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Background Inflammatory bowel disease (IBD) has complex genetic and environmental aspects, and free fatty acid
receptors (FFARs) may bridge genetic and dietary aspects. FFAR4 is highly expressed in the intestine and acts pri-
marily as the receptor of long-chain fatty acids, which are major components of the human diet. It is unclear what
role, if any, FFAR4 may play in IBD.

Methods Mouse and human colitis samples, mice with complete FFAR4 knockout, intestine-specific FFAR4 knock-
out and FFAR4 overexpression and cell culture were used. RNA-sequencing analysis and flow cytometry were per-
formed to examine the mechanisms.

Findings The results showed that FFAR4 expression was upregulated in colitis tissues and that the loss of intestinal
FFAR4 ameliorated colitis, whereas intestinal FFAR4 overexpression exacerbated the disease. We identified intesti-
nal epithelial cell deletion of FFAR4 by upregulating ZBED6, which in turn induced L33 transcription, and L33 ele-
vated Treg cell numbers, ameliorating colitis.

Interpretation FFAR4 deletion attenuates colitis by modulating Treg cells via the ZBED6-IL33 pathway.
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Introduction
IBD is a chronic and progressive disease that includes
ulcerative colitis (UC) and Crohn’s disease (CD) and
mainly affects the gastrointestinal (GI) tract. High inci-
dence rates have been recorded in North America and
Europe, and increasing rates are observed in previously
low-incidence regions such as Asia.1,2 This phenome-
non may be due to a complex interplay between genetics
and the environment.3,4

Some treatment options are available, such as anti-
tumor necrosis factor therapy, anti-integrin therapy,
anti-interleukin therapy and tofacitinib. However, pri-
mary and secondary treatment failure remain high,5

underscoring the need for new therapeutic modalities.
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Nutritional intervention may be an important
strategy.4,5

G protein-coupled receptors play important roles in
regulating intestinal functions and have been impli-
cated in the development and progression of IBD.6,7

Among them, the free fatty acid receptors FFAR1
(GPR40), FFAR2 (GPR43), FFAR3 (GPR41) and FFAR4
(GPR120) may bridge the genetic and environmental
gaps in IBD.8,9 FFAR2 and FFAR3 are activated by
short-chain fatty acids (SCFAs), whereas FFAR1 and
FFAR4 are activated by medium-chain and long-chain
fatty acids (LCFAs).8,10 Fatty acids, especially LCFAs,
are major components of the human diet.

FFAR2 and FFAR3 regulate inflammation in the
intestine via gut microbiota derived SCFAs.11,12 FFAR1
is mainly expressed in pancreatic b cells13 and may ame-
liorate intestinal inflammation through an indirect
mechanism.14 In contrast, FFAR4 is highly expressed
in the intestine and acts primarily as the receptor of
LCFAs.8,15 Data from both mice and humans showed
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Research in context

Evidence before this study

Inflammatory bowel disease (IBD) is characterized by
persistent inflammation of the intestinal tissues, with
the treatment effects often being unsatisfactory. Epide-
miological investigations indicated that the risk of IBD is
associated with excess and imbalance dietary fatty acids
intake. Dietary polyunsaturated fatty acids act as signal-
ing molecules by binding with free fatty acid receptor 4
(FFAR4). Previous studies reported that FFAR4 mediates
the inflammatory regulation of n3 polyunsaturated fatty
acid. However, it is not clear how FFAR4 itself affects
IBD.

Added value of this study

In this study, we show that FFAR4 expression is upregu-
lated in IBD patients and in the mice with colitis, that
intestinal-specific deletion of FFAR4 ameliorates colitis
whereas intestinal-specific overexpression of FFAR4
exacerbates colitis. In addition, we identified intestinal
epithelial cell deletion of FFAR4 via upregulating ZBED6
which in turn induces IL33 transcription, and IL33 ele-
vates Treg numbers which ameliorates colitis.

Implications of all the available evidence

This study reveals a promotive role of intestinal FFAR4
in colitis development, uncovers a novel mechanism by
which FFAR4 regulates Treg cells, and suggests suppres-
sion rather than activation of intestinal FFAR4 may be a
useful therapeutic strategy for the management of IBD.
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anti-inflammatory effects of omega-3 LCFAs on the GI
tract.16�18 The mechanism has not been well character-
ized. Some studies have indicated that stimulating mac-
rophage FFAR4 with omega-3 LCFAs or agonists causes
an anti-inflammatory effect.19,20 However, it is unclear
whether intestinal FFAR4 exerts an anti-inflammatory
effect. Furthermore, the omega-3 LCFA level is dispro-
portionally low in the modern diet.21 Therefore, what
role, if any, intestinal FFAR4 plays in IBD remains to
be defined.

Considerable evidence indicates that Treg cells play
an essential role in maintaining immune tolerance and
balance, and Treg cells in the intestinal microenviron-
ment exert a negative immunomodulatory effect on the
pathogenesis of IBD.22 Treg cells mainly participate in
IBD by secreting anti-inflammatory cytokines, such as
TGF-b and IL-10, suppressing the activity of immune
cells and thereby controlling inflammation.23 Previous
studies have suggested that omega-3 LCFAs or agonists
of FFAR4 regulate Treg cells in several metabolic disor-
ders.24 Therefore, intestinal FFAR4 may play a role in
the development of IBD by modulating Treg cells.

In the current study, we showed that FFAR4 expres-
sion was upregulated in IBD patients and in mice with
colitis, that intestinal-specific deletion of FFAR4 amelio-
rated colitis, while intestinal-specific overexpression of
FFAR4 exacerbated colitis, and intestinal FFAR4 regu-
lated Treg cells via the ZBED6/IL33 pathway.
Methods

Ethics
All animal procedures were performed in accordance
with the Guide for Care and Use of Laboratory Animals
of the School of Medicine of Jiangnan University and
were approved by the Animal Ethics Committee of Jian-
gnan University (JN No: 20171030c0110506). The col-
lection of human peripheral blood cells from UC
patients and healthy donors was approved by the Medi-
cal Ethics Committee of Jiangnan University (Ref. No.
JNU20210310IRB01). Written informed consent was
obtained from all participants or their legal guardians at
the time of admission.
Animals
FFAR4 total knockout (KO, RRID: MGI:7256540) and
Villin-Cre mice (RRID: IMSR_JAX: 004586) were pur-
chased from Shanghai Bioraylab and Shanghai Biomo-
del Organism, respectively. Tail tips were digested with
100 ml of 50 mM NaOH at 95°C for 20 min and then
neutralized with 10 ml of Tris-HCl (pH=8.0). KO mice
were genotyped by PCR using tail DNA with the for-
ward primer CCCGGCATGTCCCCTGAGTGT and the
reverse primer TGGTCGCCCTTGACATCCGAGA at
95℃ for 30 s and 63℃ for 45 s for 40 cycles, generating
an 87 bp fragment for the wild-type and a 110 bp frag-
ment for KO mice. Villin-Cre mice were genotyped
using the forward primer AGCGATG-
GATTTCCGTCTCTGG and the reverse primer
AGCTTGCATGATCTCCGGTATTGAA at 95°C for 30
s, 58°C for 45 s, and 72°C for 30 s for 40 cycles, generat-
ing a 272 bp fragment. Floxed FFAR4 (fl/fl, RRID:
MGI: 7256541) and FFAR4 transgenic (t/w, RRID:
MGI: 7256542) mice were constructed commercially by
Shanghai Biomodel Organism and Nanjing Biomedical
Research Institute of Nanjing University. FFAR4 (fl/fl)
mice were genotyped using the forward primer
TGCTCTTTCTGGAGCTGTGT and the reverse primer
AGAGATCAGAATGGACAACT at 95°C for 30 s, 58°C
for 45 s, and 72°C for 30 s for 40 cycles, generating a
272 bp fragment for fl/fl and a 243 bp fragment for the
wild-type. FFAR4 transgenic mice were genotyped
using forward primer 1 (CAGCAAAACCTGGCTGTG-
GATC), forward primer 2 (GTGGAGTCCCATCAT-
CATCACC) and the reverse primer
ATGAGCCACCATGTGGGTGTC at 95 ℃ for 30 s, 65
℃ (-0.5 ℃/cycle) for 30 s, and 72 ℃ 45 s for 20 cycles
and then 95 ℃ for 30 s, 55 ℃ for 30 s, and 72 ℃ 45 s for
20 cycles, generating a 1051 bp fragment for t/t and a
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243 fragment for the wild-type. The fl/fl mice were
mated with Villin-Cremice to generate intestinal epithe-
lial cell-specific or gut-specific FFAR4-knockout mice
(GKO). The t/w mice were crossed with Villin-Cre mice
to obtain gut-specific FFAR4 transgenic mice (Ge). All
mice were on a C57BL/6J background. Animals were
housed and bred in an SPF environment and received
water and food ad libitum. All animal procedures were
performed in accordance with the Guide for Care and
Use of Laboratory Animals of the School of Medicine,
Jiangnan University and approved by the Animal Ethics
Committee of Jiangnan University (JN No:
20171030c0110506).
Patient samples
UC patients were recruited from the Affiliated Hospital
of Jiangnan University. The diagnosis of UC was deter-
mined based on clinical, endoscopic, radiologic, and his-
topathologic findings according to the established
guidelines.25 Human peripheral blood cells were col-
lected from UC patients and healthy donors for FFAR4
mRNA analysis. This study was approved by the Medi-
cal Ethics Committee of Jiangnan University (Ref. No.
JNU20210310IRB01). Written informed consent was
obtained from all participants or their legal guardians at
the time of admission.
Experimental colitis
The mice were divided into several groups according to
experimental needs. For the dextran sulfate sodium
(DSS)-induced colitis model, mice were exposed to 2.5%
(w/v) DSS (MP Biomedicals, 160110) in drinking water
for 7 days. Body weight and disease activity index (DAI)
was examined daily to evaluate the severity of colitis in
the mice.26 The DAI includes weight loss (0: none; 1: 1-
5%; 2: 6-10%; 3: 11-18%; 4: >18%), stool consistency (0:
well-formed pellets; 1: soft but still formed stools; 2: soft
stools; 3: very soft and wet; 4: diarrhoea) and rectal
bleeding (0: negative haemoccult test; 1: positive hae-
moccult test; 2: blood visibly present in the stool; 3:
blood visibly and blood clotting on the anus; 4: gross
bleeding). DAI = [(weight loss score + stool consistency
score + gross bleeding score)/3]. The mice were sacri-
ficed after 7 days of DSS administration. Serum was col-
lected in separating gel tubes (BD Bioscience, 367955).
The spleen was collected and weighed. The colon was
removed, and the total length was measured. The histo-
logical score included inflammation (0: none; 1: slight;
2: moderate; 3: severe), extent (0: none; 1: mucosa; 2:
mucosa and submucosa; 3: transmural), crypt damage
(0: none; 1: basal one-third damaged; 2: basal two-thirds
damaged; 3: only surface epithelium intact; 4: entire
crypt and epithelium lost) and percentage involvement
(1: 1-25%; 2: 26-50%; 3: 51-75%; 4: 76-100%).27

Score = [(inflammation score + extent score + crypt
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damage score + percentage involvement score)]. For
dinitrobenzene sulfonic acid (DNBS)-induced colitis,
100 ml of 20 mg/ml DNBS (TCI chemicals, D0821) was
administered intrarectally with a 1 ml syringe and a
plastic catheter (0.45 mm F). The mice were monitored
daily for 4 days. For oxazolone (OXZ)-induced colitis,
the mice were anaesthetized with isoflurane and sensi-
tized with 150 ml of 3% oxazolone (Sigma Aldrich,
862207) in acetone and olive oil (4:1 v/v) on the shaved
back between the shoulders. After 7 days, 100 ml of 1%
oxazolone solution was administered intrarectally for 4
days by the same method as described for DNBS. For
both DNBS- and OXZ-induced colitis, body weight was
recorded daily. The mice were sacrificed, and colon
length was measured.
Histological analysis of colitis
Distal colon tissues were fixed in 4% phosphate-buff-
ered formaldehyde solution (Shanghai Yuanye Bio-
Technology, R20497) for 36 h and embedded in paraf-
fin. Paraffin sections (5 mm) were prepared and stained
with haematoxylin and eosin (Shanghai Yuanye Bio-
Technology, R20570) or alcian blue and nuclear fast red
(Sangon Biotech, E670107).
Myeloperoxidase (MPO) activity
MPO is an enzyme that primarily exists in neutrophils.
MPO provides a quantitative index of neutrophil infiltra-
tion in inflammatory intestinal tissue. MPO activity was
measured with an MPO assay kit (Nanjing Jiancheng
Bioengineering Institute, A044-1-1) according to the
manufacturer’s protocol.
Quantitative real-time polymerase chain reaction
(qPCR)
Total RNA was isolated from the colon using a Total RNA
Extraction Kit (K101, JN.BIOTOOLS) according to the man-
ufacturer’s protocol. RNA was reverse transcribed using a
BT-I 1st Strand cDNA Synthesis Kit (K102, JN.BIO-
TOOLS). mRNA quantification was performed by using a
CFX ConnectTM Real-Time PCR Detection System (Bio-
�Rad) and Hieff� qPCR SYBR Green Master Mix (Shang-
hai Yeasen Biotechnology Co., Ltd., 11201ES03). The qPCR
conditions included 40 cycles of denaturation at 95°C for
15 s and annealing and extension at 60°C for 30 s. The
results were normalized to the housekeeping gene b-actin
and are presented as 2�DDCt. The PCR primers used were
as follows: mouse Il-1b CTGAACTCAACTGTGAAATGC
(F), TGATGTGCTGCTGCGAGA (R); mouse Il-6
CTCTGCAAGAGACTTCCATCCAGT (F), GAAGTAGG-
GAAGGCCGTGG (R); mouse Il-10 CCCTTTGCTATGG
TGTCCTT (F), TGGTTTCTCTTCCCAAGACC (R); mouse
Tnf-a AGGGTCTGGGCCA TAGAACT (F), CCAC-
CACGCTCTTCTGTCTAC (R); mouse Icam-1 CTTCAGAGG-
CAGGAAACAGG (F), AGATCACATTCACGGTGCTG (R);
3
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mouse Cd25 CAAGAACGGCACCATCCTAAA (F),
TCCTAAGCAACGC ATATAGACCA (R); mouse Foxp3
CACCTATGCCACCCTTATCCG (F), CATGCGAG-
TAAACCAATGGTAGA (R); mouse Tgfb CCACCTGCAA-
GACCATCGAC (F), CTGGCGAGCCTTAGTTTGGAC
(R); mouse Il33 CCTTCTCGCTGATTTCCAAG (F),
CCGTTACGGATATGGTGGTC (R); mouse
b-Actin TGTTACCAACT GGGACGACA (F),
CTGGGTCATCTTTTCACGGT (R); human
IL33 GTGACGGTGTTGATGGTAAGAT (F),
AGCTCCACAGAGTGTTCCTTG (R); human
ZBED6 GAAGGGTTTGCGAATTAAGGGG (F),
GGGTCATT GGAAGCTAACAAAGC (R); human
HOXA1 TCCTGGAATA CCCCATACTTAGC (F),
GCACGACTGGAAAG TTGTAATCC (R); and
human b-ACTIN CATGTACGTTGCTATCCAGGC
(F), CTCCTTAATGTCACGCACGAT (R).
Transcriptomics analysis
Total RNA was isolated from the distal colon with a
Total RNA Extraction Kit (K101, JN. BIOTOOLS).
Reverse transcription was performed using a BT-I 1st
Strand cDNA Synthesis Kit (K102, JN. BIOTOOLS),
and second-strand synthesis was performed using a Sec-
ond Strand cDNA Synthesis Kit (Beyotime Biotechnol-
ogy, D7172). DNA samples were fragmented and
labelled with Tn5 transposase. PCR amplification was
performed using HiFi PCR Mix for NGS (CWBIO,
CW2648), and index codes were added to each sample.
PCR products were purified using a FastPure Gel DNA
Extraction Mini Kit (Nanjing Vazyme Biotech Co., Ltd.,
DC301-01) and sequenced using an Illumina NovaSeq
(GENEWIZ). The sequencing data were analysed using
STAR (http://code.google.com/p/rna-star/) and R soft-
ware (version 3.5). Differentially expressed genes were
defined as genes with a P value < 0.05 and with a fold
change � 2. Gene ontology (GO) analysis was per-
formed using Metascape (http://metascape.org). A heat-
map was generated using Tbtools software (https://
github.com/CJ-Chen/TBtools).
Preparation of cell suspensions from the spleen,
mesenteric lymph node and colon lamina propria
The spleen was removed and cut into pieces and then
pressed through a 70 mm nylon mesh (BD Bioscience,
352350) into a culture plate with a syringe plunger. The
mesh was washed twice with D-Hank’s buffer (Sangon
Biotech, B548144). The cell suspension was centrifuged
and resuspended in red blood cell lysis buffer (0.15 M
NH4Cl, 10 mM KHCO3, 0.1 mM ethylenediaminetetra-
acetic acid or EDTA, pH=7.2). After lysis, the cells were
centrifuged and resuspended in cold FACS buffer (D-
Hank’s containing 10 mM hydroxyethylpiperazine eth-
ane sulfonic acid or HEPES (Sangon Biotech,
A100485), 0.5% BSA (Sangon Biotech, A600332), 1
mM EDTA, pH=7.2). Mesenteric lymph node cell sus-
pensions were prepared in the same way, but the red
blood cell lysis step was omitted. To prepare the lamina
propria cell suspension, the intestine was opened longi-
tudinally, and faeces and mesentery were cleared from
the intestinal surface. The intestine was incubated in 5
ml of predigestion solution (D-Hanks containing 10
mM HEPES, 0.5% bovine serum albumin or BSA, 5
mM EDTA and 1 mM DL-dithiothreitol or DTT,
pH=7.2) for 20 min at 37°C with slow rotation (200
rpm). After 2 rounds of predigestion, the remaining
intestine was washed twice in cold D-Hanks and cut
into 1 mm pieces. The tissue fragments were incubated
in 5 ml of digestion solution (FACS buffer without
EDTA, 1 mg/ml collagenase Ⅳ (Sangon Biotech,
A004186), 0.5 mg/ml DNase I (Sangon Biotech,
A510099)) for 45 min at 37°C with slow rotation (200
rpm). The digested tissue was filtered through a nylon
mesh and resuspended in FACS buffer.
Flow cytometric analysis
The cell suspension was prepared and incubated with
FcR Blocking Reagent (Miltenyi Biotec, 130-092-575).
For surface staining, the cells were incubated with anti-
CD4-APC (BioLegend, 100411, RRID: AB_312696),
anti-CD25-BV421 (BioLegend, 102033, RRID:
AB_10895908) and anti-CD45-PE/Cy7 (BioLegend,
103113, RRID: AB_312978) on ice for 40 min. For intra-
cellular staining, the cells were fixed and permeabilized
with Foxp3/transcription factor fixation/permeabiliza-
tion concentrate and diluent (ThermoFisher Scientific,
00-5523-00) and stained with anti-FOXP3-PE (Thermo-
Fisher Scientific, 12-5773-80, RRID: AB_465935) at
room temperature for 40 min. Stained samples were
analysed in an AttuneTM NxT Acoustic Focusing Cytom-
eter (ThermoFisher Scientific), and 1£106 cells were
counted. The data were analysed with FlowJo V10.0.7
(FlowJo, OR, USA).
Treg cell depletion
Treg cells were depleted by using anti-CD25 mAbs (Bio-
Xcell, BE0012, RRID: AB_1107619) or cyclophospha-
mide (Cy, Adamas, 01094584) as previously
described.28�30 Mice were intraperitoneally injected
with anti-CD25 mAbs (100 ml/mouse) or Cy (20 mg/
kg) on Day -1 and Day 2, and DSS treatment started on
Day 0 and ended on Day 7.
Cell lines and cell culture
HT29 (RRID: CVCL_0320) and HEK-293T cells (RRID:
CVCL_0063) were purchased from the National Collec-
tion of Authenticated Cell Cultures and cultured in
RPMI-1640 medium (Gibco, C11875500) supplemented
with 5% foetal bovine serum (FBS, Biological Indus-
tries, 04-001-1ACS) or DMEM (Gibco, C11965500)
www.thelancet.com Vol 80 Month June, 2022

http://code.google.com/p/rna-star/
http://metascape.org
https://github.com/CJ-Chen/TBtools
https://github.com/CJ-Chen/TBtools


Articles
supplemented with 5% FBS, respectively. FFAR4 stable
knockdown cell lines were established by lentiviral-
based stable shRNA infection and puromycin selection
(Beyotime Biotechnology, ST551).
Small interfering RNA (siRNA) transfection
Fifty-percent confluent cell cultures were transfected
with 50 nM siRNA using JetPrime (Polyplus). The
siRNA sequences were ZBED6: GGGCUGUUGCCAA-
CAAAGATT and HOXA1: CCAUAGGAUUACAA-
CUUUCTT. Universal negative control siRNA
(GenePharma, A06001) was used as a control.
Construction and packaging of shRNA lentivirus
FFAR4 shRNA (GATCTGGGTGGTGGCCTTCACATTTT-
CAAGAGAAATGTGAAGGCCACCACCCATTTTT) and
Il33 shRNA (GATCCCTGGTTCTAAACAAATGATCAA-
GAGTCATTTGTTTAGAACCAGGTTTTT) sequences
were cloned into the pLVX-shRNA2 lentiviral vector (gene
synthesis and subcloning were performed by GenScript Bio-
tech Corporation). An empty construct containing no
shRNA was used as a control. HEK-293T cells (5£106) were
plated in 10 cm culture dishes and transfected with 8 mg of
pLVX (RRID: Addgene_125839), 6 mg of psPAX2 (RRID:
Addgene_12260) and 2 mg of pMD2G (RRID: Addg-
ene_12259) using JetPrime (Polyplus, 101000046). After
4 h, themedia were replaced with 8ml of freshmedia. After
an additional 48 h, the media containing virus were col-
lected, centrifuged, filtered through a 0.45mm filter, and
stored at -80°C. Lentiviral particles were examined by qPCR
after the infection of HEK-293T cells as previously
described.31
IL33 Knockdown
To knock down Il33 in the mouse colon, Il33 shRNA lenti-
viruses were administered intrarectally as previously
reported.32 In brief, anaesthetized mice were pretreated
with 20% ethanol (100 ml/mouse). After 1 h 30min, viral
enemas were administered (108 TU/ml, 100 ml/mouse).
Western blotting
Protein samples were boiled in SDS�PAGE loading
buffer (Sangon Biotech, C516031) and separated by
SDS�PAGE. Proteins were transferred to PVDF mem-
branes (Millipore, ISEQ00010), and the membranes
were blocked with 5% skim milk for 60 min (BD Biosci-
ence, 232100). The PVDF membranes were immuno-
blotted with primary antibodies (anti-IL33, Proteintech,
12372-1-AP, RRID: AB_2877852; anti-HOXA1, Affinity
Biosciences, DF3187, RRID: AB_2835410; anti-ZBED6,
Atlas Antibodies, HPA026439, RRID: AB_10599829)
overnight at 4°C. After primary antibody incubation,
the membranes were washed with TBST and incubated
with secondary antibodies (HRP goat anti-rabbit IgG,
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ABclonal, AS014, RRID: AB_2769854) for 60 min at
room temperature. Before imaging, the membranes
were washed with TBST, and bands were visualized
with ECL reagents (Millipore, WBKLS0500).
Dual luciferase assay
Human ZBED6 or HOXA1 coding sequences were
cloned into the pcDNA3.1 expression vector (gene syn-
thesis and subcloning were performed by GenScript
Biotech Corporation), resulting in pcDNA3.1-ZEBD6 or
pcDNA3.1-HOXA1. A 2100 bp human IL33 promoter
sequence was cloned into the pGL30-basic vector with a
firefly luciferase (LUC) reporter gene (Promega, E1751),
generating pGL3-IL33. Cells (2�105/well) were seeded in
6-well plates and transfected using JetPrime (Polyplus)
with 1600 ng of pGL3-IL33, 1600 ng of pcDNA3.1-
ZEBD6 or pcDNA3.1-HOXA1, and 4 ng of pRL-CMV,
which expresses Renilla luciferase (REN), as a transfec-
tion efficiency control. The enzyme activities of LUC
and REN were measured using a Dual-luciferase Assay
Kit (Nanjing Vazyme Biotech Co., Ltd., DD1205) on a
BioTek Synergy H4 multimode plate reader (Bio Tek
Instruments, Inc.). IL33 promoter activities are pre-
sented as the LUC/REN ratio.
Statistical analysis
ROC analysis was performed using GraphPad Prism
(GraphPad Software). The data are presented as the
mean § standard deviation (SD). One-way ANOVA and
Student’s t test were performed using SPSS software
(SPSS Inc.). Tukey’s one-way analysis of variance
(ANOVA) was used for multiple comparisons (*p <

0.05, **p < 0.01, and ***p < 0.001).
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Results

FFAR4 is upregulated in mice and patients with colitis
To investigate whether FFAR4 is related to IBD, three
different colitis models (DSS-, DNBS- and OXZ-induced
colitis) were established in mice. The levels of FFAR4
mRNA in both the colon (Figure 1a) and peripheral
blood leukocytes (Figure 1b) were significantly increased
in all colitis models, indicating marked consistency.
5



Figure 1. Upregulation of FFAR4mRNA expression in mice and patients with colitis. Three different murine colitis models (DSS-,
DNBS- and OXZ-induced colitis) were used, and qPCR was performed to measure the relative mRNA levels of FFAR4 in (a) mouse
colons (n=6) and (b) peripheral blood leukocytes (n=4), as well as (c) human peripheral blood leukocytes derived from colitis
patients (n=8) and healthy controls (n=7). The receiver operating characteristic (ROC) curve suggested that FFAR4 may have diag-
nostic potential for colitis. Error bars represent standard deviation, * p�0.05, **p�0.01, *** p�0.001 by t test.
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Next, FFAR4 mRNA expression was measured in
human peripheral blood leukocytes derived from UC
patients (n=8) and healthy controls (n=7), and similar
upregulation was observed (Figure 1c). In addition, a
receiver operating characteristic (ROC) curve analysis
was performed on the small number of patient samples,
and the results suggested that FFAR4 might have diag-
nostic potential for colitis (Figure 1c). These results indi-
cate that FFAR4 may participate in the disease
progression of colitis.
FFAR4 gene deletion attenuates experimental colitis
Although FFAR4 is highly expressed in human and
mouse intestines, FFAR4 is also expressed in other tis-
sues, such as the lung, adipocytes, dendritic cells and
microphages8 (http://biogps.org/). In addition, IBD
may involve multiple organs.33 Therefore, FFAR4 total-
knockout (KO) mice were generated to study whether
FFAR4 deletion affects colitis (Figure 2a). After 7 days
of DSS administration, KO mice exhibited lower levels
(p<0.05) of body weight loss than wild-type (WT) mice
(Figure 2b). Irregular stool and rectal bleeding were also
less severe in KO mice than in WT mice. Accordingly,
the disease activity index (DAI) was markedly decreased
in KO mice (Figure 2c). Furthermore, KO mice dis-
played lower levels of spleen weight gain, colon length
shortening and colonic myeloperoxidase (MPO) activity
increases than WT mice (Figure 2d). KO mice also had
slight increases in colonic mRNA expression of the
inflammatory factors Il-1b, Il-6, Tnf-a and Icam-1
(Figure 2e). Haematoxylin and eosin (H&E) and alcian
blue (AB) staining of KO mouse colon tissue revealed
reduced intestinal mucosal damage (Figure 2f). Overall,
KO mice displayed a less severe colitis phenotype than
WT mice (Figure 2g). Similar results were obtained in
DNBS- and OXZ-induced colitis mouse models (Figure
S1). Therefore, total FFAR4 knockout alleviated experi-
mental colitis.
Intestinal loss of FFAR4 recapitulates the attenuation
of DSS-induced colitis
To determine whether intestinal FFAR4 is the main fac-
tor in experimental colitis, gut-specific FFAR4 knockout
(GKO) mice were generated (Figure 3a). During DSS
administration, the GKO mice exhibited less weight loss
(Figure 3b) and lower DAI scores (Figure 3c) than fl/fl
mice. Similarly, GKO mice presented lower levels of
spleen weight gain, colon length shortening, colonic
MPO activity increases (Figure 3d), colonic mRNA
expression of inflammatory factors Il-1b, Il-6, Tnf-a and
Icam-1 (Figure 3e), and intestinal mucosal damage
(Figure 3f) and showed lower histological scores than fl/
fl control mice (Figure 3g). These results indicate that
the loss of intestinal FFAR4 is mainly responsible for
the attenuation of DSS-induced colitis.
www.thelancet.com Vol 80 Month June, 2022
FFAR4 overexpression in the intestine exacerbates
DSS-induced colitis
To further substantiate the role of intestinal FFAR4 in
colitis development, gut-specific FFAR4 transgenic
mice (Ge) were generated (Figure 4a). As expected, Ge

mice had opposite phenotypic responses to DSS-
induced colitis than GKO mice. Specifically, Ge mice
showed greater weight loss (Figure 4b), higher DAI
scores (Figure 4c), greater degrees of spleen weight
gain, colon length shortening, colonic MPO activity
increases (Figure 4d), larger increases in the colonic
mRNA expression of the inflammatory factors Il-1b, Il-
6, Tnf-a and Icam-1 (Figure 4e), more severe intestinal
mucosal damage (Figure 4f), and higher histological
scores than t/w controls (Figure 4g). These results fur-
ther demonstrate the role of intestinal FFAR4 in DSS-
induced colitis.
Transcriptomics data suggest that the loss of FFAR4
suppresses immune reactions.
To explore the potential molecular mechanism(s) medi-
ating the protective effect of FFAR4 gene deletion in
colitis, transcriptomics analysis was performed. In DSS-
induced colitis animals, 278 genes were upregulated
and 90 genes were downregulated (P<0.05; difference
in RPKM>2) in the colons of GKO mice compared to fl/
fl mice (Figure 5a). GO analysis showed enrichment in
upregulated genes in categories related to immune reg-
ulation, such as negative regulation of the adaptive
immune response and the response to interferon-b
(Figure 5b, c). In untreated animals, GO enrichment
analysis revealed the suppression of inflammation
(Figure S2). Thus, it is probable that FFAR4 can regu-
late immunity and that FFAR4 gene deletion in the
intestine suppresses colon inflammation during DSS-
induced colitis.
Treg cells mediate the protective effect against DSS-
induced colitis in the FFAR4-deleted intestine
Numerous studies have shown that Treg cells are criti-
cal for maintaining intestinal tolerance and relieving
intestinal inflammation.34,35 Notably, Cd25, a biomarker
of Treg cells, was upregulated and clustered with other
genes involved in the negative modulation of the adap-
tive immune response (Figure 5c). This evidence sug-
gests that Treg cells may play a protective role in DSS-
induced colitis. Indeed, the colons of DSS-induced GKO

mice showed significant transcriptional upregulation of
Treg cell-associated markers (Foxp3 and Cd25) as well as
Treg cell effectors (Il10 and Tgfb) compared with those
in DSS-treated fl/fl mice (Figure 6a). Furthermore, the
proportion of Treg cells (CD45+;CD4+;CD25+;FOXP3+)
in the spleen, mesenteric lymph nodes and colonic lam-
ina propria was markedly increased in DSS-treated GKO

mice compared to the controls (Figure 6b).
7

http://biogps.org/


Figure 2. FFAR4 gene deletion attenuates DSS-induced colitis. CRISPR�Cas9 gene editing strategy for total FFAR4 knockout (a).
The deletion of 26 bp and 7 bp nucleotides in the first exon of FFAR4 was identified by genomic sequencing. Genotyping primers
flanking the deletion region amplified a 110 bp band of the wild-type and an 87 bp band in knockout mice by PCR. Colitis was
induced by DSS in mice (n=8 per group), and weight changes (b) and DAI scores (c) were recorded daily (t test was performed
among DSS groups). The mice were sacrificed on Day 8, and spleen weight, colon length, relative colonic MPO levels (d), relative
mRNA levels of colonic inflammation-related genes (e), colon morphology (f) and histological scores (g) were monitored. Statistical
significance was determined using one-way ANOVA with Tukey tests for multiple-group comparisons. *p < 0.05, **p < 0.01, and
***p < 0.001.
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Anti-CD25 monoclonal antibodies (mAbs)28 and
low-dose cyclophosphamide (Cy)29,30 have been shown
to selectively deplete Treg cells in vivo. Treg cells were
depleted in mice by intraperitoneal injection of anti-
CD25 mAbs or Cy (Figure 6c). In GKO mice, Treg cell
depletion resulted in significant weight loss
(Figure 6d), increased DAI scores (Figure 6e), short-
ened colon lengths, augmented MPO activity and
increased histological scores (Figure 6f) and exacer-
bated mucosal damage (Figure 6g) compared with those
in the nondepleted group. In contrast, Treg cell deple-
tion had no significant impact on DSS-induced colitis in
fl/fl mice (Figure S3). These results indicated that Treg
cells largely mediated the protective effect against DSS-
induced colitis in the FFAR4-deleted intestine.
Silencing Il33 in the intestine reduces the Treg cell
population
Previous studies have reported that some cytokines,
such as interleukin 33 (IL33), thymic stromal lympho-
poietin (TSLP) and IL25, are released from impaired
intestinal epithelium and alleviate colitis by inducing
Treg cells.36,37 Of the three cytokines, the Il33
www.thelancet.com Vol 80 Month June, 2022



Figure 3. Intestinal loss of FFAR4 recapitulates the attenuation of DSS-induced colitis. Gene targeting strategy for intestinal-
specific FFAR4 knockout (a). Mice with floxed exon 1 of FFAR4 were generated by homologous recombination. Intestinal-specific
FFAR4 knockout (GKO) mice were obtained by mating with Villin-Cre mice. Genotyping primers amplifies a 243 bp band in wild-type
and a 273 bp band in fl/fl mice by PCR. Colitis was induced by DSS in fl/fl and GKO mice (n=8 per group), and weight changes (b)
and DAI scores (c) were recorded (t test was performed among DSS treated groups). The mice were sacrificed on Day 8, and the
spleen weight, colon length, relative colonic MPO levels (d), relative mRNA levels of colonic inflammation-related genes (e), colon
morphology (f) and histological scores (g) were evaluated. Statistical significance was determined using one-way ANOVA with Tukey
tests for multiple-group comparisons. *p < 0.05, **p < 0.01, and ***p < 0.001.
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transcription level was significantly upregulated in DSS-
induced GKO mice but not in fl/fl mice (Figure 7a). DSS
disrupts the intestinal epithelial barrier, and then com-
mensal bacteria can translocate from the lumen to the
mucosa, which may induce immune responses.38 To
simulate this condition in vitro, E. coli was used as a rep-
resentative commensal bacterium and was incubated
with HT29 human colonic epithelial cells for 12 h.
www.thelancet.com Vol 80 Month June, 2022
FFAR4 knockdown markedly increased IL33 transcript
levels in HT29 cells, and E. coli stimulation further
increased IL33 levels (Figure 7a). These results suggest
that the colonic Treg response is likely regulated by
FFAR4 via IL33. GKO mice were then intrarectally
administered Il33 shRNA lentivirus, followed by DSS,
and successful silencing of Il33 was confirmed by qPCR
(Figure 7b). In comparison to controls, Il33 knockdown
9



Figure 4. FFAR4 overexpression in the intestine exacerbates DSS-induced colitis. Transgenic strategy for intestinal-specific
FFAR4 expression (a). The floxed FFAR4 expression cassette was targeted to the Hipp11 locus by homologous recombination, gener-
ating FFAR4 transgenic mice (t/w). Intestinal-specific FFAR4-expressing mice (Ge) were obtained by mating with Villin-Cre mice,
which removes the STOP fragment. The F1 and R primers amplifies a 412 bp band in wild-type mice, and the F2 and R primers gen-
erates a 1051 bp band in t/t mice by PCR. The success of gut-specific expression was confirmed by qPCR analysis of FFAR4 mRNA in
the mouse colon (n=6, *** p�0.001 by t test). Colitis was induced by DSS in t/w and Ge mice (n=8 per group), and weight change
(b) and DAI scores (c) were recorded (t test was performed among DSS treated groups). The mice were sacrificed on Day 8, and the
spleen weight, colon length, relative colonic MPO levels (d), relative mRNA levels of colonic inflammation-related genes (e), colon
morphology (f) and histological scores (g) were evaluated. Statistical significance was determined using one-way ANOVA with Tukey
tests for multiple-group comparisons. *p < 0.05, **p < 0.01, and ***p < 0.001.
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evidently decreased body weight, increased DAI scores
(Figure 7c), enlarged the spleen, shortened the colon
length, augmented MPO activity, increased histological
scores (Figure 7d), and worsened mucosal damage
(Figure 7e) in DSS-induced GKO mice. Additionally, Il33
knockdown significantly reduced the number of Treg
cells in the spleen, mesenteric lymph nodes and colonic
lamina propria (Figure 7f), suggesting that silencing
Il33 in the intestine reduced the Treg cell population in
DSS-induced GKO mice.
www.thelancet.com Vol 80 Month June, 2022



Figure 5. Transcriptomics data suggest that the loss of
FFAR4 suppresses immune reactions. A transcriptomics
approach was used to identify differentially expressed genes in
the colons of fl/fl and GKO mice with DSS-induced colitis. A vol-
cano plot shows the distribution of upregulated (red) and
downregulated (green) genes (a). GO enrichment analysis of
upregulated (red) and downregulated (green) genes (b). Heat-
map showing genes in the most significant cluster (negative
regulation of immune response-related genes) (c). It is notewor-
thy that the Treg cell marker Cd25 is among the clusters.
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FFAR4 regulates IL33 transcription via ZBED6
To assess how FFAR4 regulates IL33, transcriptomics
analysis was performed comparing HT29 cells treated
with IL33 or control shRNA. The data were examined to
uncover possible transcription factors (TFs) that control
IL33 mRNA transcription. Zinc finger BED-type con-
taining 6 (ZBED6) and homeobox A1 (HOXA1) were
www.thelancet.com Vol 80 Month June, 2022
found to be upregulated (fold change>2, p<0.05), and
the results were validated by qPCR (Figure 8a). Further
analysis showed that ZBED6 knockdown alone or
together with FFAR4 markedly blocked IL33 transcrip-
tion in HT29 cells (Figure 8b); however, knockdown of
HOXA1 had little effect, and these results were con-
firmed at the protein level (Figure 8c). To further vali-
date the role of ZBED6 in IL33 transcription, a
luciferase reporter containing 2.1 kb of the IL33 pro-
moter sequence was constructed. Cotransfection of the
reporter and ZBED6 but notHOXA1 activated luciferase
transcription and luciferase activity (Figure 8d). These
data demonstrate that FFAR4 regulates IL33 transcrip-
tion via ZBED6.
Discussion
Our findings indicate that intestinal FFAR4 may exert a
promotive effect on the pathogenesis of IBD. However,
previous studies have reported that LCFAs or synthetic
ligands, such as agonists of FFAR4, suppress
inflammation.19,20,39 The reasons for this seemingly
contradictory result are unclear. Inconsistent conclu-
sions may be reached due to FFAR4 polymorphisms
among populations, and it was previously reported that
several FFAR4 mutations exist in populations.40 There-
fore, LCFAs may influence IBD risk differently in these
populations. Furthermore, we previously showed that
FFAR4 was not required for v-3 PUFA-mediated cell
growth inhibition and apoptosis in cancer cells.41

FFAR4 may not participate in the regulation of IBD
through LCFAs and may modulate the development of
IBD directly. Another possibility is the selectivity of ago-
nists; most FFAR4 agonists can also activate
FFAR1,10,42�44 which plays an important role in inflam-
matory regulation.8,45 In addition, numerous LCFAs
can bind to FFAR4,42 which may produce different
effects, as fatty acids have diverse functions. For exam-
ple, eicosapentaenoic acid is clinically used for its hypo-
lipidaemic effects, while a-linolenic acid does not have
such an effect.46,47 Furthermore, LCFAs may exert their
effects independent of FFAR4.41,48 Using a gene knock-
out approach, we demonstrated that intestinal-specific
deletion of FFAR4 ameliorated colitis, whereas intesti-
nal-specific overexpression of FFAR4 exacerbated colitis
and that intestinal FFAR4 regulated Treg cells via the
ZBED6/IL33 pathway.

Transcriptomics analysis suggested that FFAR4 reg-
ulates the immune response in colitis. Treg cells play
an important role in maintaining intestinal immune
homeostasis,49,50 and the transfer of Treg cells can heal
colitis.51,52 We showed that total knockout of FFAR4
attenuated experimental colitis, that this attenuation
could be recapitulated by intestinal loss of FFAR4 alone
and that Treg cells mediated the protective effect. These
data connect FFAR4 to Treg cells. Intestinal epithelial
injury is the initiating event in colitis,53 and the injured
11



Figure 6. Treg cells mediate the protective effect against DSS-induced colitis in the FFAR4-deficient intestine. The relative
mRNA levels of colonic Treg cell-related genes (n=6) were measured by qPCR (a). Treg cell (CD45+;CD4+;CD25+;FOXP3+) populations
in the mouse spleen, mesenteric lymph nodes and colon with and without DSS (n=6 per group) were determined by flow cytometry
(b). Treg cell depletion scheme (c). Treg cells were depleted in mice by intraperitoneal injection of anti-CD25 mAbs (Ab) (100 ml/
mouse) or cyclophosphamide (Cy) (20 mg/kg) on Day -1 and Day 2, and DSS treatment was started on Day 0 and ended on Day 7.
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Weight changes (d), DAI scores (e) (t test was performed among DSS treated groups), spleen weight, colon length, relative colonic
MPO levels, histological scores (f) and colon morphology (g) were assessed. Statistical significance was determined using one-way
ANOVA with Tukey tests for multiple-group comparisons. *p < 0.05, **p < 0.01, and ***p < 0.001.

Figure 7. Silencing Il33 in the intestine downregulates Treg cell levels. Relative Il33 mRNA levels were measured by qPCR in the
mouse colon (n=6 per group) and in HT29 cells (a). Colonic Il33 knockdown scheme (b). Mice were intrarectally administered Il33
shRNA lentivirus (108 TU/ml, 100 ml/mouse) on Day -4 (n=8), and DSS was administered from Day 0 to Day 7. The success of Il33
silencing in the mouse colon (n=6) was verified by qPCR. Weight changes, DAI scores (c) (t test was performed among DSS treated
groups), spleen weight, colon length, relative colonic MPO levels, histological scores (d) and colon morphology (e) were evaluated.
Treg cell (CD45+;CD4+;CD25+;FOXP3+) populations in the mouse spleen, mesenteric lymph nodes and colon with and without Il33
shRNA (n=6 per group) were determined by flow cytometry (f). Statistical significance was determined using one-way ANOVA with
Tukey tests for multiple-group comparisons. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 8. FFAR4 regulates IL33 transcription via ZBED6. Heatmap of differentially expressed genes (fold change�2, p value<0.05)
between HT29 shControl and HT29 shFFAR4 cells, as identified by transcriptomics (a). The top two upregulated transcription factor
genes (ZBED6 and HOXA1) were identified and confirmed by qPCR. ZBED6 and HOXA1 were silenced in HT29 cells with or without
FFAR4 knockdown, and the relative IL33 mRNA levels were analysed by qPCR (b). Protein levels of IL33, ZBED6 and HOXA1 were
measured by Western blot analysis (c). A 2.1 kbp IL33 promoter was subcloned into the pGL3-basic vector, generating pGL3-IL33
promoter-Luc. A luciferase assay was performed by cotransfecting pGL3-IL33 promoter-Luc, pRLCMV-REN and pcDNA-ZBED6 or
pcDNA-HOXA1 into HEK-293T cells (n=6). The relative luciferase activity is presented after normalizing firefly luciferase to Renilla
luciferase activity (d). Statistical significance was determined using one-way ANOVA with Tukey tests for multiple-group compari-
sons. *p < 0.05, **p < 0.01, and ***p < 0.001. Schematic presentation of the FFAR4-ZBED6-IL33-Treg pathway (e). The arrow indi-
cates stimulation, and ┤indicates suppression. FFAR4 deletion attenuates colitis by upregulating ZBED6 expression, leading to an
increase in IL33 and subsequently resulting in an increase in the Treg population.
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epithelium releases cytokines to regulate the immune
response.54,55 IL33 is one of these cytokines and has
been reported to ameliorate experimental colitis by pro-
moting Treg cells.36,56,57 We demonstrated that IL33 lev-
els were increased in the GKO mouse intestine, which
protected against DSS-induced colitis, and silencing Il33
diminished the Treg cell population and abolished this
protection. Thus, Treg cells are activated by IL33.
Finally, we found that the loss of FFAR4 increased
ZBED6 levels, which triggered IL33 transcription.
Therefore, we propose the following regulatory path-
way: the loss of intestinal FFAR4 allows the upregula-
tion of ZBED6 expression, resulting in the
transactivation of IL33, subsequent recruitment of Treg
cells and consequent protection against colitis
(Figure 8d).

ZBED6 is a highly conserved transcription factor in
placental mammals that affects development, cell prolif-
eration and growth.58,59 It has been reported that
ZBED6 acts as a repressor at the IGF2 locus59,60 but
may act as a transcriptional activator under some cir-
cumstances.61 We showed that ZBED6 could activate
IL33 transcription in intestinal epithelial HT29 cells
and IL33 promoter assays. A canonical TATA box
sequence (TATAAAAG) is located 1562 bp upstream of
the IL33 5’ UTR, but its actual function, however,
remains to be experimentally confirmed. There is no
known ZBED6 binding site (GCTCG) within the 2.1 kb
fragment, but a site (GCTCA) 23 bp upstream and 2
sites (GCTCT) 258 bp and 812 bp upstream of the 5’
UTR are present. Further studies are needed to identify
the ZBED6 binding site on the IL33 promoter.

Approximately a dozen synthetic or natural FFAR4
agonists have been identified, yet few antagonists are
available.62 Our results suggest that intestinal FFAR4
antagonism but not agonism may have therapeutic
potential for IBD. It has also been reported that FFAR4
activation may decrease the expression of anti-inflam-
matory GLP-2 in intestinal L-cells when TNFa is pres-
ent.63 AH7614, the only known FFAR4 antagonist, has
off-target effects.64 Therefore, the development of
FFAR4 antagonists and tissue-specific delivery methods
may hold great promise for the future management of
IBD.

Several studies have shown a protective role of IL33
in murine colitis models,56,57,65 which is consistent
with our observations. Thus, intestinal use of IL33 for
IBD treatment deserves further investigation. Intracel-
lular IL33 can interact with the transcription factor NF-
kB to dampen NF-kB-induced gene transcription.66

IL33 may promote an innate immune response associ-
ated with intestinal tissue protection.67 IL33 has also
been shown to activate Treg cells through its receptor
ST2.68,69 How IL33 regulates Treg cells in our colitis
model is currently unknown.

ZBED6 originated from a DNA transposon that inte-
grated into the genome of a primitive mammal several
www.thelancet.com Vol 80 Month June, 2022
millions of years ago and evolved an essential function
in the common ancestor of placental mammals.70

ZBED6 is one of the 43 probable genes derived from
DNA transposons71 and received no attention until the
discovery that the loss of ZBED6 repression of IGF2
transcription had pigs grow more muscle.59 Little is
known about the function of ZBED6 in other species.
The regulation of ZBED6 by FFAR4 is intriguing and
may provide a useful model for studying fatty acid
receptors and transcription factors, as well as a potential
target for IBD treatment.

In conclusion, our study demonstrates that intestinal
FFAR4 promotes colitis development, describes a novel
mechanism by which FFAR4 regulates Treg cells via
the ZBED6-IL33 pathway, and may contribute new ther-
apeutic strategies for the management of IBD.
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