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2019.—Diets high in animal fats are associated with increased risks of
inflammatory bowel disease, but the mechanism remains unclear. In
this study, we investigated the effect of high-fat diet (HFD) on the
development of experimental colitis in mice. Relative to mice fed
low-fat diet (LFD), HFD feeding for 4 wk increased the levels of
triglyceride, cholesterol, and free fatty acids in the plasma as well as
within the colonic mucosa. In an experimental colitis model induced
by 2,4,6-trinitrobenzenesulfonic acid (TNBS), mice on 4-wk HFD
exhibited more severe colonic inflammation and developed more
severe colitis compared with the LFD counterparts. HFD feeding
resulted in higher production of mucosal pro-inflammatory cytokines,
greater activation of the myosin light chain kinase (MLCK) tight
junction regulatory pathway, and greater increases in mucosal barrier
permeability in mice following TNBS induction. HFD feeding also
induced gp91, an NADPH oxidase subunit, and promoted reactive
oxygen species (ROS) production in both colonic epithelial cells and
lamina propria cells. In HCT116 cell culture, palmitic acid or palmitic
acid and TNF-� combination markedly increased ROS production and
induced the MLCK pathway, and these effects were markedly dimin-
ished in the presence of a ROS scavenger. Taken together, these data
suggest that HFD promotes colitis by aggravating mucosal oxidative
stress, which rapidly drives mucosal inflammation and increases
intestinal mucosal barrier permeability.

NEW & NOTEWORTHY This study demonstrates high-fat diet
feeding promotes colitis in a 2,4,6-trinitrobenzenesulfonic acid-in-
duced experimental colitis model in mice. The underlying mechanism
is that high-fat diet induces oxidative stress in the colonic mucosa,
which increases colonic epithelial barrier permeability and drives
colonic mucosal inflammation. These observations provide molecular
evidence that diets high in saturated fats are detrimental to patients
with inflammatory bowel diseases.
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INTRODUCTION

As a major disorder of the gastrointestinal tract in humans,
inflammatory bowel disease (IBD), including ulcerative colitis
(UC) and Crohn’s disease (CD), has no clear etiology (13), but
it is generally accepted that inappropriate activation of the
intestinal mucosal immune system is a primary contributor to

this disorder (30). The mucosal epithelial barrier plays a key
role in the protection against mucosal inflammation and in the
maintenance of the homeostasis of the intestinal tract, as it
separates luminal bacteria, toxins, and antigens from the mu-
cosal immune system (19, 42). Dysfunction of the barrier
usually leads to increased barrier permeability and thus inva-
sion of luminal antigens and bacteria into the lamina propria,
triggering immune cell-mediated mucosal inflammation (11,
13). Indeed, increased permeability of the mucosal barrier has
been well documented in patients with IBD (34). The tight
junction seals the intercellular space of intestinal epithelial
cells and regulates the permeability of the epithelial barrier.
Myosin light chain kinase (MLCK) is a key regulator of tight
junction permeability (8, 17). MLCK phosphorylates myosin II
regulatory light chain (MLC), which leads to remodeling of the
tight junction structure (36). It is well known that inflammatory
mediators, such as pro-inflammatory cytokines, are able to
disrupt epithelial tight junctions. Pro-inflammatory cytokines,
such as TNF-�, highly induces MLCK expression to promote
tight junction dysregulation (9, 41). Moreover, tight junctions
can also be compromised by oxidative stress (12, 32), which
may be involved in tyrosine kinase-mediated tight junction
protein phosphorylation (25, 31). It is well known that there is
a close link between oxidative stress and inflammation in
cancer development (33); therefore, it is conceivable that
oxidative stress can also disrupt epithelial tight junctions via
inducing inflammation.

Dietary effects on the onset and development of IBD have
been an interesting topic in IBD research (18). Diets can
trigger IBD or have therapeutic effects on colitis (20). For
example, long-term intake of dietary fats is associated with
the risk of IBD: high intake of dietary long-chain n-3
polyunsaturated fats may be associated with a reduced risk
of UC, whereas high intake of trans-unsaturated fats may be
associated with an increased risk of UC (1). Western diets,
high in saturated fats and sucrose and low in fibers, may
present a risk factor for increased mucosal inflammation and
IBD (38). Indeed, a high-fat diet (HFD) has been reported to
exacerbate the development of experimental colitis in vari-
ous experimental models, and the promoting effect was
thought to be independent of obesity (14, 27, 40). However,
the exact mechanism underlying the damaging effect of
HFD remains to be clarified. In this report, we presented
strong evidence that HFD promotes experimental colitis by
inducing mucosal oxidative stress leading to increases in
mucosal barrier permeability.
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METHODS

Animals and treatment. Male C57BL/6 mice (6–8 wk old, 18–20
g) were housed under a 12-h light/dark cycle at room temperature with
ad libitum access to food and water. The mice were either fed an HFD
(TP-23520, Trophic Diet, China), which contained 60% available
energy as fat, or a low-fat diet (LFD; TP-23524, Trophic Diet, China),
which contained 10% available energy as fat, for 4 wk. After 4 wk
dietary treatment, experimental colitis was induced using 2,4,6-trini-
trobenzenesulfonic acid (TNBS; Sigma-Aldrich), according to a pro-
tocol previously described (45). Briefly, mice were presensitized with
1% TNBS solution; after 8 days, mice that had been fasted overnight
were treated under anesthesia with 0.1 mL of solution consisting of
5%TNBS and 100% alcohol (1:1) via intrarectal injection. Control
mice received 50% alcohol treatment. Body weight, stool consistency,
and rectal bleeding were monitored daily. Mice were usually killed on
the third day after TNBS treatment, and colons were harvested
immediately for histological and biochemical analyses. Clinical scores
were assessed as detailed previously (37). Colonic mucosa was
scraped to isolate total RNAs or proteins. All animal studies were
approved by the Institutional Ethical Committee of China Medical
University.

Assessment of lipids. Mouse blood and colon were collected after 4
wk of dietary treatment for lipid measurement. Colonic mucosal lipids
were extracted using a mixture of chloroform and methanol according
to a rapid lipid extraction method described previously (3). The
extracted lipids were naturally dried and weighed. Triglyceride, cho-
lesterol, and nonesterified free fatty acid contents were quantified
using commercial assay kits purchased from Nanjing Jiancheng Bio-
engineering Institute, China, according to the manufacturer’s instruc-
tions.

Measurement of colonic permeability. To measure colonic mucosal
permeability in vivo, mice were fasted for 6 h before being gavaged
with 4,000 Da FITC-dextran at 200 mg/kg as described (9). After 2 h,
blood was collected, and serum FITC-dextran content was determined

using an M200 TECAN microplate reader at 530 nm wavelength. To
measure transepithelial electrical resistance (TER) of the colon, 1.5
cm of distal colon was mounted onto the Ussing chamber system
(Physiologic Instruments, San Diego, CA), and TER was recorded as
reported previously (22).

Histological analysis and immunofluorescence staining. The colon
was collected from mice immediately after death, fixed overnight in
4% formaldehyde made in PBS (pH 7.2–7.4), processed, and embed-
ded in paraffin wax. Colons were embedded as “Swiss roll” as
described (29). Tissue blocks were cut into 4-�m sections and stained
with hematoxylin and eosin for examination. Colonic histologic
scores were recorded according to a previously described scoring
system (2, 16). For immunostaining, antigen retrieval was carried out
using high-pressure cooking in 10 mM sodium citrate buffer. Slides
were blocked for 30 min at room temperature with 5% goat serum,
followed by incubation with anti-ZO-1 antibody (66452-1-lg, Protein-
tech) overnight at 4°C and then with DyLight-488-conjugated sec-
ondary antibody (E-032210, EarthOx) for 1 h at room temperature.
The slides were also costained with 4=,6-diamidino-2-phenylindole
(C-0060, Solarbio) for 10 min before being examined under a Leica
fluorescence microscope.

Electronic microscopy. Colon tissue pieces were fixed in 2.5%
glutaraldehyde and postfixed in 1% osmium tetroxide. Fixed colon
tissues were dehydrated through graded alcohols, penetrated with
acetone, and embedded in epoxy resin. Ultrathin pieces (70–90 nm)
were stained with uranyl acetate and lead citrate and then examined
under a Hitachi H7650 electron microscope (Tokyo, Japan). Measure-
ment of mitochondrial diameter (width) and length were based on at
least three electronic microscopic micrographs and four to six cells.

Cell culture and treatment. HCT116 cells were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum at 37°C and
5% CO2. Cells were treated with 100 ng/mL TNF-�, 100 �M palmitic
acid (PA), or both for 12 h. In some experiments, the cells were

Table 1. Nucleotide sequences of PCR primers used in the study

Primer Name Forward (5=-3=) Reverse (5=-3=)

mTNF-� TCAGCCTCTTCTCATTCCTG CAGGCTTGTCACTCGAATTT

mIL-1� GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG

mIL-6 ATAGTCCTTCCTACCCCAATTTCC CTGACCACAGTGAGGAATGTCCAC

mIFN-� GCGTCATTGAATCACACCTG TGAGCTCATTGAATGCTTGG

mIL-17 TCCCTCTGTGATCTGGGAAG AGCATCTTCTCGACCCTGAA

mIL-23p19 AATAATGTGCCCCGTATCCA CATGGGGCTATCAGGGAGTA

mMCP-1 CAAGAAGGAATGGGTCCAGA TGAGGTGGTTGTGGAAAAGG

mGAPDH TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGA

Fig. 1. High-fat diet (HFD) feeding in-
creases lipid contents in the plasma and
colonic mucosa. Body weight changes in
mice on low-fat diet (LFD) or HFD for 4
wk (A). **P � 0.01, ***P � 0.001 vs.
LFD; n � 9 each group. Triglyceride (B),
cholesterol (C), and free fatty acid (FFA;
D) content in the plasma of LFD-fed or
HFD-fed mice. **P � 0.01 vs. LFD; n �
10 –12 each group. Triglyceride (E) and
cholesterol (F) content in colonic mucosa
of LFD-fed or HFD-fed mice. *P � 0.05
vs. LFD; n � 8 each group.
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pretreated with 5 mM N-acetyl-L-cysteine (NAC; A-9165, Sigma-
Aldrich) for 1 h before these treatments.

Measurement of reactive oxygen species. To measure reactive
oxygen species (ROS) in colonic epithelial cells and lamina propria
cells, colons were opened longitudinally, washed in cold PBS, and cut
into 2-cm pieces. The pieces were incubated twice in HBSS contain-
ing 5 mM EDTA and 1 mM DTT for 20 min at 37°C. The supernatant
was collected and centrifuged for 5 min at 1,500 revolutions/min to
collect colonic epithelial cells. Then the tissues were digested in
RPMI 1640 medium supplemented with 20% fetal bovine serum
containing collagenase VIII (200 U/mL, Sigma-Aldrich) and DNaseI
(50 U/mL, Sigma-Aldrich) for 1.5 h at 37°C. The supernatant was
centrifuged at 1,500 revolutions/min for 5 min to harvest colonic
lamina propria cells (15, 44). ROS was measured using a Reactive
Oxygen Species Assay kit (S-0033, Beyotime) according to the
manufacturer’s instruction. The epithelial and lamina propria cells
were resuspended in serum-free RPMI 1640 medium and loaded with
10 �M 2=,7=-dichlorodihydrofluorescein diacetate for 30 min at 37°C
and 5% CO2. After two washes with PBS, the cells were observed
under a Leica inverted fluorescence microscope. Similarly, HCT116
cells were loaded with 10 �M 2=,7=-dichlorodihydrofluorescein diace-
tate for 30 min at 37°C and 5% CO2, washed twice with PBS, and
observed under a Leica fluorescence microscope.

Measurement of mitochondrial membrane potential. Mitochondrial
membrane potential was assessed using a commercial JC-1 Mito-
chondrial Membrane Potential Assay kit (C-2006, Beyotime) ac-
cording to the manufacturer’s protocol. Tetraethylbenzimidazolyl-
carbocyanine iodide (JC-1)-stained cells were analyzed by flow
cytometry. JC-1 is a cationic dye that accumulates in energized
mitochondria. At low concentrations (due to low mitochondrial
membrane potential), JC-1 is predominantly a monomer that yields
green fluorescence with emission of 530 � 15 nm. At high con-
centrations (because of high mitochondrial membrane potential),
the dye aggregates, yielding a red to orange color with emission of
590 � 17.5 nm (4). The polarization of mitochondrial membranes
was expressed as red fluorescence to green fluorescence ratio.

Western blot analysis. Proteins were separated on SDS-PAGE,
transferred to polyvinylidene fluoride (PVDF) membranes and blotted
with primary antibodies, followed by appropriate secondary antibod-
ies and chemiluminescent detection, as reported previously (21). The
primary antibodies used in this study were against �-actin (sc-47778,
Santa Cruz Biotechnology), TNF-� (ab-9739, Abcam), p-MLC (3674,
Cell Signaling), MLCK (ab-76092, Abcam), occludin (ab-216327,
Abcam), claudin-2 (ab-53032, Abcam), and gp91 (ab-129068, Ab-
cam).

Fig. 2. High-fat diet (HFD) feeding exacerbates colitis in mice. A: body weight changes in mice on low-fat diet (LFD) or HFD for 4 wk following
2,4,6-trinitrobenzenesulfonic acid (TNBS) treatment. **P � 0.01 vs. respective LFD or HFD; #P � 0.05, ##P � 0.01 vs. LFD	TNBS; n � 5 each group. B:
gross morphology of the colons on day 3 after TNBS treatment (arrow points to bleeding). C: clinical score of the colons on day 3 after TNBS treatment. #P �
0.05 vs. LFD	TNBS; n � 10 each group. D: hematoxylin and eosin histology of the colons on day 3 after TNBS treatment (arrows point to the ulcerated area;
magnification: 
50). E: histological score of the colons on day 3 after TNBS treatment. #P � 0.05 vs. LFD	TNBS; n � 10 each group. F: real-time RT-PCR
quantitation of pro-inflammatory cytokines and chemokines in colonic mucosa on day 3 after TNBS treatment. *P � 0.05, **P � 0.01 vs. LFD or HFD; #P �
0.05, ##P � 0.01 vs. LFD	TNBS; n � 3–5 each group.
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RT-PCR. Total RNAs were extracted using TRIzol reagent
(Invitrogen). First-strand cDNA was synthesized using Prime-
Script RT reagent kit (TaKaRa, Mountain View, CA). Real-time
PCR was performed using SYBR Premix Ex kit (TaKaRa) in an

ABI 7500 real-time system. The relative amounts of transcripts
were calculated using the 2���Ct formula (35), normalized to
GAPDH as an internal control. PCR primers are provided in
Table 1.

Fig. 3. High-fat diet (HFD) feeding increases the permeability of colonic mucosal barrier. Quantitation of paracellular FITC-dextran passage across mucosal
barrier in mice (A). **P � 0.01 vs. low-fat diet (LFD) or HFD; ##P � 0.01 vs. LFD	2,4,6-trinitrobenzenesulfonic acid (TNBS); n � 5 each group. Ussing
chamber assessment (B) and quantitation (C) of colonic transepithelial resistance (TER) in LFD-fed and HFD-fed mice on day 3 after TNBS treatment. **P �
0.01 vs. LFD or HFD; $P � 0.05 vs. LFD; #P � 0.05 vs. LFD	TNBS; n � 3 each group. Electron microscopic examination of tight junction (arrows) in
epithelial barrier (D). Immunostaining of colonic epithelium with anti-ZO-1 antibody (E). Green, ZO-1; blue, DAPI stained nucleus (magnification: 
200).
Arrows indicate diminished ZO-1 on the epithelial surface. Western blot analyses (F) and densitometric quantitation (G) of indicated proteins in colonic mucosal
lysates. *P � 0.05, **P � 0.01 vs. LFD or HFD; #P � 0.05, ##P � 0.01 vs. LFD	TNBS; $P � 0.05, $$P � 0.01 vs. LFD; n � 5 each group. Only
representative blots are shown. MLC, myosin II regulatory light chain; MLCK, myosin light chain kinase

.
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Statistical analysis. Data values were presented as means � SE.
Statistical comparisons were carried out using unpaired two-tailed
Student’s t test for two-group comparisons; for three or more group
comparisons, one-way analysis of variance was used with a Student-
Newman-Keuls post hoc test. P � 0.05 was considered statistically
significant.

RESULTS

HFD feeding increases lipid contents in colonic mucosa. To
explore the effect of an HFD on the development of colitis, we
fed C57BL/6 mice a HFD for 1 mo before subjecting them to
the TNBS colitis model. As expected, mice fed the HFD
showed a higher rate of body weight increase compared with
mice receiving LFD (Fig. 1A). At the end of this dietary
treatment, the HFD-fed mice exhibited significant increases in
plasma triglyceride, cholesterol, and free fatty acid concentra-
tions (Fig. 1, B–D). Interestingly, HFD also markedly in-
creased the contents of triglyceride and cholesterol in colonic
mucosa compared with LFD (Fig. 1, D and E). The increase in
lipid contents, especially within the colonic mucosa, may
render the animals more susceptible to colitis development
following TNBS induction.

HFD exacerbates the development of experimental colitis.
After TNBS installation, mice developed body weight loss
within 3 days, an indicator of colitis development, but body
weight loss was more severe in HFD-fed mice compared with

LFD-fed mice (Fig. 2A). TNBS-treated colons were shortened
and swollen, with signs of bleeding and no visible fecal pellet
formation (Fig. 2B), and semiquantitative evaluation of these
colons showed that HFD-fed mice had significantly higher
clinical scores than LFD-fed mice (Fig. 2C). Histological
examination revealed more severe colonic ulceration and his-
tological damage in HFD-fed mice compared with LFD-fed
mice following TNBS induction (Fig. 2, D and E). HFD-fed
mice developed much larger ulcerative lesions in the distal
colon after TNBS induction (Fig. 2D). Moreover, HFD-treated
mice expressed much higher levels of pro-inflammatory cyto-
kines and chemokines (TNF-�, IL-1�, IL-6, INF-�, IL-23p19,
IL-17, and MCP-1) in the colonic mucosa compared with
LFD-treated mice following TNBS induction (Fig. 2F). To-
gether these observations indicate that HFD enhances colonic
inflammation and exacerbates colitis development in the TNBS
experimental colitis model.

HFD increases colonic mucosal permeability. To explore
the mechanism of increased colonic inflammation in HFD-
treated mice, we assessed colonic permeability by FITC-dex-
tran gavage and Ussing chamber assays. In FITC-dextran
feeding assays, HFD-fed mice exhibited greater increases in
plasma FITC-dextran concentrations compared with LFD-
treated mice, indicating greater intestinal permeability in HFD-
fed mice following TNBS induction (Fig. 3A). Direct measure-
ment of colonic mucosal TER using the Ussing chamber

Fig. 4. High-fat diet (HFD) feeding induces oxidative stress in colonic mucosa. Representative images of reactive oxygen species (ROS)-induced dichlorofluorescein
fluorescence (A) and quantification of ROS production (B) in purified colonic epithelial cells (magnification: 
200). **P � 0.01 vs. LFD or HFD, #P � 0.05 vs.
LFD	2,4,6-trinitrobenzenesulfonic acid (TNBS); $P � 0.05 vs. LFD; n � 4 each group. Representative images of ROS-induced dichlorofluorescein fluorescence (C)
and quantification of ROS production (D) in isolated colonic lamina propria cells (magnification: 
200). **P � 0.01 vs. LFD or HFD; $$P � 0.01 vs. LFD; #P �
0.05 vs. LFD	TNBS; n � 4 each group. Electron microscopic examination of mitochondrial structure in colonic epithelial cells from the four groups of mice (E). Arrows
indicate examples of elongated mitochondria. Average mitochondrial diameter (width) and length (F). *P � 0.05, **P � 0.01 vs. LFD or HFD; $$P � 0.01 vs. LFD;
#P � 0.05 vs. LFD	TNBS. Representative Western blot (G) and densitometric quantitation (H) of gp91. **P � 0.01 vs. LFD or HFD; #P � 0.05 vs. LFD	TNBS;
$P � 0.05 vs. LFD; n � 5 each group.
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confirmed that TNBS markedly reduced colonic TER in both
HFD-fed and LFD-fed mice, but the reduction in TER was
greater in HFD-treated mice (Fig. 3, B and C). Consistent with
these results, electron microscopy revealed a more open tight
junction structure in the colonic epithelial barrier of HFD-
treated mice following TNBS insult (Fig. 3D). Moreover,
immunostaining of the mucosal epithelium with anti-ZO-1
antibody revealed marked decreases in tight junction protein
ZO-1 on the epithelial surface of TNBS-treated colons, but
HFD-fed mice showed more severe ZO-1 reduction (Fig. 3E).
Analyses of colonic mucosal lysates with Western blotting
showed that TNBS treatment induced TNF-�, MLCK, phos-
pho-MLC, and claudin-2, but suppressed occludin, and these
changes were more robust in HFD-fed mice (Fig. 3, F and G).
These are well-known markers for intestinal epithelial tight
junction dysfunction, largely accounting for the increased per-
meability of mucosal epithelial barrier. Thus, HFD promotes
the disruption of colonic epithelial barrier in this experimental
colitis model.

HFD induces oxidative stress in mucosal epithelial cells and
lamina propria cells. To better understand how HFD damages
the mucosal barrier, we assessed oxidative stress in colonic
epithelial cells and lamina propria cells. As shown in Fig. 4,
HFD feeding increased ROS production in both colonic epi-
thelial cells and lamina propria cells at baseline; TNBS treat-
ment markedly induced ROS production in these cells, but the
induction of ROS was more robust in HFD-fed mice (Fig. 4,

A–D). Electron microscopic examination showed that HFD
feeding increased mitochondrial size and probably induced
mitochondrial fusion within colonic epithelial cells, especially
in the presence of TNBS (Fig. 4, E and F), signs of increased
cellular stress and mitochondrial overactivation that can lead to
increased ROS production (46). TNBS treatment induced the
expression of gp91, a key subunit of NADPH oxidase, in
colonic mucosa, and HFD feeding further enhanced gp91
expression in the colon (Fig. 4, G and H). These data indicate
that HFD feeding increases oxidative stress in colonic mucosa,
which contributes to mucosal barrier injury in experimental
colitis.

Fatty acids and pro-inflammatory cytokines induce oxidative
stress in colonic epithelial cells. We speculated that high lipid
content and inflammation in the mucosa are key factors that
promoted epithelial barrier dysfunction. To mimic these fac-
tors, we exposed HCT116 colonic epithelial cells to PA,
TNF-�, or both. PA is a major long-chain saturated fatty acid
that is known to alter cellular metabolism, increase oxidative
stress, and promote inflammation (5, 28), and it is the most
widely used fatty acid in studying oxidative stress and inflam-
mation. As shown in Fig. 5, either PA or TNF-� treatment was
able to induce ROS production in HCT116 cells, and the
combination of PA and TNF-� had much greater effects on
ROS induction (Fig. 5, A and B). Moreover, JC-1 assays
showed that TNF-� or PA and TNF-� combination induced
mitochondrial depolarization, with the combination having

Fig. 5. Fatty acid and pro-inflammatory cytokine induce oxidative stress and activate myosin light chain kinase (MLCK) pathway in colonic epithelial cell line.
Representative images of reactive oxygen species (ROS)-induced dichlorofluorescein fluorescence (A) and quantification of ROS production (B) in HCT116 cells under
different treatments as indicated (magnification: 
200). *P � 0.05; **P � 0.01 vs. Control; $$P � 0.01 vs. Control; #P � 0.05 vs. palmitic acid (PA) or TNF-�;
n � 4 each group. Representative flow cytometry plots (C) and quantitation of red/green fluorescence ratio (D) for HCT116 cells stained with JC-1. **P � 0.01 vs.
Control; #P � 0.05 vs. PA or TNF-�; n � 3 each group. Representative Western blot (E) and densitometric quantitation (F) of gp91 from the four treatment groups.
*P � 0.05, **P � 0.01 vs. Control; #P � 0.05 vs. PA or TNF-�; n � 4 each group. Western blot analyses (G) and densitometric quantitation (H) of indicated proteins
in cell lysates from the four treatment groups. *P � 0.05, **P � 0.01 vs. Control; #P � 0.05 vs. PA or TNF-�; n � 3–5 each group. JC-1, tetraethylbenzimidazolyl-
carbocyanine iodide.
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greater activity to reduce mitochondrial membrane potential
(Fig. 5, C and D), a sign of mitochondrial dysfunction that can
lead to ROS overproduction. Consistently, PA or TNF-� alone
induced gp91 expression in these cells, but the combination of
both had greater inducing effects (Fig. 5, E and F). Moreover,
similar effects of PA, TNF-�, and their combination could be
seen on the induction of MLCK, phospho-MLC, and claudin-2
as well as on the suppression of occludin in HCT116 cells (Fig.
5, G and H). These results infer that fatty acid and inflamma-
tion are the key factors driving ROS production and colonic
epithelial tight junction dysfunction.

ROS depletion rescues mitochondrial dysfunction and pre-
vents oxidative stress in colonic epithelial cells. To confirm the
detrimental effects of ROS production on colonic epithelial
cells, we treated HCT116 cells with PA and TNF-� in the
presence or absence of NAC, an antioxidant that scavenges
ROS inside the cell (10). As shown in Fig. 6, NAC markedly
inhibited the production of ROS in HCT116 cells induced by
PA and TNF-� (Fig. 6, A and B). NAC also effectively reduced
mitochondrial depolarization induced by PA and TNF-� (Fig.
6, C and D). Consequently, NAC treatment prevented the
induction of MLC phosphorylation and claudin 2 and gp91
expression and the reduction of occludin that were caused by
PA and TNF-� cotreatment (Fig. 6, E and F). These observa-
tions suggest that depletion of ROS ameliorates mitochondrial
dysfunction and tight junction dysfunction, confirming a role
of ROS in mucosal epithelial injury.

Short-term HFD feeding is insufficient to promote colitis. To
assess whether HFD feeding per se can promote colitis in the
absence of obesity in our model, we fed the mice HFD for 1
wk, when obesity had not yet developed, before subjecting
them to the TNBS model. We found that this short-term HFD
feeding promoted colitis to some extent, but except for some
colonic pro-inflammatory cytokines (IL-1�, MCP-1), most
data did not reach significance between LFD-fed and HFD-fed
mice (Fig. 7, A–F). These observations suggest that obesity,
particularly obesity-associated inflammation, may be required
to promote colitis in our model.

DISCUSSION

Diets high in saturated fats are thought to increase the risk of
IBD in humans (38). Moreover, Western diets that contain high
n-6 polyunsaturated fatty acid (PUFA) or have unbalanced n-3
PUFA/n-6 PUFA ratio are thought to be IBD promoting, as n-6
PUFAs are pro-inflammatory whereas n-3 PUFAs can counter
the effect of n-6 PUFAs (24). Consistent with these views, in
this study we showed that HFD feeding exacerbates colitis in
an experimental model of colitis, manifested by more robust
mucosal inflammation and more severe colonic damage in
HFD-fed mice relative to LFD-fed mice. HFD feeding in-
creases lipid contents in colonic mucosa, which we speculate is
a key initiating pathogenic factor that alters the microenviron-
ment within the mucosa, enhances cellular metabolism, and
induces oxidative stress, setting the stage for epithelial barrier

Fig. 6. Reactive oxygen species (ROS) depletion partially rescues mitochondrial dysfunction and prevents oxidative stress and activation of myosin light chain
kinase (MLCK) pathway in colonic epithelial cell line. Representative images of ROS-induced dichlorofluorescein fluorescence (A) and quantification of ROS
production (B) in HCT116 cells stained with JC-1 after exposure to PA and TNF-� in the presence or absence of N-acetyl-L-cysteine (NAC) (magnification:

200). **P � 0.01 vs. Control; ##P � 0.01 vs. palmitic acid (PA)	TNF-�; n � 3 each group. Representative flow cytometry plots (C) and quantitation of
red/green fluorescence ratio (D) in HCT116 cells under similar treatments. *P � 0.05 vs. Control; #P � 0.05 vs. PA	TNF-�; n � 5 each group. Western blot
analyses (E) and densitometric quantitation (F) of indicated proteins in HCT116 cells under similar treatments. *P � 0.05, **P � 0.01 vs. Control; #P � 0.05
vs. PA 	 TNF-�; n � 3 each group. JC-1, tetraethylbenzimidazolylcarbocyanine iodide.
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dysfunction and thus the development of colonic mucosal
inflammation.

There have been a number of prior studies that have dem-
onstrated the detrimental effect of HFD on the development of
colitis. For example, Cheng et al. (6) reported that HFD
exacerbated colitis through disruption of dendritic cell homeo-
stasis in a dextran sulfate sodium-induced colitis model. Paik et
al. (27) showed that HFD-induced obesity exacerbated colitis
in genetically susceptible Mdr1a�/� male mice, whereas Gru-
ber et al. (14) demonstrated that HFD feeding accelerated the
onset of CD-like ileitis in TNF�ARE/WT mice, which was
independent of obesity because this model did not develop
obesity. HFD reduced occludin expression and increased in-
testinal permeability in this model.

In the current study, we set out to explore the effect of HFD
on the development of colitis using the TNBS-induced model,
which is a model close to CD (26). We showed that mice on
HFD developed more severe mucosal inflammation reflected
by higher expression of mucosal pro-inflammatory cytokines,
and more severe colonic injury reflected by a greater extent of
histological abnormalities and mucosal ulceration, as com-
pared with mice on LFD. These observations indicate that HFD
indeed promotes colitis. We further presented data showing

that HFD feeding disrupted colonic epithelial tight junctions
and markedly increased mucosal permeability. At the molec-
ular level, HFD activated the MLCK-MLC pathway that is a
major regulator of tight junction permeability (7, 39), reflected
by increases in MLCK expression and its substrate MLC
phosphorylation. HFD also markedly suppressed occludin and
induced claudin-2, two tight junction proteins whose changes
here reflected a compromise in the epithelial tight junction
structure. Claudin-2 induction is closely associated with mu-
cosal inflammation and IBD (43). We speculate that the mo-
lecular basis for HFD to cause these changes lies in its ability
to increase oxidative stress in colonic mucosal cells, both
epithelial cells and lamina propria cells. We noticed that, even
at baseline in the absence of TNBS, HFD feeding increased
mitochondrial size and induced ROS production and gp91
expression in these cells; in the presence of TNBS treatment,
the effect of HFD on these events was further enhanced. As
oxidative stress can induce the production of pro-inflammatory
cytokines and directly compromise the mucosal tight junction,
we conclude that HFD at least in part exacerbates colitis
through inducing oxidative stress in the colonic mucosa.

Our data from in vitro cell cultures support this conclusion.
We demonstrated that exposure of colonic epithelial cells to

Fig. 7. Effects of short-term high-fat diet (HFD) feeding on the development of experimental colitis. A: body weight changes in mice on low-fat diet (LFD) or
HFD for 1 wk after 2,4,6-trinitrobenzenesulfonic acid (TNBS) treatment. **P � 0.01 vs. respective LFD or HFD; n � 4 each group. B: clinical score of the
colons on day 3 after TNBS treatment. n � 7 each group. C: gross morphology of the colons on day 3 after TNBS treatment. D: hematoxylin and eosin histology
of the colons on day 3 after TNBS treatment (arrows point to the ulcerated area; magnification: 
50). E: histological score of the colons on day 3 after TNBS
treatment. n � 7 each group. F: real-time RT-PCR quantitation of pro-inflammatory cytokines and chemokines in colonic mucosa on day 3 after TNBS treatment.
*P � 0.05, **P � 0.01 vs. LFD or HFD; #P � 0.05 vs. LFD	TNBS; n � 4 each group.
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PA and/or TNF-� disrupted the mitochondrial membrane po-
tential, induced oxidative stress, activated the MLCK-MLC
pathway, and altered the expression of tight junction proteins
occludin and claudin-2 as seen in mice, and the effect of PA
was greatly enhanced in the presence of TNF-�, a major
pro-inflammatory cytokine highly produced in colitis in vivo.
We also showed that depletion of ROS ameliorated these
detrimental effects, confirming the critical role of oxidative
stress in epithelial cell injury. These observations suggest that
high levels of fatty acids and inflammatory mediators are key
factors derived from HFD feeding to drive oxidative stress and
disrupt the mucosal barrier integrity.

In our study the mice were fed HFD for 1 mo, which led to
the development of obesity. Given that a previous study sug-
gested that obesity is not required for HFD-induced colonic
inflammation (14), one important question is whether HFD
feeding per se can promote colitis in the absence of obesity in
our model. We did actually address this issue by feeding the
mice HFD for only 1 wk, when obesity had not yet developed.
Although this short-term HFD feeding promoted colitis to
some extent, most data did not reach significance between
LFD-fed and HFD-fed mice. It is possible that a larger sample
size, or longer time, is needed to detect significance, but more
likely these observations suggest that obesity, particularly
obesity-associated inflammation, is an important pathogenic
factor to promote colitis in the TNBS model. This notion is
supported by our in vitro observations that TNF-� acts syner-
gistically or additively with PA to promote oxidative stress and
tight junction protein dysregulation in colonic epithelial cells
(Fig. 5).

IBD was used to be considered as a problem in industrial-
urbanized societies and was attributed largely to a Westernized
lifestyle and other associated environmental factors, but now
the incidence and prevalence of IBD are steadily increasing
around the world in both developed and developing countries.
The rapid Westernization of the population in developing
countries could be a reason for the rising IBD incidence (23).
Our study suggests that Western diets, high in saturated fats,
can indeed promote or contribute to the risk of IBD. Therefore,
dietary factors ought to be carefully considered in the IBD
population (24).
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