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Summary

Numerous reports have shown that a diet containing large amounts of trans
fatty acids (TFAs) is a major risk factor for metabolic disorders. Although
recent studies have shown that TFAs promote intestinal inflammation, the
underlying mechanisms are unknown. In this study, we examined the effects
of dietary fat containing TFAs on dextran sodium sulphate (DSS)-induced
colitis. C57 BL/6 mice were fed a diet containing 1·3% TFAs (mainly C16:1,
C18:1, C18:2, C20:1, C20:2 and C22:1), and then colitis was induced with
1·5% DSS. Colonic damage was assessed, and the mRNA levels of
proinflammatory cytokines and major regulators of T cell differentiation
were measured. The TFA diet reduced survival and exacerbated histological
damage in mice administered DSS compared with those fed a TFA-free diet.
The TFA diet significantly elevated interleukin (IL)-6, IL-12p40, IL-23p19
and retinoic acid-related orphan receptor (ROR)γt mRNA levels in the
colons of DSS-treated animals. Moreover, IL-17A mRNA levels were elevated
significantly by the TFA diet, with or without DSS treatment. We also exam-
ined the expression of proinflammatory cytokines in lipopolysaccharide
(LPS)-stimulated RAW264.7 cells and peritoneal macrophages. These cells
were exposed to TFAs (linoelaidic acid or elaidic acid) with or without LPS
and the mRNA levels of various cytokines were measured. IL-23p19 mRNA
levels were increased significantly by TFAs in the absence of LPS. Cytokine
expression was also higher in LPS-stimulated cells exposed to TFAs than in
unexposed LPS-stimulated cells. Collectively, our results suggest that TFAs
exacerbate colonic inflammation by promoting Th17 polarization and by
up-regulating the expression of proinflammatory cytokines in the inflamed
colonic mucosa.
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Introduction

Fatty acids in our daily diet are broadly classified as cis and
trans fatty acids (TFAs). TFAs are steric isomers of the
common cis unsaturated fatty acids that contain at least one
double bond in the trans configuration. TFAs are not found
in most natural vegetable oils, but they are formed during
the manufacturing of hydrogenated vegetable oils such as
margarine, fat spread and shortening. Modern diets, espe-
cially those in developed countries, including the Western-
style diet, which includes baked goods, deep-fried products,
frozen foods and packaged snacks, commonly include large

quantities of margarine, which contains TFAs [1,2]. Many
recent studies have shown that TFA intake is a risk factor for
metabolic diseases such as diabetes mellitus and coronary
heart disease. These diseases are associated with systemic or
localized inflammation and increased plasma levels of
several proinflammatory cytokines, C-reactive protein,
triglycerides and low-density lipoprotein (LDL) cholesterol
[2,3].

Although the aetiology of inflammatory bowel disease
(IBD) remains unclear, a great deal of clinical and experi-
mental data indicate that dietary fat may play important
roles in the pathogenesis and clinical course of IBD [4–6].
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However, little is known about TFA intake as a risk factor
for IBD. TFA intake appears to be related to the chronic
inflammation associated with disorders such as diabetes
and cardiovascular disease, and it has been reported that
dietary TFAs influence the function of multiple cell types,
including hepatocytes, adipocytes, endothelial cells and
macrophages [2,7,8]. Recently, the role of macrophages in
the pathology of intestinal inflammation has received
increased attention. Compared to the amount of interleukin
(IL-23) produced by lamina propria macrophages in
healthy individuals, these macrophages in patients with IBD
produce large amounts of IL-23, which is consistent with
dysregulated tolerance [9]. Macrophage function is modu-
lated by the binding of fatty acids to Toll-like receptor
(TLR)-2 and TLR-4 located on the cell surface, which
stimulates and/or suppresses the production of several
proinflammatory cytokines [10–12]. It is known that the
proinflammatory cytokines IL-12 and IL-23 induce the dif-
ferentiation of T helper type 1 (Th1) and Th17 cells. In
addition to these cytokines, T box expressed in T cells
(T-bet) and retinoic acid-related orphan receptor (RORγt),
a transcription factor, are required for the induction and
survival of Th1 and Th17 cells, respectively. Recent studies
have shown that Th1 and Th17 cells play important roles in
the regulation of mucosal immunity, which is linked to the
development of IBD [13]. However, the direct anti/
proinflammatory effects of TFAs and the mechanisms by
which they act upon immune cells such as macrophages
have not been clarified.

In this study, to investigate whether a diet containing
TFAs exacerbates intestinal inflammation, we used a mouse
model of colitis induced by dextran sodium sulphate (DSS).
A relatively low concentration (1·5%) of DSS was used,
which allowed almost all mice to survive for at least 2
weeks. The mice were divided into two groups; one group
was fed a TFA-rich diet (a fat-free diet plus margarine) and
the other was fed a TFA-free diet (a fat-free diet plus soya
bean oil). We also examined whether two distinct types of
TFAs (linoelaidic acid and elaidic acid) and their cis forms,
linoleic acid and oleic acid, differentially modulate the func-
tion of LPS-stimulated macrophages in vitro. For this, we
used a macrophage cell line (RAW264.7) and primary peri-
toneal macrophages isolated from 1·5% DSS-treated mice,
and we focused on the induction of several cytokines.
Linoelaidic acid and elaidic acid were chosen because they
are the predominant isomers in partially hydrogenated veg-
etable oils such as margarine [7,14,15].

Materials and methods

Animal treatment and diet

Specific pathogen-free (SPF), 8-week-old female C57BL/
6NCrj mice were purchased from Charles River Japan, Inc.
(Yokohama, Japan). The mice were housed in specific

pathogen-free conditions with free access to food and water,
and their care and use were in accordance with the guide-
lines of the National Defense Medical College. The study
protocol was approved by the Animal Ethics Committee of
the National Defense Medical College (no. 09033). Experi-
mental diets were made from a fat-free AIN-76 diet (Japan
Clea Co., Tokyo, Japan) supplemented with either salt-free
margarine (TFA diet) or natural soya bean oil (normal
diet). The total fat content in each experimental diet was
6%. Salt-free margarine was purchased from NOF Corpora-
tion (Tokyo, Japan). Natural soya bean oil was purchased
from Carolina Soy Products, Inc. (Vernon, CA, USA). The
composition of the experimental diet is shown in Table 1. A
total of 13 g/kg of TFAs was included in the TFA diet. These
TFAs were not detectable in either the natural soya bean oil
or the normal diet. The concentrations of the various TFAs
were measured with a gas chromatograph (G-5000; Hitachi,
Tokyo, Japan). The diets were prepared every week and
stored with individual degassing packs at 4°C. The packs
were changed every day to avoid oxidation. The TFA diet or
the normal (TFA-free) diet was provided for 7 days, along
with additive-free drinking water. Thereafter, 1·5% DSS
(MW 40 000; ICN Biochemicals, Cleveland, OH, USA),
dissolved in drinking water, was administered for 7 con-
secutive days to induce colitis (for a total experimental
period of 14 days).

Mice were killed on day 14 and their colons were
removed. Their mesenteric lymph nodes (MLNs) were also
removed and dissociated into single-cell suspensions. The
cell suspensions were then applied to a Percoll (GE
Healthcare Japan, Tokyo, Japan) gradient (40% Percoll on
the top, 80% Percoll on the bottom) to determine the ratio
of lymphocytes by centrifugation at 800 g for 20 min at
25°C [16]. The cells at the interface were collected and

Table 1. Experimental diet composition.

Normal diet TFA diet

Protein (%) 18 ←
Carbohydrate (%) 61·2 ←
Fat (%) 6·0 ←
Trans fatty acid composition (g/kg) n.d. 13†

Fibre (%) 4·8 ←
Ash (%) 2·8 ←
Moisture (%) <10 ←
Energy (Kcal/g) 3·628 3·568

n.d.: not detected, †trans fatty acids (TFA) composition of the TFA

diets (g/kg).

C16:1 1·0

C18:1 6·0

C18:2 1·0

C20:1 2·0

C20:2 1·0

C22:1 2·0

Total 13·0
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purified using anti-CD4+ magnetic bead-based cell separa-
tion (Miltenyi Biotec K.K., Tokyo, Japan), before isolating
total RNA according to the manufacturer’s instructions.
After the experimental period, the survival rates of each
group were calculated. The four experimental groups were
as follows: TFA-free diet and drinking water alone (control
group); TFA-free diet with DSS (DSS group); TFA diet and
drinking water alone (TFA group); and TFA diet with DSS
(DSS with TFA group). Each of these experimental groups
consisted of 10 mice.

Assessment of colonic damage

Body weight was recorded daily. Mice were killed using
pentobarbital anaesthesia. A segment of the proximal colon
was fixed in 10% buffered formalin and embedded in paraf-
fin, and then 4-μm longitudinal sections were stained with
haematoxylin and eosin (H&E). Histological damage was
assessed by the crypt scoring method described by Cooper
et al. [17]: grade 0, intact crypt; grade 1, loss of the basal
one-third of the crypt; grade 2, loss of the basal two-thirds
of the crypt; grade 3, loss of the entire crypt with the
surface epithelium remaining intact; and grade 4, loss of
both the entire crypt and the surface epithelium. Assess-
ments of histological damage were performed in a blinded
manner.

In-vitro experiments

Stock solutions (50 mM) of TFAs [omega-6 (linoelaidic
acid); omega-9 (elaidic acid)] and their cis forms [omega-6
(linoleic acid); omega-9 (oleic acid)] were prepared by
mixing the fatty acids with fatty acid-free bovine serum
albumin (BSA). The molar ratio of fatty acid to BSA was
7·5:1. BSA, TFAs and their cis forms were purchased from
Sigma-Aldrich (St Louis, MO, USA) [18].

The mouse macrophage cell line RAW264.7 was pur-
chased from the European Collection of Cell Cultures
(ECACC, Salisbury, UK) and was seeded at 1 × 106/ml in a
6-well culture plate. Primary peritoneal macrophages were
isolated from 1·5% DSS-treated mice. Briefly, the perito-
neum was flushed with ice-cold PBS, red blood cells were
lysed, and the remaining cells were seeded at 1·0 × 106/ml in
a six-well culture plate. After 2 h, non-adherent cells were
removed. RAW264.7 cells and peritoneal macrophages were
maintained in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich) supplemented with 10% fetal bovine
serum (FBS; Sigma) and 4 mM l-glutamine at 37°C in 5%
CO2. For the experiments, cells were cultured for 24 h and
then stimulated with lipopolysaccharide (LPS) (1 μg/ml,
serotype B55:O5 Escherichia coli; Sigma-Aldrich) for 16 h.
In some experiments, the cells were exposed to TFAs or
their cis forms with or without LPS for 16 h [for quantita-
tive real-time polymerase chain reaction (PCR)] or 24 h
[for enzyme-linked immunosorbent assay (ELISA)]. The
concentrations of TFAs and their cis forms (0·1 and

1·0 mM) used in this study, as well as that of LPS (1 μg/ml),
were based on a previous in-vitro study [7]. The viability of
RAW264.7 cells and peritoneal macrophages in experiments
involving LPS and fatty acid (cis and trans) exposure was
greater than 90% as determined by the trypan blue exclu-
sion test. After incubation, cells were harvested, and the
mRNA levels of cytokines were determined by quantitative
real-time PCR. The culture supernatant was collected, and
cytokine protein levels were quantified by ELISA.

Quantitative real-time PCR and ELISA

Colonic tissues, RAW264.7, primary peritoneal macro-
phages cells or CD4+ T cells were homogenized in the lysis
buffer included in the RNeasy Mini kit (Qiagen, Hilden,
Germany). After isolation, total RNA (1 μg) was used for
reverse transcription (RT) using a QuantiTect reverse tran-
scription kit (Qiagen). TaqMan PCR reactions were per-
formed on cDNA samples using TaqMan Universal PCR
Master Mix and an ABI PRISM 7900HT Fast Real-Time
PCR System (Applied Biosystems, Carlsbad, CA, USA).
TaqMan probes and primers for IL-1β, IL-6, IL-10,
IL-12p40, IL-17A, IL-23p19, interferon (IFN)-γ, tumour
necrosis factor (TNF)-α, T-bet, retinoic acid-related orphan
receptor gamma T (RORγt) and 18S rRNA developed for
TaqMan gene expression assays were purchased from
Applied Biosystems. Target mRNA levels were determined
using the comparative cycle threshold method for relative
quantification. The calibrator sample was isolated from
healthy C57/BL6 mice using 18S rRNA as the internal
control.

The concentrations of murine IL-1β, IL-6, IL-10,
IL-12p70, IL-23 and TNF-α in culture supernatants were
measured using commercially available ELISA kits
(eBioscience, San Diego, CA, USA), according to the manu-
facturer’s instructions. All experimental samples were
assayed in duplicate.

Statistical analysis

Statistical analyses were performed using one-way analysis
of variance followed by Tukey–Kramer test at the 5% sig-
nificance level. All results are expressed as the means ±
standard error of the mean of 10 animals or five
experiments.

Results

DSS-induced colitis was exacerbated by dietary TFAs

After day 13, the survival rate in the DSS with TFA group
was significantly lower than that in the DSS group (Fig. 1a).
Although the TFA diet by itself did not induce any signifi-
cant change in body weight during the experiment, TFA-
containing diets induced significant body weight loss in
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mice with DSS-induced colitis (DSS with TFA group).
Moreover, the degree of body weight loss in the DSS with
TFA group was significantly greater than that in the DSS
group (Fig. 1b). DSS induced a characteristic colonic
shortening compared to the control group, and significant
aggravation of colonic shortening in the intestine was

observed in the DSS with TFA group relative to the DSS
group (Fig. 1d). However, the TFA diet by itself did not
induce any significant morphological changes.

As shown in Fig. 2a, only mild crypt damage was
observed in the DSS group, with moderate inflammatory
cell infiltration in the colonic mucosal layer. In contrast,

(a) Survival rate (b) % of body weight

(c) Macroscopic changes
Control

DSS group DSS with TFA group

TFA group
(d) Colon length

*
#†

(%) (%)

100 110

105

100

95

90

85

80

75

10
9
8
7

6
5
4

3

2
1
0

(cm) Control TFA group DSS group DSS
with TFA

group

Days
1 2 3

Normal diet

TFA diet
Normal diet+DSS DSS administration

TFA diet+DSS

4 5 6 7 8 9 10 11 12 13 14

90

80
70
60
50
40

30
20
10
0

1 2 3 4 5 6 7
Days

DSS group

*

*

* *

*

*

##

#

#

*

DSS with TFA

DSS administration

8 9 10 11 12 13 14

Fig. 1. (a) Effect of dietary trans fatty acids

(TFAs) on the survival (Kaplan–Meier) of 1·5%

dextran sodium sulphate (DSS)-treated mice;

*P < 0·05 versus the DSS group. (b) Effect of

dietary TFAs on the body weight of 1·5%

DSS-treated mice; *P < 0·05 versus the DSS

group; #P < 0·05 versus the control. (c)

Macroscopic changes in the colon on day 7 after

administration of 1·5% DSS. In the control and

TFA groups, there were no macroscopic changes

in the tissue (upper panels). In the DSS group,

stool softening and colon shortening were

observed (lower left panel). The DSS with TFA

group had enhanced colon shortening and

haemorrhaging (lower right panel). (d) Colon

length measured on day 7 after administration

of 1·5% DSS; *P < 0·05 versus the control;

#P < 0·05 versus the TFA group; †P < 0·05 versus

the DSS group. All results are expressed as the

mean (± standard error of the mean) (n = 10

mice/group).

(a)

H&E Staining

Control TFA group

DSS group DSS with TFA group

H
is

to
lo

g
ic

 s
c
o
ri

n
g

4·0

3·5

3·0

2·5

2·0

1·5

1·0

0·5

0
Control TFA

group

**

DSS
group

DSS with
TFA group

(b)

#†

Fig. 2. (a) Effect of dietary trans fatty acids (TFAs) on the histology of 1·5% dextran sodium sulphate (DSS)-induced colitis (haematoxylin and

eosin staining, ×100). In the control and TFA groups, no histological changes were observed (upper panels). In the DSS group, there was a small

amount of inflammatory cell infiltration in the colonic mucosal layer (lower left panel). In the DSS with TFA group, there was strong inflammation

with goblet cell depletion, marked cell infiltration and muscle layer thickening (lower right panel). (b) Effect of dietary TFAs on histological damage

score in 1·5% DSS-induced colitis. Histological damage scores were determined in paraffin sections of the proximal colon. The crypt scoring system

(0–4 scale) was used to assess histological damage in haematoxylin and eosin-stained sections (grade 0, intact crypt; grade 1, loss of the basal

one-third of the crypt; grade 2, loss of the basal two-thirds of the crypt; grade 3, loss of the entire crypt with intact surface epithelium; grade 4, loss

of both the entire crypt and the surface epithelium); *P < 0·05 versus control; #P < 0·05 versus TFA group; †P < 0·05 versus DSS group. All results are

expressed as the mean (± standard error of the mean) (n = 10 mice/group).

Y. Okada et al.

462 © 2013 British Society for Immunology, Clinical and Experimental Immunology, 174: 459–471



depletion of goblet cells, muscle layer thickening and
prominent inflammatory infiltration were observed in the
colonic tissue of the DSS with TFA group. Based on the
crypt scoring system, the damage scores in the DSS with
TFA group were significantly higher than those in the DSS
group (Fig. 2b). Again, the TFA diet by itself did not induce
any significant histological changes.

Effect of dietary TFAs on cytokine mRNA expression in
DSS-induced colitis

The mRNA levels of IL-1β, IL-6 and TNF-α in the DSS with
TFA group were significantly higher than in the DSS group
(Fig. 3a). IL-12p40 mRNA levels were also significantly

higher (by a factor of approximately 1·7) in the DSS with
TFA group than in the DSS group. IL-23p19 mRNA levels
in the DSS with TFA group were more than 38-fold higher
than in the control group. However, the mRNA levels of
proinflammatory cytokines, including IL-1β, IL-6, TNF-α
and IL-23, were not affected by the TFA diet alone (i.e.
without DSS) (Fig. 3b). The increase in IL-10 mRNA levels
induced by DSS was independent of TFA intake (Fig. 3c).

Effect of dietary TFAs on the Th1 and Th17 balance in
DSS-induced colitis

As shown in Fig. 4, mRNA levels of T-bet and IFN-γ were
increased significantly by DSS treatment, as shown by the
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levels in DSS-treated mice compared to those in untreated
mice, but were not elevated further by the TFA diet. In con-
trast, RORγt mRNA levels were not increased significantly,
and IL-17A mRNA levels were only slightly increased by
DSS treatment. However, the levels of these mRNAs were
robustly increased by the combination of the TFA diet and
DSS treatment. Interestingly, RORγt mRNA levels tended to
increase in the TFA group, even without DSS administra-
tion, compared with the control group. IL-17A mRNA
levels in the TFA group were also significantly higher than
in the control group under non-inflamed conditions (i.e.
without DSS). These results suggest that TFAs induce
RORγt and IL-17A expression in the colonic mucosa more
robustly than DSS.

The Th1 and Th17 balance in CD4+ T cells isolated from
the MLNs was also determined by measuring the mRNA
levels of RORγt and IL-17A (Th17 markers) and T-bet and
IFN-γ (Th1 markers) using quantitative real-time PCR
(Fig. 5). RORγt and IL-17A mRNA levels in the TFA with
DSS group were significantly higher than in the control and
DSS groups. In contrast, the mRNA levels of T-bet and
IFN-γ, which were increased by DSS treatment, were not
affected by the TFA diet.

Comparison of the effects of the trans and cis forms of
fatty acids on cytokine mRNA expression in RAW264.7
cells and peritoneal macrophages

As shown in Fig. 6, the results of the in-vitro study using
RAW264.7 cells demonstrated that administration of
1·0 mM fatty acids alone (the higher concentration)
induced a significant increase in many cytokine mRNAs
even in LPS-free conditions, whereas at 0·1 mM these fatty
acids did not induce such changes (data not shown).

In the absence of LPS, treatment of RAW264.7 cells with
the cis form of the omega-6 fatty acid (linoleic acid)

increased IL-1β and IL-6 mRNA expression. In contrast,
treatment with the omega-6 and omega-9 TFAs linoelaidic
acid and elaidic acid significantly increased TNF-α,
IL-12p40 and IL-23p19 mRNA levels compared with the
levels in the presence of their cis forms. We also obtained an
intriguing result. Exposure to 1·0 mM omega-6 or omega-9
TFAs without LPS increased the levels of IL-12p40 and
Il-23p19 mRNA in RAW264.7 cells more than 102–105-fold
compared to untreated cells, and these levels were similar to
those induced by a combination of TFAs and LPS. In con-
trast, treatment of peritoneal macrophages with TFAs or
their cis forms in LPS-free conditions did not significantly
affect the mRNA levels of most cytokines compared to the
levels in untreated cells. However, IL-23p19 mRNA was
increased significantly by exposure to 1·0 mM omega-6 or
omega-9 TFAs (Fig. 7).

There was a significant increase in the mRNA levels of all
proinflammatory cytokines (IL-1β, TNF-α, L-12p40, IL-6
and IL-23p19) when a high dose (1 mM) of TFAs (either
omega-6 or omega-9) was combined with LPS treatment. It
should be noted that omega-9 TFA (elaidic acid), when
combined with LPS, elevated significantly the expression of
all proinflammatory cytokines tested in RAW264.7 cells
beyond that induced by LPS alone, while the cis form (oleic
acid) did not exhibit such an additive effect. This increase in
proinflammatory cytokine expression was also observed in
peritoneal macrophages, particularly when omega-6 TFA
was combined with LPS. In RAW264.7 cells, a significant
additive effect on proinflammatory cytokine expression was
observed with the combination of LPS and the cis form of
omega-6 fatty acid (linoleic acid); however, there was a
slight, but significant, difference between the effects of
omega-6 TFA and its cis form on IL-6 and IL-23 mRNA
levels. Conversely, no significant additive effect of the cis
form of omega-6 fatty acid (linoleic acid) on cytokine levels
was observed in peritoneal macrophages.
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A significant decrease was observed in the mRNA levels
of the anti-inflammatory cytokine IL-10 in both RAW264.7
cells and peritoneal macrophages treated with linoelaidic
acid (omega-6 TFA) in combination with LPS, compared to
cells treated with the cis form. In peritoneal macrophages,
omega-9 TFA (elaidic acid) also induced a significant
decrease in IL-10 mRNA levels when combined with LPS
(Figs 6c and 7c).

Comparison of the effects of the trans and cis forms of
fatty acids on proinflammatory cytokine secretion in
RAW264.7 cells and peritoneal macrophages

After fatty acid exposure, proinflammatory cytokine secre-
tion from macrophages was measured by ELISA (Figs 8 and
9). Even in the absence of LPS, TNF-α secretion into the

culture supernatant of RAW264.7 cells following treatment
with the omega-6 and omega-9 TFAs was significantly
higher than the levels secreted following treatment with
their cis forms. There were no significant differences in
IL-1β and IL-6 secretion from both RAW264.7 cells and
peritoneal macrophages between omega-6 and omega-9
TFAs and their cis forms. In contrast, the concentration of
IL-23 in both RAW264.7 cells and peritoneal macrophages
treated with either omega-6 or omega-9 TFA was signifi-
cantly higher than in cells treated with their cis forms.

In the presence of LPS, IL-23 secretion was higher from
cells treated with a high dose (1 mM) of TFA (both
omega-6 and omega-9 TFAs for RAW264.7 cells, and
omega-6 TFAs for peritoneal macrophages) than from cells
treated with LPS alone or with LPS and their cis forms. The
concentrations of IL-6 and IL-12p70 secreted from
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RAW264.7 cells were also increased by omega-9 TFA treat-
ment and LPS, whereas IL-6 and IL-12p70 secretion from
peritoneal macrophages was increased by omega-6 TFA
treatment and LPS.

There were no significant differences in the secretion of
the anti-inflammatory cytokine IL-10 from RAW264.7 cells
treated with omega-6 or omega-9 TFAs and their cis forms
both with and without LPS compared to untreated cells. In
contrast, a significant decrease was observed in IL-10 secre-
tion from peritoneal macrophages treated with linoelaidic
acid (omega-6 TFA) in combination with LPS, compared to
secretion from cells treated with the cis form.

In general, there was good agreement between the
mRNA expression and their corresponding secreted protein
levels.

Discussion

In this study, we demonstrated clearly that colitis induced
by low-dose DSS (1·5% w/v) treatment is aggravated by a
diet containing TFAs, and this aggravated colitis is accom-
panied by a marked decrease in body weight and a signifi-
cant reduction in colonic length (Fig. 1b,d). Lethality, not
usually observed in the DSS group, was observed in the DSS
with TFA group (Fig. 1a). The survival rate of mice in the
DSS with TFA group was nearly identical to that of mice
with colitis induced by a higher dose of DSS (2% w/v),
observed in our previous study [19]. Although numerous
studies have shown that TFA intake is correlated positively
with biomarkers of systemic inflammation in humans
[2,3,20–22], there are only a few reports on TFA-induced
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local inflammatory reactions in the colonic mucosa. Here
we show experimentally that TFA intake promotes inflam-
matory cell infiltration and tissue damage significantly, and
increases the production of proinflammatory cytokines
such as IL-1β, IL-6 and TNF-α in animals administered
DSS (Fig. 3). Recently, Laroui et al. showed that DSS must
be internalized to exert its action and that DSS–lipid com-
plexes are required for fusion with cellular membranes,
which is followed by release of DSS into the cytoplasm [23].
The possibility that TFAs and their cis forms have different
capacities to form nano-lipocomplexes with DSS should be
considered in future studies, in addition to TFA accumula-
tion in intestinal tissue.

Several epidemiological studies have shown that marga-
rine intake is associated positively and significantly with
colonic inflammation in ulcerative colitis [24–26]. Although
the TFA content in margarine was not determined carefully
in these studies, many types of margarine contain 6·8–41%

TFA [8,27]. In addition, a pilot study showed that the levels
of the TFAs octadecenoate and hexadecenoate in subcuta-
neous adipose tissue were significantly higher in patients
with Crohn’s disease than in healthy individuals [28].
Numerous studies have reported that the composition of
total fatty acids in the diet is an important factor influenc-
ing intestinal inflammation in IBD [4–6,29–32]. Our data
suggest that patients with IBD should also be concerned
with the proportion of the trans forms of fatty acids in their
diet, because it is probably a significant risk factor for the
progression or relapse of colitis.

We have demonstrated that the TFA diet alone was inca-
pable of inducing colitis (Figs 1 and 2). The mRNA levels of
IL-1β, IL-6 and TNF-α in the colonic mucosa were also not
up-regulated by the TFA diet alone (Fig. 3a). Several studies
have shown that a high-TFA diet induces inflammatory
cytokine production without overt inflammation, even
in healthy subjects [3,21,27]. In our present study, the
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TFA-containing diet induced slight, but significant,
increases in IL-17A mRNA levels in the colonic mucosa of
mice, even in mice not treated with DSS. We also showed in
our in-vitro experiment that even under LPS-free condi-
tions, TNF-α, IL-12p40 and IL-23p19 mRNA levels were
elevated significantly in RAW264.7 cells after administra-
tion of omega-6 (linoelaidic acid) or omega-9 (elaidic acid)
TFAs, compared with control untreated cells or cells treated
with the cis forms of these fatty acids. Moreover, both
omega-6 and omega-9 TFAs enhanced expression of
IL-23p19 mRNA in LPS-untreated primary peritoneal
macrophages isolated from DSS-treated mice compared
with the expression in macrophages treated with the cis
forms. Collectively, our results suggest that TFAs can modu-
late the immune system independently. In particular, they
may influence IL-17 signalling pathways.

The process underlying TFA-dependent proinflammatory
cytokine production, especially IL-17, in these cells was not
elucidated in this study. However, incorporation of TFAs
into the cell membrane might affect cytokine expression.
Noris et al. showed that omega-3 fatty acids (cis forms)
could incorporate into the membranes of RAW264.7 cells
[33]. It is also well known that TFAs can modify cellular
functions by interacting with the hydrophobic regions of
membrane proteins [34]. Furthermore, recent studies
reported that TFAs might alter cell membrane permeability,
eicosanoid production and gene expression [35–37]. Several
interesting studies have reported on receptors for fatty
acids. Some studies have shown that the saturated cis-forms
of fatty acids in particular function through TLR-2 or
TLR-4 [10–12]. In contrast, several recent studies have
reported that G protein regulator (GPR) family proteins
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such as GPR120 act as receptors for fatty acids [38,39].
Further studies are needed to determine whether certain
cell membrane receptors are actually involved in the TFA-
induced up-regulation of proinflammatory cytokines asso-
ciated with in intestinal inflammation.

The IL-17 family of cytokines mainly induces the pro-
duction of neutrophils and macrophages, which are potent
inflammatory mediators [13,40]. Several studies have
shown that IL-17A is crucial for sustaining colitis in human
IBD [41] and in experimental animal models [42,43]. Our
results demonstrate that the mRNA levels of IL-17A and
RORγt, a master regulator of Th17 cell differentiation
[44,45], in colonic tissue were elevated significantly by the
TFA diet in mice with DSS-induced colitis (Fig. 4). Moreo-
ver, RORγt and IL-17A mRNA levels in CD4 T cells isolated
from the MLNs were increased significantly by the TFA diet
in mice with DSS-induced colitis (Fig. 5). These data
suggest that consumption of the TFA-containing diet by
individuals with an inflammatory condition may enhance
not only the Th17 response, but also the migration of Th17
cells to the local inflammatory site. Differentiation of Th17
cells could be also induced by IL-6 [44,45], which was
robustly increased by TFAs when combined with DSS
(Fig. 3a). We speculate that the TFA intake-mediated
increase in IL-17A expression during inflammation may
disrupt normal intestinal immunity, thereby inducing
hypersensitivity and further exacerbating inflammation.
Sakai et al. demonstrated that the levels of IFN-γ, which is
produced primarily by Th1 cells, are notably higher in mice
fed TFAs than in control mice [46], suggesting a role for
Th1 cells in TFA-induced aggravation of DSS colitis.
However, in our study, the mRNA levels of IFN-γ, which is
produced primarily by Th1 cells, and the mRNA levels of
T-bet, a key Th1-inducing factor, in both the colonic
mucosa and the MLNs, did not differ between DSS-treated
mice fed the TFA diet and mice fed the TFA-free diet, sug-
gesting few roles for Th1 cells in the aggravation of DSS
colitis.

We show that the mRNA levels of IL-23p19 in animals
treated with DSS were greatly enhanced by the TFA diet
compared to levels in mice fed the TFA-free diet. IL-23 is
known to be required for the accumulation and function of
Th17 cells, and is a key inflammatory factor involved in the
pathogenesis of colitis [45,47,48]. Several studies have
shown that IL-23 is produced preferentially by the cells of
the innate immune system, such as macrophages and
dendritic cells [9,13,45]. Han et al. reported that IL-6 and
TNF-α production was higher in LPS-stimulated peripheral
blood mononuclear cells (PBMCs) isolated from human
subjects who consumed a stick margarine diet containing
6·7% TFA (% energy) than in cells from subjects who con-
sumed a soya bean oil diet containing 0·7% TFA [49].

The effects of TFAs on cytokine expression by
macrophages were quantified in RAW264.7 cells and perito-
neal macrophages that were treated with LPS to mimic

inflammatory conditions. We also compared the effects of
two different forms of TFAs (omega-6 and omega-9), in
addition to their cis forms. LPS treatment significantly
increased the mRNA and protein secretion levels of various
inflammatory cytokines in RAW264.7 cells and peritoneal
macrophages, and their expression was enhanced further by
concomitant exposure to TFA. Although previous studies
reported that treatment of macrophages with cis-fatty acids
and/or LPS stimulated increased expression of IL-10 levels
[50,51], IL-10 mRNA and protein levels were not increased
significantly after TFA treatment. This suggests that the
anti-inflammatory function of macrophages is decreased
under TFA exposure. However, different responses to LPS
and fatty acids were observed between RAW264.7 cells and
peritoneal macrophages. In general, the response to LPS and
fatty acids is stronger in RAW264.7 cells than in peritoneal
macrophages, possibly because RAW264.7 cells are a trans-
formed cell line established from the ascites of a tumour
induced in a male mouse by intraperitoneal injection of
Abelson leukaemia virus (A-MuLV). For example, perito-
neal macrophages only responded to TFAs and LPS,
whereas RAW264.7 cells also responded to cis fatty acids
and LPS. TNF-α mRNA, IL-12p40 mRNA and IL-12p70
protein levels increased in response to fatty acid and LPS
treatment. We also observed slightly different responses to
omega-6 and omega-9 TFAs. In general, the induction of
proinflammatory cytokines (not IL-10) in response to LPS
and omega-9 fatty acid exposure was lower than that
induced by omega-6 fatty acid exposure. In fact, there was
no significant additive effect of omega-9 TFAs on the
mRNA and protein levels of IL-6, IL-12 (at 0·1 mM), or
IL-23 in peritoneal macrophages compared with the levels
induced by LPS alone. In contrast, although the effect of
omega 9 and LPS on IL-6, IL-12p70 and TNF-α protein
levels in RAW264.7 cells was synergistic, such a synergistic
effect was not observed with omega 6 and LPS. The exact
reason for the observed differences between the two types of
macrophages and the two types of TFAs observed in this
study is unknown. Therefore, further investigations of the
differences in the cell surface receptor responses and cell
signalling pathways activated after stimulation with LPS
and fatty acids are needed to address this issue. It is particu-
larly interesting that the expression of IL-12p40 and
IL-23p19, which are associated with IL-17 polarization and
maintenance, was enhanced significantly after exposure to
TFAs and LPS, as other intriguing data have been reported
recently. Bassett et al. reported that consumption of a diet
rich in vaccenic acid, a TFA and regioisomer of elaidic acid,
protects against atherosclerosis in an animal model, whereas
an elaidic acid-rich diet stimulates atherosclerosis [52].
These data suggest that vaccenic acid and elaidic acid may
also have quite different effects on intestinal inflammation.
Further studies should be conducted to determine the role
of ruminant TFAs in intestinal inflammation. However, it is
important to note that these in-vitro data obtained using
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LPS do not agree completely with the results and underly-
ing proposed mechanisms obtained from the DSS-colitis
experiments due to the various systemic immune modifica-
tions in vivo.

In summary, our results indicate that dietary TFAs exac-
erbate DSS-induced colitis by increasing the levels of
macrophage-derived proinflammatory cytokines involved
in the polarization and maintenance of Th17 cells. Excessive
intake of TFAs through the consumption of TFA-rich foods
such as margarine exacerbates inflammation in the colonic
mucosa by altering the profile of cytokines produced by
immune cells such as macrophages. Therefore, TFA intake
should be reduced to a minimum, particularly in patients
with colitis, including those with IBD.
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