PPRE site located at �178 to �166 bp in HepG2 cells36. The
induction of necroptosis signaling components (RIPK1, RIPK3,
and MLKL) and the inhibition of apoptosis signaling components
(FADD, Caspase-3, and Caspase-8) by GW6471 were attenuated
by CREB3L3 overexpression in HIEC-6 cells (Fig. 6B). A pre-
vious study has shown that PPARa directly bound to the PPRE of
CREB3L3 promoter to increase the transcriptional activity36.

In response to TNF-a stimuli, CREB3L3 overexpression
attenuated the induction of necroptosis signaling components by
the inhibition of PPARa signaling in HIEC-6 cells (Fig. 6C). The
elevated transcriptional activity of RIPK3 and MLKL by GW6471
was significantly inhibited by CREB3L3 overexpression
(Fig. 6D). This is consistent with the previous finding that CREB
overexpression counteracted the induction of the promoter activ-
ities of RIPK1, RIPK3, and MLKL by PCB-9537. Compared with
the control, the inhibition of CREB3L3 by GW6471 was
completely reversed by butyric acid (Fig. 6E). Butyric acid
reversed the induction of RIPK3 and MLKL by GW6471 in
response to TNF-a stimuli (Fig. 6F).

We investigated the changes in necroptosis signaling in
PparaDIE ileum after supplementation with sodium butyrate
(Fig. 6G). Creb3l3 levels were decreased in the PparaDIE ileum
compared with Pparafl/fl mice, while butyric acid attenuated the
inhibition of Creb3l3 by Ppara deficiency (Fig. 6H). Butyric acid
attenuated the induction of MLKL and the inhibition of cleaved-
caspase 8 in the PparaDIE ileum compared with the control
(Fig. 6I and J). Lipid accumulation in the liver was undetectable in
PparaDIE mice treated with butyric acid (Fig. 6K). No difference
was found in hepatic triglyceride and in the levels of genes related
to triglyceride synthesis, lipolysis, and lipid droplet between
PparaDIE liver and Pparafl/fl liver after butyric acid treatment
(Fig. 6L and M). Butyric acid counteracted the activation of
hepatic macrophages induced by Ppara deficiency (Fig. 6NeP).
4. Discussion

The present study has demonstrated that PPAR in the intestinal
epithelium regulates cell death signals in response to environ-
mental insults (e.g., LPS) and acts as a gate controller for the
spread of inflammation through the guteliver axis. Although the
inhibition of the intestinal Ppara decreases the absorption of
dietary lipids, we provide direct evidence that Ppara deficiency of
the intestinal epithelium led to the up-regulation of necroptosis
signals and the translocation of LPS into the liver. Our data have
shown that Ppara deficiency in the intestinal epithelium causes
mitochondrial dysfunction in the hepatocytes, and accelerates
hepatic steatosis or fibrosis induced by HFCS and HFHS.

The disruption of PPARa signaling in the intestine epithelium
reduced FABP1-mediated fatty acid uptake38, indicating that the
inhibition of intestinal PPARa may improve diet-induced hepatic
steatosis and obesity. However, intestinal PPARa plays a crucial
role in preventing endotoxin translocation and diffusion. PPARa



Figure 7 A model for the role of intestinal PPARa in maintaining microenvironmental homeostasis. PPARa deficiency up-regulates nec-

roptosis signals in the ileum via TRIM38/TRIF and CREB3L3/MLKL pathways and promotes the spread of inflammation through guteliver axis.

Butyric acid may play a protective role against hepatic steatosis caused by PPARa deficiency of intestinal epithelium via the up-regulation of

CREB3L3.
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affects cell death processes in response to the stimuli in the small
intestine. Ppara deficiency caused the enrichment of the nec-
roptosis signaling pathway and heightened immune cell pop-
ulations in the ileum. We found that PPARa regulated TRIF via
TRIM38 as well as MLKL via CREB3L3, and that the deletion
of PPARa promoted necroptosis triggered by TNFa or LPS. In-
testinal Ppara deficiency increased LPS translocation into hepa-
tocytes and impaired mitochondrial function. It is noteworthy that
Ppara deficiency in the intestinal epithelium causes the spread of
inflammation through GVB disruption, while the tight junction of
the intestinal epithelial barrier is unchanged in PparaDIE mice.

Butyrate is a preferred metabolic substrate for intestinal
epithelium and protects the intestinal barrier39. We found that
ex vivo treatment of intestinal organoid cultures with butyric acid
inhibited necroptosis signals (e.g., total and phosphor-MLKL). The
previous study has shown that butyrate directly increased intracel-
lular cAMP levels and induced CREB phosphorylation through
PKA signaling40. Butyric acid attenuated hepatic steatosis induced
by Ppara deletion in the small intestine, and one possibility is that
butyric acid inhibits necroptosis of the intestinal epithelium.

5. Conclusions

This study highlights that PPARa is essential to maintain
homeostasis in the small intestine. The inappropriate cell death
pathways of the intestinal epithelium induced by the alteration of
PPARa signals could be one possible cause of hepatic steatosis.
Interestingly, butyrate may play a protective effect against hep-
atosteatosis induced by intestinal PPARa deletion through the
inhibition of necroptosis signals (Fig. 7). A comprehensive
understanding of intestinal PPARa will be of significance for the
development of new therapies for obesity and fatty liver disease.
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