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Abstract

Serum levels of choline and its derivatives are lower in patients with inflammatory bowel dis-

ease (IBD) than in healthy individuals. However, the effect of choline deficiency on the

severity of colitis has not been investigated. In the present study, we investigated the role of

choline deficiency in dextran sulfate sodium (DSS)-induced colitis in mice. Methionine-cho-

line-deficient (MCD) diet lowered the levels of type II natural killer T (NKT) cells in the colonic

lamina propria, peritoneal cavity, and mesenteric lymph nodes, and increased the levels of

type II NKT cells in the livers of wild-type B6 mice compared with that in mice fed a control

(CTR) diet. The gene expression pattern of the chemokine receptor CXCR6, which pro-

motes NKT cell accumulation, varied between colon and liver in a manner dependent on the

changes in the type II NKT cell levels. To examine the role of type II NKT cells in colitis

under choline-deficient conditions, we assessed the severity of DSS-induced colitis in type I

NKT cell-deficient (Jα18-/-) or type I and type II NKT cell-deficient (CD1d-/-) mice fed the

MCD or CTR diets. The MCD diet led to amelioration of inflammation, decreases in inter-

feron (IFN)-γ and interleukin (IL)-4 secretion, and a decrease in the number of IFN-γ and IL-

4-producing NKT cells in Jα18-/- mice but not in CD1d-/- mice. Finally, adaptive transfer of

lymphocytes with type II NKT cells exacerbated DSS-induced colitis in Jα18-/- mice with

MCD diet. These results suggest that choline deficiency causes proinflammatory type II

NKT cell loss and alleviates DSS-induced colitis. Thus, inflammation in DSS-induced colitis

under choline deficiency is caused by type II NKT cell-dependent mechanisms, including

decreased type II NKT cell and proinflammatory cytokine levels.
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Introduction

Inflammatory bowel diseases (IBDs) such as Crohn’s disease (CD) and ulcerative colitis (UC)

result from uncontrolled intestinal immune responses toward commensal microflora and die-

tary antigens [1], as well as uncontrolled genetic abnormalities [2]. We previously reported

that the course of CD was less severe among patients with CD and NAFLD, with a longer sur-

gery-free interval and higher rate of remission. The better prognosis in CD patients with

NAFLD was evident even in patients with low BMI [3]. Previous studies have implicated cho-

line deficiency in the development of nonalcoholic fatty liver disease (NAFLD) [4, 5]. CD and

UC patients have lower levels of choline and its derivatives than healthy individuals. Choline

and glycerophosphorylcholine are significantly lower in the mucosa of UC and CD patients

experiencing active phases than in healthy controls and UC and CD patients in remission [6].

Choline is an essential nutrient required for the formation of phosphatidylcholine (PC) [7].

Decreased levels of choline, PC, and glycerophosphorylcholine are caused by an increased use

of choline owing to inflammation in CD and UC patients [8]. Changes in trimethylamine

(TMA) caused by gut microflora induce perturbations in choline metabolism, which contrib-

utes to nonalcoholic steatohepatitis (NASH) by reducing choline bioavailability [9, 10]. Very

low-density lipoproteins (VLDLs) are also downregulated in UC remission patients compared

with active patients [7], as PC biosynthesis is required for the formation of VLDLs in the liver

[11]. Deficiencies in choline and PC also predispose patients to NAFLD via VLDL deficiency

[12].

The main food groups contributing to choline intake are meat, milk, grain, eggs and their

derived products, composite dishes, and fish [13]. These foods may be restricted in IBD

patients [14, 15]; therefore, diet may also affect choline intake. Short bowel syndrome and total

parenteral nutrition affect choline metabolism [4, 16]. Gut microbial metabolism of choline

results in the production of TMA. The TMA-producing status of the gut microbiota should be

considered when making recommendations about choline intake requirements [17–19].

Although many risk factors contribute to choline deficiency in IBD patients, it is unknown

whether choline deficiency affects the severity of colitis. Therefore, we investigated the role of

a methionine-choline-deficient (MCD) diet in dextran sulfate sodium (DSS)-induced colitis in

mice. An MCD diet has been previously shown to lead to fat accumulation in the liver [20, 21].

Moreover, hepatic NK1.1+ CD3+ T cells (type I and type II natural killer T [NKT] cells) have

been found to be elevated in mice fed an MCD diet [22, 23]. It is believed that type I NKT cells

play a protective role in DSS-induced colitis, whereas colonic type II NKT cells play a patho-

genic role [24]. The results of the current study suggest that choline deficiency leads to the loss

of IFN-γ-producing type II NKT cells, alleviating DSS-induced colitis.

Materials and Methods

Mice

Specific pathogen-free C57BL/6 (B6) mice were purchased from CLEA Japan (Tokyo, Japan).

B6-Jα18-/- and B6-CD1d-/- mice were originally generated by Dr. M. Taniguchi (Chiba Univer-

sity, Chiba, Japan) and Dr. Luc Van Kaer (Vanderbilt University, Nashville, TN), respectively.

All mice were housed under specific pathogen-free conditions in microisolator cages in the

animal facility at Hiroshima University, and only male mice (9–14 weeks of age) were used.

Mice were divided into two groups: those fed an MCD diet and those fed a CTR diet. This

study was performed in strict accordance with the recommendations in the Guide for the Care

and Use of Laboratory Animals of the Hiroshima University Animal Research Committee and

the AVMA Guidelines on Euthanasia. The protocol described below was approved by the
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Committee on the Ethics of Animal Experiments of Hiroshima University (Permit Number:

UK28-179). All mice were housed in a specific pathogen-free facility in 12 h light-dark cycles

with access to water and food ad libitum, and the health of the mice was monitored every day.

Cervical dislocation euthanasia of all adult mice and pups was performed after pentobarbital

sedation (40 mg/kg).

NAFLD model

One group of mice was fed an MCD diet (F2-MCD, Oriental Yeast, Tokyo, Japan) for the indi-

cated length of time. The MCD diet was supplied with corn oil (10%, w/w), and no fish oil was

added. The other group was fed a CTR diet (MF, Oriental Yeast). Following fixation of the

mouse livers with 10% formalin/phosphate-buffered saline, the livers were sectioned and

stained with hematoxylin and eosin (H & E) for histological examination. Liver injury was

quantified by measuring serum enzyme activities of alanine aminotransferase (ALT) using a

Hitachi (Tokyo, Japan) 7180 Automatic Analyzer with L-Type ALT.J2 (Wako, Osaka, Japan)

and H & E staining using a previously published scoring system [25]. Serum triglycerides (TG)

were measured with L-Type Triglyceride M (Wako).

DSS-induced colitis model

Mice were treated with 2% DSS (MW 5 kDa; Wako Chemical Co., Osaka, Japan) in drinking

water for 7 days (4–6 mice per group). Body weight was measured every day, beginning on the

first day of administration of DSS (day 0). Differences in body weight from day 0 were repre-

sented as a percentage of the body weight.

A rigid-bore endoscope (AE-R16150, AVS Co., Ltd., Japan) was used to assess spontaneous

bleeding from perianal lesions and transparency of the colonic wall as the endoscope entered

the rectum. Spontaneous bleeding was defined as naturally occurring mucosal hemorrhaging

not associated with traumatic endoscopy, and transparency was defined as the ability to visual-

ize intramural blood vessels in the colon and those of other surrounding viscera [26].

The disease activity index (DAI; combined score of weight loss, stool consistency, and

bleeding) was used to assess the severity of colitis, based on a previously published scoring sys-

tem [27]. Scoring of the mice was performed 7 days after the first administration of DSS.

Colonic tissues were removed and opened longitudinally. The length of the colon was mea-

sured after exclusion of the cecum and prior to division for histology. The tissues then were

rolled concentrically and embedded in paraffin. Sections were stained with H & E and coded

for blind microscopic assessment of inflammation (i.e., DSS-induced colitis). Colitis was

scored on three parameters according to morphological criteria, as described previously [28].

Severity of inflammation was scored as follows: 0, rare inflammatory cells in the lamina pro-

pria; 1, increased number of granulocytes in the lamina propria; 2, confluence of inflammatory

cells extending into the submucosa; and 3, transmural extension of the inflammatory infiltrate.

Crypt damage was scored as follows: 0, intact crypts; 1, loss of the basal one-third; 2, loss of the

basal two-thirds; 3, entire crypt loss; 4, change of epithelial surface with erosion; and 5, conflu-

ent erosion. Ulceration was scored as follows: 0, absence of ulcers; 1, one or two foci of ulcera-

tion; 2, three or four foci of ulceration; and 3, confluent or extensive ulceration. Values were

added to give a maximum potential histological score of 11.

Preparation of mononuclear cells

Tissue lymphocytes from the colonic lamina propria, liver, and spleen were prepared as

described previously [29, 30]. Mesenteric lymph node cells were passed through a 70-μm filter
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and washed with Ca++Mg++-free Hanks balanced salt solution. Peritoneal cells were collected

by washing the peritoneal cavity with 10 mL of ice-cold phosphate-buffered saline.

Cell culture for cytokine production in the colonic lamina propria

Cells were harvested, transferred to 96-well plates (2 × 105 cells per well), and stimulated in
vitro with 100 ng/mL lipopolysaccharide (LPS; Sigma, St Louis, MO, USA) for 24 h at 37˚C

and 5% CO2. Supernatants were collected and stored at -80˚C until further analysis. Concen-

trations of cytokines, including interferon (IFN)-γ, interleukin (IL)-10, and IL-4, in culture

supernatants were measured with ELISA MAX sets (BioLegend, San Diego, CA, USA), accord-

ing to the manufacturer’s instructions. All samples were analyzed in triplicate.

In vivo migration

In the present study, lamina propria cells (2×106 cells) from B6-Jα18-/- mice were labeled with

PKH26GL Red Fluorescent Cell Linker Dye (Sigma-Aldrich, Tokyo, Japan) and were injected

intraperitoneally into healthy B6-Jα18-/- mice (day 0) to analyze in vivo migration. Specific

organs were evaluated and compared on day 7 after transfer between the MCD and CTR mice.

To this end, solid organs were cut into sections, and the lumen of the colon was opened. The

samples were then analyzed by in situ fluorescence microscopy using a Zeiss LSM 510 laser

scanning microscopy system (Carl Zeiss Inc., Thornwood, NY, USA), as described previously

[31]. PKH-labeled lamina propria cells were analyzed by flow cytometry after cell-surface

staining with antibodies against NK1.1 (Miltenyi Biotec, Bergisch Gladbach, Germany) and

CD3 (BD Pharmingen, San Diego, CA, USA).

Flow cytometry

The following fluorophore-conjugated antibodies were used for cell-surface staining: CD3 (BD

Pharmingen, San Diego, CA, USA), CD3e (BD Pharmingen), NK1.1 (BD Pharmingen), B220

(BD Pharmingen), CXCR6 (BioLegend), CD11b (BD Pharmingen), CD11c (BD Pharmingen),

Gr-1 (BioLegend), and F4/80 (BioLegend). All antibodies were used at empirically determined

dilutions in PBS. CD1d tetramer (MBL International, Woburn, MA, USA) was incubated with

α-galactosylceramide (α-GalCer) for 16 h at 37˚C, according to the manufacturer’s instruc-

tions, prior to staining. Antibodies used for intracellular staining included IFN-γ (BioLegend)

and IL-4 (BD Pharmingen). For flow cytometric analysis of cytokine production, lymphocytes

were first stimulated in vitro with 1 μg/mL LPS or 50 μg/mL phorbol myristate acetate +

1000 μg/mL ionomycin in the presence of monensin (BD Biosciences, San Jose, CA, USA) at

37˚C for 5 h. Cells were then stained with antibodies against the indicated cell-surface markers,

followed by staining of cytokines with an intracellular staining kit (BD Biosciences) in the

presence of CD16/32 Fc-receptor blocker (BD Pharmingen). Debris and dead cells were

excluded based on forward scatter, side scatter, and positive staining with DAPI (Dojindo

Molecular Technologies, Rockville, MD, USA) or the ZombieNIR Fixable Viability Kit (BioLe-

gend). Flow cytometric analysis was performed with FlowJo (Treestar, Ashland, OR, USA).

Real-time PCR

Tissue lymphocytes were isolated from the colonic lamina propria and liver, as described

above. RNA was isolated using an RNeasy Mini kit (QIAGEN, Tokyo, Japan) according to the

manufacturer’s instructions. cDNA was synthesized from 500 ng of total RNA using a Reverse

Transcription Kit (QIAGEN), and quantitative PCR was performed with SYBR Green Master-

Mix (QIAGEN) using LightCycler (Roche, Basel, Switzerland) according to the manufacturer’s
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recommended protocol. Samples were normalized to β-actin expression in lymphocytes iso-

lated from the colon of wild-type mice. The primer sequences are listed in S1 Table.

Statistical analysis

Data are expressed as the mean ± standard error (SE). Statistical significance was analyzed using

Prism ver. 6.0 (GraphPad Software, San Diego, CA, USA). Unpaired t-tests were performed to

compare two groups. To compare multiple groups, one-way analysis of variance (ANOVA)

using Tukey’s post hoc test was performed. P< 0.05 was considered statistically significant.

Body weight data were analyzed by one-way ANOVA with repeated measures over time.

Results

Hepatic lipid accumulation is induced by MCD diet

As expected, mice fed the MCD diet for 4 weeks exhibited steatohepatitis and higher macro-

scopic lipid content than CTR-fed mice (Fig 1A). The levels of alanine aminotransferase

increased and the levels of triglycerides decreased in the MCD mice from week 2 to week 8

(Fig 1B). We also studied the immune cell subsets in mice with NAFLD. Consistent with previ-

ous reports [22, 23], the number of hepatic NK1.1+CD3+T cells (type I and type II NKT cells)

increased over weeks 1–6 under the MCD diet (Fig 1C and 1D). The ratio of NK1.1- CD3+ T

cells (T cells) to NK1.1+ CD3- cells (NK cells) remained unchanged until week 8 of the MCD

diet (Fig 1D). The numbers of hepatic B220+ cells and γδ T cells were also unchanged (data not

shown). These findings suggest that choline deficiency affected hepatic NKT cells. The propor-

tion of hepatic macrophages, dendritic cells (DCs), and Gr-1+ cells increased, consistent with

previous reports [32, 33]. Significantly fewer NKT cells were found in the colonic lamina pro-

pria, spleen, mesenteric lymph nodes, and peritoneal cavity than in the liver of MCD mice,

which was also consistent with previous observations [34]. Under conditions of choline

Fig 1. Methionine-choline deficient (MCD) diet induces nonalcoholic steatohepatitis (NASH) and natural killer T (NKT) cell accumulation.

(A) Representative images of hematoxylin and eosin (H & E) staining of mice fed the MCD diet for 1 week and 4 weeks or the control (CTR) diet. Scale

bar, 100 μm. (B) Serum alanine aminotransferase (ALT) and triglyceride (TG) levels in MCD diet-fed mice over 8 weeks. N = 4–6, *P < 0.05 vs. MCD

diet week 0, paired t-test. (C) Intrahepatic NK1.1+ T (NKT) cells were evaluated by flow cytometry in MCD diet-fed mice over 6 weeks. N = 5–6,

**P < 0.01, Student’s t-test. (D) Intrahepatic NKT cells, natural killer (NK) cells, and NK1.1- T (T) cells were measured by flow cytometry in MCD diet-

fed mice for 1, 2, 4, 6, or 8 weeks. N = 2–6, *P < 0.05, vs. MCD 0 week, paired t-test. (E) Effects of 1 week of MCD diet on NKT cell subsets in

mononuclear cells of the liver, colonic lamina propria, spleen, mesenteric lymph node (MLN), and intraperitoneal cavity in wild-type mice. Black and

hatched bars represent NKT type I and type II cells, respectively. N = 4, *P < 0.05, **P < 0.01, Student’s t-test. (F) Effects of 1 week of MCD diet on

type I and type II NKT cell subsets in the lamina propria in Jα18-/- and CD1d-/- mice, as measured by flow cytometry. N = 4, *P < 0.05, Student’s t-test.

All data represent the mean ± standard error of the mean (s.e.m.).

doi:10.1371/journal.pone.0169681.g001

Choline Deficiency Alleviates Colitis

PLOS ONE | DOI:10.1371/journal.pone.0169681 January 17, 2017 5 / 17



deficiency, the number of both type I and type II NKT cells increased in the liver of MCD

mice, and the numbers and ratios of type II NKT cells were significantly lower in the colonic

lamina propria, mesenteric lymph nodes, and peritoneal cavity of the MCD mice compared

with those in the CTR mice. However, whereas the numbers of NKT cells without the α-Gal-

Cer-loaded Cd1d tetramer (type II NKT cells) were reduced in the colonic lamina propria

after one week of the MCD diet, those of NKT cells with the α-GalCer-loaded Cd1d tetramer

(type I NKT cells) remained unchanged (Fig 1E), and this tendency was also observed after

DSS-induced colitis in Jα18-/- and CD1d-/- mice (S1 Fig). Therefore, we analyzed the frequency

of NKT cells in the colonic lamina propria after MCD feeding under conditions of type I NKT

cell deficiency (Jα18-/- mice) and type I and type II NKT cell deficiency (CD1d-/- mice). We

observed that only colonic type II NKT cell levels were significantly reduced (Fig 1F) in mice

on the MCD diet. These data indicate that choline deficiency decreases the accumulation of

type II NKT cells in the colonic lamina propria.

MCD diet up-regulate CXCR6 and EP4 expression and alter distribution

of colonic type II NKT cells

Our experiments indicated that choline deficiency changes the localization of NKT cells in the

liver and colon. CXCR6 and CXCL16 play critical roles in NKT cell activation, cytokine genera-

tion, and NKT cell localization [35]. Prostaglandin E2 (PGE2) is also associated with NKT cell

anergy [36]. To test whether chemokine or PGE2 change is associated with the localization of

NKT cells, we assessed the gene expression levels of CXCR6, CXCL16, and PGE2 receptors (EP1,

EP2, EP3, and EP4) in hepatic and colonic lamina propria mononuclear cells by quantitative

PCR. Hepatic CXCR6 and EP4 were upregulated in mice fed the MCD diet compared with that

in mice fed the CTR diet. On the contrary, colonic CXCR6 was downregulated in mice fed the

MCD diet compared with that in mice fed the CTR diet. Colonic CXCR6 expression was lower

than hepatic expression (Fig 2B). These findings are consistent with the results obtained for

NKT cell localization in the liver and colon in mice fed the MCD diet. Significant difference in

the intrahepatic and colonic CXCR6+ population of cells was observed between WT and CD1d-/-

mice (Fig 2C–2E, S2 Fig). Choline deficiency in CD1d-/- mice also increased and decreased with

hepatic and colonic CXCR6+ cell frequency retrospectively (S2 Fig), suggesting that choline defi-

ciency affects the distribution of CXCR6+ NK cells, besides that of NKT cells. These data suggest

that the chemokine receptor CXCR6 may influence NKT cell localization in choline deficiency.

To investigate whether the MCD diet induced a redistribution of colonic type II NKT cells,

we adoptively transferred PKH-labeled Jα18-/- lamina propria cells into Jα18-/- mice at day 0

intraperitoneally and assessed the redistribution of PKH-labeled type II NKT cells at day 7 (Fig

2F). The transfer of PKH-labeled Jα18-/- lamina propria cells into Jα18-/- mice resulted in a sig-

nificant increase in Jα18-/- mice fed the MCD diet compared with Jα18-/- mice fed the CTR

diet in liver (Fig 2G). Notably, transferring Jα18-/- type II NKT cells into MCD Jα18-/- mice

resulted in a significant increase in the frequency of PKH-labeled lymphocytes, clearly demon-

strating a causative impact of choline deficiency on hepatic type II NKT cell phenotype (Fig

2H). Furthermore, frequency of PKH-labeling in mesenteric lymph node and colonic lamina

propria was significantly reduced, consistent with the results shown in Fig 1E (S3A and S3B

Fig). Together these data indicate that hepatic type II NKT cell numbers were increased and

colonic type II NKT cell numbers were decreased under choline deficiency.

MCD diet attenuates DSS induced-colitis in mice with type II NKT cells

Since the frequency of colonic type II NKT cells was significantly reduced in mice on the

MCD diet, we assessed the role of type II NKT cells in DSS-induced colitis under conditions of
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choline deficiency. We compared the development of colitis in MCD and CTR Jα18-/- mice to

test whether the loss of type II NKT cells regulated DSS-induced colitis. Moreover, we also

compared the development of colitis in MCD or CTR CD1d-/- mice to determine whether the

effect remains without type II NKT cells (Fig 3A). Body weight loss was reduced in Jα18-/--

MCD mice but not in CD1d-/- MCD mice (Fig 3B). Shorter colon lengths and bloody stool

were also attenuated in Jα18-/- MCD mice. Histopathology revealed milder historical crypt

damage and ulceration and less inflammatory cell infiltration in the colons of Jα18-/--MCD

mice (Fig 3E). There were significant differences in this regard between Ja18-/-mice fed the

CTR diet and those fed the MCD diet (Fig 3F). Furthermore, endoscopic analysis revealed that

Jα18-/- MCD mice exhibited milder colitis on day 5 of DSS induction. In contrast, the endo-

scopic scores of CD1d-/- MCD mice remained unchanged (Fig 3G). These data suggest that

MCD mitigates DSS-induced colitis through an associated reduction in type II NKT cells.

Fig 2. Level of CXCR6 was elevated in the liver, and the redistribution induced by the MCD diet was altered under choline-deficient conditions. (A)

Experimental setup. (B) Gene expression levels of CXCR6, CXCL16, EP1, EP2, EP3, and EP4 (normalized to β-actin), as assessed by quantitative PCR, in

hepatic mononuclear cells and colonic lamina propria cells isolated from mice fed the MCD diet for 1 week compared with that in mice fed the CTR diet.

(C-E) Representative flow cytometry plots and frequency of CXCR6+ population in liver and colonic lamina propria in WT mice. N = 4, *P < 0.05, **P < 0.01,

***P < 0.001 Student’s t-test. (F) Experimental setup. (G) Immunofluorescence DAPI staining (×40) of liver from Jα18-/- mice with or without MCD diet at day 7

after PKH-labeled cells injection. PKH26 (red) and DAPI (blue) were expressed, respectively. PKH-labeled cells per field were enumerated. Data from 10

representative fields from four individual mice are plotted as mean ± s.e.m. ***P < 0.001, Student’s t-test. (scale bar = 50 μm) (H) Expression of NK1.1 and

CD3 on PKH-labeled single live cells harvested from the liver at day 7 after injection of PKH-labeled cells. N = 4, ***P < 0.001, Student’s t-test.

doi:10.1371/journal.pone.0169681.g002
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Colonic type II NKT cell loss contributes to the attenuation of DSS-

induced colitis

We evaluated the role of NKT cells in DSS-induced colitis in colonic lamina propria cells. As

reported previously, colonic type II NKT cells play a pathogenic role in DSS-induced colitis

[24]. Consistent with this mechanism, levels of the proinflammatory cytokines IFN-γ and IL-4

were elevated in Jα18-/- mice relative to the levels in CD1d-/- mice fed the CTR diet (Fig 4B and

4C). However, both IFN-γ and IL-4 levels were reduced after the mice were fed the MCD diet,

whereas IL-10 production was unaffected by the MCD diet (Fig 4B, 4C and 4D). Further phe-

notypic profiling showed that colonic NKT cells in Jα18-/- CTR mice constitutively synthesized

IFN-γ and IL-4 in the lamina propria compared with Jα18-/- MCD mice (Fig 4E). These data

collectively demonstrate that lamina propria type II NKT cells secrete IFN-γ and IL-4, which

exacerbates DSS-induced colitis. However, the frequency of type II NKT cells and their IFN-γ
and IL-4 production is reduced by the MCD diet (Figs 1F, 4E and 4F). The frequencies of IFN-

γ-producing T cells and NK cells were also reduced by the MCD diet (Fig 4F). Interestingly,

the MCD diet caused a decrease in proinflammatory cytokine levels as well as a reduction in

the number of colonic type II NKT cells, suggesting an inhibitory effect of choline deficiency

on this cell population.

Colonic type II NKT cell adoptively transfer contributes to the attenuation

of DSS-induced colitis

To investigate the role of type II NKT cells in DSS-induced colitis with choline deficiency, we

adoptively transferred Jα18-/--CTR lamina propria cells in Jα18-/--MCD mice (Fig 5A). The

Fig 3. The MCD diet attenuates dextran sodium sulfate (DSS)-induced colitis under type I NKT cell deficiency. (A) Experimental setup. (B)

Body weight (percentage of body weight relative to initial body weight) of Jα18-/- and CD1d-/- mice fed the MCD and CTR diets, measured after 2.0% DSS

treatment. N = 4–6, *P < 0.05 (Jα18-/- CTR vs. Jα18-/- MCD). (C) Representative macroscopic photographs and (D) disease activity index (DAI) scores of

colons of DSS-treated Jα18-/- and CD1d-/- mice fed the MCD or CTR diets. N = 4, *P < 0.05, Student’s t-test. (E) Histological examination (H & E staining) and

(F) histological scores of the colons of Jα18-/- and CD1d-/- mice fed the MCD or CTR diets 7 days after 2.0% DSS treatment. Original magnification × 100. All

data are presented as means ±SE. N = 6, *P < 0.05, Student’s t-test. (G) Endoscopic evaluation and (H) endoscopic evaluation score of colorectal health in

Jα18-/- and CD1d-/- mice. N = 6, *P < 0.05, **P < 0.01.

doi:10.1371/journal.pone.0169681.g003
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adoptive transfer of Jα18-/--CTR lamina propria cells exacerbated colitis in Jα18-/--MCD mice.

These data suggest that type II NKT cell loss protects against DSS-induced colitis and that type

II NKT cells have a pathogenic role in colitis, consistent with the results of previous studies.

[24, 37]

Discussion

We examined the role of choline in DSS-induced colitis in mice to determine whether the

immunopathogenesis of colitis is affected by choline deficiency. The results presented here

highlight a new role for choline, demonstrating that choline deficiency causes colonic type II

NKT cell loss and alleviates DSS-induced colitis (S3A and S3B Fig). Although choline defi-

ciency has been implicated in a mouse model of NASH [10, 20, 38, 39], to the best of our

knowledge, this is the first study in which choline deficiency has been shown to be associated

with the suppression of colitis.

Consistent with previous results [23], we have shown that feeding of mice with the MCD

diet gives rise to NASH over 4 weeks, characterized by lipid accumulation, a progressive

increase in hepatic triglyceride content, and transaminase release. In a recent study, choline

deficiency de-regulated lipid metabolism by generating higher levels of mitochondrially

derived reactive oxygen species in the liver [40]. Choline deficiency was also found to cause

marked hepatosteatosis and increased hepatic NKT cell numbers and function in both humans

and rodents [38, 41–43]. Hepatic NKT cells accumulated following MCD feeding over 1–4

weeks, whereas NK cells and T cells were unaffected in wild-type mice over 8 weeks of MCD

feeding. Since MCD time course and liver fibrosis depend on the proportion of hepatic NKT

cells, the finding that a choline-deficient diet causes hepatic NKT cell loss is controversial [22,

38, 44]. In our study, the frequency of hepatic NKT cells peaked over weeks 1–4 after MCD

feeding in wild-type mice. Most previous studies analyzed the NKT cells population after 4

weeks, when NAFLD was initiated. Thus, our finding that 1 week of MCD diet challenge pro-

motes NKT cell accumulation in the liver is novel. Moreover, our results suggest that these

Fig 4. MCD diet reduces proinflammatory cytokine levels and the number of type II NKT cells in type I NKT cell-deficient mice. (A) Experimental

setup. (B) IFN-γ, (C) IL-4, and (D) IL-10 production by colonic lamina propria mononuclear cells following treatment with 100 ng/mL lipopolysaccharide

(LPS) at 24 h, as analyzed by ELISA. N = 4, *P < 0.05, Student’s t-test. (E) Three subsets of colonic lamina propria cells separated using NK1.1 and

CD3. Ex vivo intracellular IL-4 and IFN-γ production stimulated by LPS (1 μg/mL) or phorbol myristate acetate (PMA) + ionomycin for 5 h in NKT cells in

the lamina propria in MCD vs. CTR diet-fed mice.

doi:10.1371/journal.pone.0169681.g004

Choline Deficiency Alleviates Colitis

PLOS ONE | DOI:10.1371/journal.pone.0169681 January 17, 2017 9 / 17



NKT cells accumulate prior to the onset of histological hepatosteatosis. Based on these find-

ings, we speculate that choline deficiency affects the NKT cell population earlier than observed

in previous studies [22, 23, 38, 44], suggesting that NKT cells induce NASH. Several reports

have indicated that both type I and type II NKT cells induce NASH in other NASH models

(e.g., ob/ob mice, mice fed a high fat diet) [45–48]. Therefore, NKT cell play an important role

in the long-term development of NASH. Moreover, the MCD diet causes an increase in the

NKT cell population at a very early stage of NASH.

Surprisingly, the frequency of NKT cells, especially type II NKT cells, was reduced in the

colonic lamina propria, spleen, mesenteric lymph node, and intraperitoneal cavity after 1 week

of MCD feeding in wild-type mice. The MCD diet caused an increase in the frequency of NKT

cells in the liver; in contrast, the MCD diet caused a decrease in the frequency of these cells in

the colon in wild-type mice. It is possible that the distribution of NKT cells varies among dif-

ferent organs with the MCD diet. In addition, the proportion of type II NKT cells was signifi-

cantly reduced in the colonic lamina propria of Jα18-/--MCD mice, similar to wild-type mice,

but not in CD1d-/--MCD mice. These results suggest that the mechanism regulating type II

Fig 5. Adaptive transfer of Jα18-CTR lamina propria cells, but not CD1d-CTR lamina propria cells, restored colonic inflammation in DSS-

induced colitis. (A) Experimental setup. (B) Disease activity index (DAI) scores of colons of DSS-treated Jα18-/- and CD1d-/- mice fed the MCD or

CTR diets, and transferred with lamina propria cells from Jα18-/- and CD1d-/- mice. N = 4, *P < 0.05, Student’s t-test. (C) Histological examination

(H & E staining) and (D) histological scores of the colons of Jα18-/- and CD1d-/- mice fed the MCD or CTR diets 7 days after 2.0% DSS treatment.

Original magnification × 100. All data are presented as means ± SE. N = 4, *P < 0.05, Student’s t-test.

doi:10.1371/journal.pone.0169681.g005
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NKT cells loss in choline deficiency is independent of type I NKT cells. Type II NKT cells play

a pathogenic role in DSS-induced colitis and UC [24, 37, 49, 50]. These alterations in type II

NKT frequency indicate that choline deficiency affects the development of colitis.

The chemokine receptor CXCR6 and its ligand CXCL16 play critical roles in homeostasis

and activation of type I and II NKT cells. In a previous study, IFN-γ production by hepatic

NKT cells was impaired and the cell numbers of NK1.1+ NKT cells decreased in CXCR6-/-

mouse [35]. Furthermore, the ability of CXCR6-/- NKT cells to accumulate in the liver of the

recipient mouse was reduced [51]. In this study, choline deficiency increased the intrahepatic

mRNA level of CXCR6, and decreased that in the colon. Since CXCR6 has been reported to be

expressed on NKT cells [52], it was not clarified whether change in the CXCR6 level was the

cause or consequence of NKT cell migration. However, protein level of CXCR6 was also

affected in colon and liver under type I and II NKT cell deficiency as well as in WT mice. And,

the source of CXCR6 molecules was hepatic NKT cells. These results suggest that choline defi-

ciency affects CXCR6 expression regardless of the existence of NKT cells. However, we cannot

totally exclude the possibility that change in the CXCR6 level was the consequence of NKT cell

migration. Prostaglandin E2 (PGE2) in intestinal mucus-derived proinflammatory nanoparti-

cles induced an anergy-like state in hepatic NKT cells, which produce IFN-γ and IL-4 in a

PGE2 E-type prostanoid 2 (EP2)/E-type prostanoid 4 receptor (EP4)-mediated manner [36].

EP4 is one of the four receptors for PGE2, and it plays important roles in choline metabolism

and prevention of colitis [53–55]. In particular, EP4 regulates phosphatidylcholine production.

[53] Thus, an overall EP-4 upregulation may be caused by choline deficiency. The association

between EP4 and NAFLD has not been clarified. However, PGE2, via activation of EP4 recep-

tors, functions as an endogenous anti-inflammatory mediator in mouse adipose tissue, and

targeting EP4 may mitigate adipose tissue inflammation in a high-fat diet model by suppress-

ing a greater variety of chemokines [56].

In this study, we demonstrated that choline deficiency attenuates DSS-induced colitis

under conditions of type I NKT cell deficiency. Since type II NKT cells have a pathogenic role,

three possibilities can explain these observations: First, lysophosphatidylcholine exhibits pro-

inflammatory effects [57]. Isoforms C18:0 and C16:0 of LPC, which display a choline head

group, are the most potent at activating sulfatide-reactive type II NKT cells [57]. In our study,

LPC stimulated mononuclear cells in the colonic lamina propria to produce IFN-γ (data not

shown), consistent with a previous report. Because serum LPC levels are reduced in MCD

mice [58], type II NKT cells may not be able to become activated in these mice. Second, both

intestinal epithelial cells and DCs functionally express CD1d on their cell surfaces [59], and

LPC is sensed by DCs to modulate their function [60]. Type II NKT cells exposed in vivo to

low levels of CD1d expression may fail to contribute to the development of colitis in mice.

Finally, lipid antigens from commensal or pathogenic bacteria, as well as self-lipids, may acti-

vate type II NKT cells, contributing to the pathogenesis of IBD [24, 48, 61]. For example, treat-

ment of mice with broad-spectrum antibiotics attenuated colitis caused by type II NKT cells

[24]. Choline deficiency may lead to the loss of CD1d-expressing cells, which deactivate type II

NKT cells. Analysis of the gut microbiota following feeding with the MCD diet revealed that

lactic acid bacteria levels were reduced in feces [62]. In the present study, we did not analyze

choline metabolism, CD1d expression, or the microbiota of the mice; thus, the factors respon-

sible for the regulation of colonic type II NKT cells require further study.

In this study, we demonstrated that IFN-γ and IL-4 production from lamina propria mono-

nuclear cells was reduced in Jα18-/--MCD mice but not in CD1d-/--MCD mice, whereas the

IL-10 levels remained unchanged. In addition, the amount of IFN-γ and IL-4 produced by

NKT cells in the lamina propria was reduced in Jα18-/--MCD mice but not in CD1d-/--MCD

mice. Thus, our results indicate that choline deficiency induces the loss and deactivation of
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colonic type II NKT cells in mice. We also found that the MCD diet improved colitis in Jα18-/-

mice but not in CD1d-/- mice. Moreover, adoptive transfer of lamina propria cells from Jα18-/-

mice, but not from CD1d-/- mice, aggravated colitis in Jα18-/- mice with choline deficiency.

Thus, our data suggest that choline deficiency reduces the number of type II NKT cells in the

colon, leading to the dysregulation of type II NKT cells and attenuation of the severity of

colitis.

However, alternative explanations for the effects of choline deficiency need to be consid-

ered. To address the possible impact of choline deficiency, studies using mouse models that

are more resistant to NAFLD (e.g. BALB/c mice instead of B6 mice) [10] need to be performed.

Further, using other type of colitis model (e.g. 2,4,6-trinitrobenzene sulfonic acid (TNBS)-

induced colitis) will confirm reliability of our findings. Next, the relationship between choline

deficiency and human NKT cells is not unknown. Hence, we should investigate how diet stan-

dardization and choline deficiency influence the development of IBD under conditions of cho-

line deficiency.

In contrast, a protective role has been reported for type I NKT cells in the DSS-induced

colitis model. In a previous study, activation of type I NKT cells by α-GalCer led to a signifi-

cant improvement in DSS-induced colitis based on assessment of body weight, bleeding, diar-

rhea, and survival [63]. We have previously shown that repeated stimulation of type I NKT

cells with α-GalCer altered the Th1/Th2 balance by reducing the Th1 response and improving

the disease score in DSS-induced colitis [64], and administration of OCH, an α-GalCer analog,

attenuated colonic inflammation by polarizing type I NKT cells to a Th2-type cytokine pro-

duction profile [29]. IL-9-producing type I NKT cells protect against DSS-induced colitis

through IFN-γ and IL-17A suppression, as well as IL-10 and TGF-β upregulation, depending

on IL-4 production by type I NKT cells [65]. Consistent with these findings, our experiments

revealed that Jα18-/- mice suffered from aggravated DSS-induced colitis compared with wild-

type mice (data not shown). Wild-type mice were not significantly affected by choline defi-

ciency; thus, colonic type I NKT cells may not be affected by choline levels.

Type I NKT cells are deficient, both systemically and mucosally, in CD patients [66]. This is

also true in Jα18-/- mice. Reducing type II NKT cell stimulation by altering the lipids recog-

nized may offer a way to modulate the activity of IBD and other diseases. The frequency of

type II NKT cells is significantly increased in patients with active phase UC and other immune

diseases [50], suggesting that this feature may be useful as a clinical biomarker of IBD and

other diseases. The ability to regulate NKT cell levels with choline deficiency may aid in con-

trolling the disease activity of IBD.

Supporting Information

S1 Table. Primers used for real-time PCR.

(PDF)

S1 Fig. (A) Effects of 1 week of MCD diet on type I and type II NKT cell subsets in the lamina

propria of wild-type, Jα18-/-, and CD1d-/- mice before DSS administration. N = 4, �P< 0.05,

Student’s t-test. (B) Effects of 1 week of MCD diet on type I and type II NKT cell subsets in the

lamina propria of wild-type, Jα18-/-, and CD1d-/- mice after DSS administration. N = 4,
�P< 0.05, Student’s t-test.

(PDF)

S2 Fig. (A-C)Representative flow cytometry plots and frequency of CXCR6+ population in

liver and colonic lamina propria in CD1d-/- mice. N = 4, �P< 0.05, ��P< 0.01, Student’s t-test.

(PDF)

Choline Deficiency Alleviates Colitis

PLOS ONE | DOI:10.1371/journal.pone.0169681 January 17, 2017 12 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169681.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169681.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169681.s003


S3 Fig. (A-B) Immunofluorescence DAPI staining (×40) of the colon, spleen, mesenteric

lymph node from Jα18-/- mice with or without MCD diet at day 7 after injection of PKH-

labeled cells. PKH26 (red) and DAPI (blue) were expressed. PKH-labeled cells per field were

enumerated. Data from 10 representative fields from four individual mice are plotted as

mean ± s.e.m. �P< 0.05, ��P < 0.01, Student’s t-test. Scale bar = 50 μm.

(PDF)

S4 Fig. Graphical abstract.

(PDF)

Acknowledgments

We thank Dr. Hiromi Abe-Chayama, Dr. Yoko Hayashi, Dr. Yup Guo, Prof. Masamoto

Kanno, Dr. Hidehiko Takigawa and Dr. Ryo Yuge (Hiroshima University, Hiroshima, Japan)

for their advice and encouragement, and Prof. Hideki Ohdan for providing CD1d-/- mice. This

work was carried out in part at the Analysis Center of Life Science, Hiroshima University.

Author Contributions

Conceptualization: SS YU HH.

Data curation: SS AF YU HN.

Formal analysis: SS YU.

Funding acquisition: SS YU ST.

Investigation: SS AF HN.

Methodology: SS AF HN YU.

Project administration: YU.

Resources: SS YU YK ST TH.

Software: SS.

Supervision: SS YU ST HH KC.

Validation: SS YU.

Visualization: SS.

Writing – original draft: SS YU.

Writing – review & editing: RH TH ST YK KC.

References
1. Xavier RJ, Podolsky DK. Unravelling the pathogenesis of inflammatory bowel disease. Nature. 2007;

448(7152):427–34. Epub 2007/07/27. doi: 10.1038/nature06005 PMID: 17653185

2. Cho JH. The genetics and immunopathogenesis of inflammatory bowel disease. Nature reviews Immu-

nology. 2008; 8(6):458–66. Epub 2008/05/27. doi: 10.1038/nri2340 PMID: 18500230

3. Sagami S, Ueno Y, Tanaka S, Fujita A, Hayashi R, Oka S, et al. The significance of nonalcoholic fatty

liver disease in Crohn’s disease: A retrospective cohort study. Hepatology research: the official journal

of the Japan Society of Hepatology. 2016. Epub 2016/10/14.

4. Buchman AL, Dubin MD, Moukarzel AA, Jenden DJ, Roch M, Rice KM, et al. Choline deficiency: a

cause of hepatic steatosis during parenteral nutrition that can be reversed with intravenous choline sup-

plementation. Hepatology. 1995; 22(5):1399–403. Epub 1995/11/01. PMID: 7590654

Choline Deficiency Alleviates Colitis

PLOS ONE | DOI:10.1371/journal.pone.0169681 January 17, 2017 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169681.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169681.s005
http://dx.doi.org/10.1038/nature06005
http://www.ncbi.nlm.nih.gov/pubmed/17653185
http://dx.doi.org/10.1038/nri2340
http://www.ncbi.nlm.nih.gov/pubmed/18500230
http://www.ncbi.nlm.nih.gov/pubmed/7590654


5. Corbin KD, Zeisel SH. Choline metabolism provides novel insights into nonalcoholic fatty liver disease

and its progression. Current opinion in gastroenterology. 2012; 28(2):159–65. Epub 2011/12/03.

PubMed Central PMCID: PMCPMC3601486. doi: 10.1097/MOG.0b013e32834e7b4b PMID: 22134222

6. Balasubramanian K, Kumar S, Singh RR, Sharma U, Ahuja V, Makharia GK, et al. Metabolism of the

colonic mucosa in patients with inflammatory bowel diseases: an in vitro proton magnetic resonance

spectroscopy study. Magnetic resonance imaging. 2009; 27(1):79–86. Epub 2008/07/05. doi: 10.1016/

j.mri.2008.05.014 PMID: 18599242

7. Dawiskiba T, Deja S, Mulak A, Zabek A, Jawien E, Pawelka D, et al. Serum and urine metabolomic fin-

gerprinting in diagnostics of inflammatory bowel diseases. World journal of gastroenterology: WJG.

2014; 20(1):163–74. PubMed Central PMCID: PMC3886005. doi: 10.3748/wjg.v20.i1.163 PMID:

24415869

8. Williams HR, Willsmore JD, Cox IJ, Walker DG, Cobbold JF, Taylor-Robinson SD, et al. Serum meta-

bolic profiling in inflammatory bowel disease. Digestive diseases and sciences. 2012; 57(8):2157–65.

Epub 2012/04/11. doi: 10.1007/s10620-012-2127-2 PMID: 22488632

9. Davies JM, Hua HU, Dheer R, Martinez M, Bhattacharya SK, Abreu MT. Stool phospholipid signature is

altered by diet and tumors. PloS one. 2014; 9(12):e114352. Epub 2014/12/04. PubMed Central PMCID:

PMCPMC4254978. doi: 10.1371/journal.pone.0114352 PMID: 25469718

10. Dumas ME, Barton RH, Toye A, Cloarec O, Blancher C, Rothwell A, et al. Metabolic profiling reveals a

contribution of gut microbiota to fatty liver phenotype in insulin-resistant mice. Proceedings of the

National Academy of Sciences of the United States of America. 2006; 103(33):12511–6. Epub 2006/08/

10. PubMed Central PMCID: PMCPMC1567909. doi: 10.1073/pnas.0601056103 PMID: 16895997

11. Vance DE. Role of phosphatidylcholine biosynthesis in the regulation of lipoprotein homeostasis. Cur-

rent opinion in lipidology. 2008; 19(3):229–34. Epub 2008/05/08. doi: 10.1097/MOL.0b013e3282fee935

PMID: 18460912

12. Spencer MD, Hamp TJ, Reid RW, Fischer LM, Zeisel SH, Fodor AA. Association between composition

of the human gastrointestinal microbiome and development of fatty liver with choline deficiency. Gastro-

enterology. 2011; 140(3):976–86. Epub 2010/12/07. PubMed Central PMCID: PMCPMC3049827. doi:

10.1053/j.gastro.2010.11.049 PMID: 21129376

13. Lewis ED, Subhan FB, Bell RC, McCargar LJ, Curtis JM, Jacobs RL, et al. Estimation of choline intake

from 24 h dietary intake recalls and contribution of egg and milk consumption to intake among pregnant

and lactating women in Alberta. The British journal of nutrition. 2014; 112(1):112–21. Epub 2014/04/09.

doi: 10.1017/S0007114514000555 PMID: 24708921

14. Brown AC, Rampertab SD, Mullin GE. Existing dietary guidelines for Crohn’s disease and ulcerative

colitis. Expert review of gastroenterology & hepatology. 2011; 5(3):411–25. Epub 2011/06/10.

15. Richman E, Rhodes JM. Review article: evidence-based dietary advice for patients with inflammatory

bowel disease. Alimentary pharmacology & therapeutics. 2013; 38(10):1156–71. Epub 2013/10/10.

16. Pennington CR, Ritchie PH, Pringle R. Home parenteral nutrition: the first twelve months. Scottish medi-

cal journal. 1982; 27(2):177–9. Epub 1982/04/01. PMID: 6806899

17. Romano KA, Vivas EI, Amador-Noguez D, Rey FE. Intestinal microbiota composition modulates choline

bioavailability from diet and accumulation of the proatherogenic metabolite trimethylamine-N-oxide.

mBio. 2015; 6(2):e02481. Epub 2015/03/19. PubMed Central PMCID: PMCPMC4453578. doi: 10.

1128/mBio.02481-14 PMID: 25784704

18. Palm NW, de Zoete MR, Cullen TW, Barry NA, Stefanowski J, Hao L, et al. Immunoglobulin A coating

identifies colitogenic bacteria in inflammatory bowel disease. Cell. 2014; 158(5):1000–10. Epub 2014/

08/30. PubMed Central PMCID: PMCPMC4174347. doi: 10.1016/j.cell.2014.08.006 PMID: 25171403

19. Gevers D, Kugathasan S, Denson LA, Vazquez-Baeza Y, Van Treuren W, Ren B, et al. The treatment-

naive microbiome in new-onset Crohn’s disease. Cell host & microbe. 2014; 15(3):382–92. Epub 2014/

03/19. PubMed Central PMCID: PMCPMC4059512.

20. Ghoshal AK, Farber E. The induction of resistant hepatocytes during initiation of liver carcinogenesis

with chemicals in rats fed a choline deficient methionine low diet. Carcinogenesis. 1983; 4(7):801–4.

Epub 1983/01/01. PMID: 6307537

21. Kirsch R, Clarkson V, Shephard EG, Marais DA, Jaffer MA, Woodburne VE, et al. Rodent nutritional

model of non-alcoholic steatohepatitis: species, strain and sex difference studies. Journal of gastroen-

terology and hepatology. 2003; 18(11):1272–82. Epub 2003/10/11. PMID: 14535984

22. Syn WK, Oo YH, Pereira TA, Karaca GF, Jung Y, Omenetti A, et al. Accumulation of natural killer T

cells in progressive nonalcoholic fatty liver disease. Hepatology. 2010; 51(6):1998–2007. PubMed Cen-

tral PMCID: PMC2920131. doi: 10.1002/hep.23599 PMID: 20512988

23. Syn WK, Agboola KM, Swiderska M, Michelotti GA, Liaskou E, Pang H, et al. NKT-associated hedge-

hog and osteopontin drive fibrogenesis in non-alcoholic fatty liver disease. Gut. 2012; 61(9):1323–9.

PubMed Central PMCID: PMC3578424. doi: 10.1136/gutjnl-2011-301857 PMID: 22427237

Choline Deficiency Alleviates Colitis

PLOS ONE | DOI:10.1371/journal.pone.0169681 January 17, 2017 14 / 17

http://dx.doi.org/10.1097/MOG.0b013e32834e7b4b
http://www.ncbi.nlm.nih.gov/pubmed/22134222
http://dx.doi.org/10.1016/j.mri.2008.05.014
http://dx.doi.org/10.1016/j.mri.2008.05.014
http://www.ncbi.nlm.nih.gov/pubmed/18599242
http://dx.doi.org/10.3748/wjg.v20.i1.163
http://www.ncbi.nlm.nih.gov/pubmed/24415869
http://dx.doi.org/10.1007/s10620-012-2127-2
http://www.ncbi.nlm.nih.gov/pubmed/22488632
http://dx.doi.org/10.1371/journal.pone.0114352
http://www.ncbi.nlm.nih.gov/pubmed/25469718
http://dx.doi.org/10.1073/pnas.0601056103
http://www.ncbi.nlm.nih.gov/pubmed/16895997
http://dx.doi.org/10.1097/MOL.0b013e3282fee935
http://www.ncbi.nlm.nih.gov/pubmed/18460912
http://dx.doi.org/10.1053/j.gastro.2010.11.049
http://www.ncbi.nlm.nih.gov/pubmed/21129376
http://dx.doi.org/10.1017/S0007114514000555
http://www.ncbi.nlm.nih.gov/pubmed/24708921
http://www.ncbi.nlm.nih.gov/pubmed/6806899
http://dx.doi.org/10.1128/mBio.02481-14
http://dx.doi.org/10.1128/mBio.02481-14
http://www.ncbi.nlm.nih.gov/pubmed/25784704
http://dx.doi.org/10.1016/j.cell.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25171403
http://www.ncbi.nlm.nih.gov/pubmed/6307537
http://www.ncbi.nlm.nih.gov/pubmed/14535984
http://dx.doi.org/10.1002/hep.23599
http://www.ncbi.nlm.nih.gov/pubmed/20512988
http://dx.doi.org/10.1136/gutjnl-2011-301857
http://www.ncbi.nlm.nih.gov/pubmed/22427237


24. Liao CM, Zimmer MI, Shanmuganad S, Yu HT, Cardell SL, Wang CR. dysregulation of CD1d-restricted

type ii natural killer T cells leads to spontaneous development of colitis in mice. Gastroenterology. 2012;

142(2):326–34.e1-2. Epub 2011/11/08. PubMed Central PMCID: PMCPmc3267843. doi: 10.1053/j.

gastro.2011.10.030 PMID: 22057113

25. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, et al. Design and validation

of a histological scoring system for nonalcoholic fatty liver disease. Hepatology. 2005; 41(6):1313–21.

Epub 2005/05/26. doi: 10.1002/hep.20701 PMID: 15915461

26. Kodani T, Rodriguez-Palacios A, Corridoni D, Lopetuso L, Di Martino L, Marks B, et al. Flexible colonos-

copy in mice to evaluate the severity of colitis and colorectal tumors using a validated endoscopic scor-

ing system. Journal of visualized experiments: JoVE. 2013;(80):e50843. Epub 2013/11/07. PubMed

Central PMCID: PMCPMC3940705.

27. Cooper HS, Murthy SN, Shah RS, Sedergran DJ. Clinicopathologic study of dextran sulfate sodium

experimental murine colitis. Laboratory investigation; a journal of technical methods and pathology.

1993; 69(2):238–49. Epub 1993/08/01. PMID: 8350599

28. Laroui H, Ingersoll SA, Liu HC, Baker MT, Ayyadurai S, Charania MA, et al. Dextran sodium sulfate

(DSS) induces colitis in mice by forming nano-lipocomplexes with medium-chain-length fatty acids in

the colon. PloS one. 2012; 7(3):e32084. Epub 2012/03/20. PubMed Central PMCID:

PMCPmc3302894. doi: 10.1371/journal.pone.0032084 PMID: 22427817

29. Ueno Y, Tanaka S, Sumii M, Miyake S, Tazuma S, Taniguchi M, et al. Single dose of OCH improves

mucosal T helper type 1/T helper type 2 cytokine balance and prevents experimental colitis in the pres-

ence of valpha14 natural killer T cells in mice. Inflammatory bowel diseases. 2005; 11(1):35–41. PMID:

15674111

30. Zeissig S, Olszak T, Melum E, Blumberg RS. Analyzing antigen recognition by Natural Killer T cells.

Methods in molecular biology. 2013; 960:557–72. Epub 2013/01/19. PubMed Central PMCID:

PMCPMC3708615. doi: 10.1007/978-1-62703-218-6_41 PMID: 23329514

31. Takigawa H, Kitadai Y, Shinagawa K, Yuge R, Higashi Y, Tanaka S, et al. Multikinase inhibitor regorafe-

nib inhibits the growth and metastasis of colon cancer with abundant stroma. Cancer science. 2016;

107(5):601–8. Epub 2016/02/13. PubMed Central PMCID: PMCPMC5001714. doi: 10.1111/cas.12907

PMID: 26865419

32. Baeck C, Wehr A, Karlmark KR, Heymann F, Vucur M, Gassler N, et al. Pharmacological inhibition of

the chemokine CCL2 (MCP-1) diminishes liver macrophage infiltration and steatohepatitis in chronic

hepatic injury. Gut. 2012; 61(3):416–26. Epub 2011/08/05. doi: 10.1136/gutjnl-2011-300304 PMID:

21813474

33. Henning JR, Graffeo CS, Rehman A, Fallon NC, Zambirinis CP, Ochi A, et al. Dendritic cells limit fibroin-

flammatory injury in nonalcoholic steatohepatitis in mice. Hepatology. 2013; 58(2):589–602. Epub

2013/01/17. PubMed Central PMCID: PMCPMC3638069. doi: 10.1002/hep.26267 PMID: 23322710

34. Lee YJ, Wang H, Starrett GJ, Phuong V, Jameson SC, Hogquist KA. Tissue-Specific Distribution of

iNKT Cells Impacts Their Cytokine Response. Immunity. 2015; 43(3):566–78. Epub 2015/09/13.

PubMed Central PMCID: PMCPMC4575275. doi: 10.1016/j.immuni.2015.06.025 PMID: 26362265

35. Germanov E, Veinotte L, Cullen R, Chamberlain E, Butcher EC, Johnston B. Critical role for the chemo-

kine receptor CXCR6 in homeostasis and activation of CD1d-restricted NKT cells. Journal of immunol-

ogy. 2008; 181(1):81–91. Epub 2008/06/21.

36. Deng ZB, Zhuang X, Ju S, Xiang X, Mu J, Liu Y, et al. Exosome-like nanoparticles from intestinal muco-

sal cells carry prostaglandin E2 and suppress activation of liver NKT cells. Journal of immunology.

2013; 190(7):3579–89. Epub 2013/03/08. PubMed Central PMCID: PMCPMC4396634.

37. Huang E, Liu R, Lu Z, Liu J, Liu X, Zhang D, et al. NKT cells mediate the recruitment of neutrophils by

stimulating epithelial chemokine secretion during colitis. Biochemical and biophysical research commu-

nications. 2016; 474(2):252–8. doi: 10.1016/j.bbrc.2016.04.024 PMID: 27063801

38. Kremer M, Thomas E, Milton RJ, Perry AW, van Rooijen N, Wheeler MD, et al. Kupffer cell and interleu-

kin-12-dependent loss of natural killer T cells in hepatosteatosis. Hepatology. 2010; 51(1):130–41.

PubMed Central PMCID: PMC3761962. doi: 10.1002/hep.23292 PMID: 20034047

39. Soon RK Jr., Yan JS, Grenert JP, Maher JJ. Stress signaling in the methionine-choline-deficient model

of murine fatty liver disease. Gastroenterology. 2010; 139(5):1730–9, 9 e1. PubMed Central PMCID:

PMC2967598. doi: 10.1053/j.gastro.2010.07.046 PMID: 20682321

40. Ma C, Kesarwala AH, Eggert T, Medina-Echeverz J, Kleiner DE, Jin P, et al. NAFLD causes selective

CD4(+) T lymphocyte loss and promotes hepatocarcinogenesis. Nature. 2016; 531(7593):253–7. Epub

2016/03/05. PubMed Central PMCID: PMCPMC4786464. doi: 10.1038/nature16969 PMID: 26934227

41. Gao B, Jeong WI, Tian Z. Liver: An organ with predominant innate immunity. Hepatology. 2008; 47

(2):729–36. Epub 2008/01/02. doi: 10.1002/hep.22034 PMID: 18167066

Choline Deficiency Alleviates Colitis

PLOS ONE | DOI:10.1371/journal.pone.0169681 January 17, 2017 15 / 17

http://dx.doi.org/10.1053/j.gastro.2011.10.030
http://dx.doi.org/10.1053/j.gastro.2011.10.030
http://www.ncbi.nlm.nih.gov/pubmed/22057113
http://dx.doi.org/10.1002/hep.20701
http://www.ncbi.nlm.nih.gov/pubmed/15915461
http://www.ncbi.nlm.nih.gov/pubmed/8350599
http://dx.doi.org/10.1371/journal.pone.0032084
http://www.ncbi.nlm.nih.gov/pubmed/22427817
http://www.ncbi.nlm.nih.gov/pubmed/15674111
http://dx.doi.org/10.1007/978-1-62703-218-6_41
http://www.ncbi.nlm.nih.gov/pubmed/23329514
http://dx.doi.org/10.1111/cas.12907
http://www.ncbi.nlm.nih.gov/pubmed/26865419
http://dx.doi.org/10.1136/gutjnl-2011-300304
http://www.ncbi.nlm.nih.gov/pubmed/21813474
http://dx.doi.org/10.1002/hep.26267
http://www.ncbi.nlm.nih.gov/pubmed/23322710
http://dx.doi.org/10.1016/j.immuni.2015.06.025
http://www.ncbi.nlm.nih.gov/pubmed/26362265
http://dx.doi.org/10.1016/j.bbrc.2016.04.024
http://www.ncbi.nlm.nih.gov/pubmed/27063801
http://dx.doi.org/10.1002/hep.23292
http://www.ncbi.nlm.nih.gov/pubmed/20034047
http://dx.doi.org/10.1053/j.gastro.2010.07.046
http://www.ncbi.nlm.nih.gov/pubmed/20682321
http://dx.doi.org/10.1038/nature16969
http://www.ncbi.nlm.nih.gov/pubmed/26934227
http://dx.doi.org/10.1002/hep.22034
http://www.ncbi.nlm.nih.gov/pubmed/18167066


42. Asanuma T, Ono M, Kubota K, Hirose A, Hayashi Y, Saibara T, et al. Super paramagnetic iron oxide

MRI shows defective Kupffer cell uptake function in non-alcoholic fatty liver disease. Gut. 2010; 59

(2):258–66. Epub 2009/11/19. doi: 10.1136/gut.2009.176651 PMID: 19919948

43. Notas G, Kisseleva T, Brenner D. NK and NKT cells in liver injury and fibrosis. Clinical immunology

(Orlando, Fla). 2009; 130(1):16–26. Epub 2008/10/01.

44. Locatelli I, Sutti S, Vacchiano M, Bozzola C, Albano E. NF-kappaB1 deficiency stimulates the progres-

sion of non-alcoholic steatohepatitis (NASH) in mice by promoting NKT-cell-mediated responses. Clini-

cal science. 2013; 124(4):279–87. doi: 10.1042/CS20120289 PMID: 22970906

45. Elinav E, Pappo O, Sklair-Levy M, Margalit M, Shibolet O, Gomori M, et al. Adoptive transfer of regula-

tory NKT lymphocytes ameliorates non-alcoholic steatohepatitis and glucose intolerance in ob/ob mice

and is associated with intrahepatic CD8 trapping. The Journal of pathology. 2006; 209(1):121–8. Epub

2006/02/17. doi: 10.1002/path.1950 PMID: 16482497

46. Wu L, Parekh VV, Gabriel CL, Bracy DP, Marks-Shulman PA, Tamboli RA, et al. Activation of invariant

natural killer T cells by lipid excess promotes tissue inflammation, insulin resistance, and hepatic steato-

sis in obese mice. Proceedings of the National Academy of Sciences of the United States of America.

2012; 109(19):E1143–52. PubMed Central PMCID: PMC3358828. doi: 10.1073/pnas.1200498109

PMID: 22493234

47. Satoh M, Andoh Y, Clingan CS, Ogura H, Fujii S, Eshima K, et al. Type II NKT cells stimulate diet-

induced obesity by mediating adipose tissue inflammation, steatohepatitis and insulin resistance. PloS

one. 2012; 7(2):e30568. PubMed Central PMCID: PMC3284453. doi: 10.1371/journal.pone.0030568

PMID: 22383967

48. Martin-Murphy BV, You Q, Wang H, De La Houssaye BA, Reilly TP, Friedman JE, et al. Mice lacking

natural killer T cells are more susceptible to metabolic alterations following high fat diet feeding. PloS

one. 2014; 9(1):e80949. PubMed Central PMCID: PMC3896335. doi: 10.1371/journal.pone.0080949

PMID: 24465369

49. Fuss IJ, Heller F, Boirivant M, Leon F, Yoshida M, Fichtner-Feigl S, et al. Nonclassical CD1d-restricted

NK T cells that produce IL-13 characterize an atypical Th2 response in ulcerative colitis. Journal of Clini-

cal Investigation. 2004; 113(10):1490–7. doi: 10.1172/JCI19836 PMID: 15146247

50. Fuss IJ, Joshi B, Yang Z, Degheidy H, Fichtner-Feigl S, de Souza H, et al. IL-13Ralpha2-bearing, type II

NKT cells reactive to sulfatide self-antigen populate the mucosa of ulcerative colitis. Gut. 2014; 63

(11):1728–36. Epub 2014/02/12. doi: 10.1136/gutjnl-2013-305671 PMID: 24515806

51. Geissmann F, Cameron TO, Sidobre S, Manlongat N, Kronenberg M, Briskin MJ, et al. Intravascular

immune surveillance by CXCR6+ NKT cells patrolling liver sinusoids. PLoS biology. 2005; 3(4):e113.

Epub 2005/04/01. PubMed Central PMCID: PMCPMC1073691. doi: 10.1371/journal.pbio.0030113

PMID: 15799695

52. Wehr A, Baeck C, Heymann F, Niemietz PM, Hammerich L, Martin C, et al. Chemokine receptor

CXCR6-dependent hepatic NK T Cell accumulation promotes inflammation and liver fibrosis. Journal of

immunology. 2013; 190(10):5226–36. Epub 2013/04/19.

53. Li N, Zhang L, An Y, Zhang L, Song Y, Wang Y, et al. Antagonist of prostaglandin E2 receptor 4 induces

metabolic alterations in liver of mice. Journal of proteome research. 2015; 14(3):1566–73. Epub 2015/

02/12. doi: 10.1021/pr501236y PMID: 25669961

54. Kabashima K, Saji T, Murata T, Nagamachi M, Matsuoka T, Segi E, et al. The prostaglandin receptor

EP4 suppresses colitis, mucosal damage and CD4 cell activation in the gut. The Journal of clinical

investigation. 2002; 109(7):883–93. Epub 2002/04/03. PubMed Central PMCID: PMCPMC150928. doi:

10.1172/JCI14459 PMID: 11927615

55. Nakatsuji M, Minami M, Seno H, Yasui M, Komekado H, Higuchi S, et al. EP4 Receptor-Associated Pro-

tein in Macrophages Ameliorates Colitis and Colitis-Associated Tumorigenesis. PLoS genetics. 2015;

11(10):e1005542. Epub 2015/10/07. 26439841; PubMed Central PMCID: PMCPMC4595503. doi: 10.

1371/journal.pgen.1005542 PMID: 26439841

56. Tang EH, Cai Y, Wong CK, Rocha VZ, Sukhova GK, Shimizu K, et al. Activation of prostaglandin E2-

EP4 signaling reduces chemokine production in adipose tissue. Journal of lipid research. 2015; 56

(2):358–68. Epub 2014/12/17. PubMed Central PMCID: PMCPMC4306689. doi: 10.1194/jlr.M054817

PMID: 25510249

57. Olofsson KE, Andersson L, Nilsson J, Bjorkbacka H. Nanomolar concentrations of lysophosphatidyl-

choline recruit monocytes and induce pro-inflammatory cytokine production in macrophages. Biochemi-

cal and biophysical research communications. 2008; 370(2):348–52. Epub 2008/03/29. doi: 10.1016/j.

bbrc.2008.03.087 PMID: 18371300

58. Tanaka N, Matsubara T, Krausz KW, Patterson AD, Gonzalez FJ. Disruption of phospholipid and bile

acid homeostasis in mice with nonalcoholic steatohepatitis. Hepatology. 2012; 56(1):118–29. Epub

2012/02/01. doi: 10.1002/hep.25630 PMID: 22290395

Choline Deficiency Alleviates Colitis

PLOS ONE | DOI:10.1371/journal.pone.0169681 January 17, 2017 16 / 17

http://dx.doi.org/10.1136/gut.2009.176651
http://www.ncbi.nlm.nih.gov/pubmed/19919948
http://dx.doi.org/10.1042/CS20120289
http://www.ncbi.nlm.nih.gov/pubmed/22970906
http://dx.doi.org/10.1002/path.1950
http://www.ncbi.nlm.nih.gov/pubmed/16482497
http://dx.doi.org/10.1073/pnas.1200498109
http://www.ncbi.nlm.nih.gov/pubmed/22493234
http://dx.doi.org/10.1371/journal.pone.0030568
http://www.ncbi.nlm.nih.gov/pubmed/22383967
http://dx.doi.org/10.1371/journal.pone.0080949
http://www.ncbi.nlm.nih.gov/pubmed/24465369
http://dx.doi.org/10.1172/JCI19836
http://www.ncbi.nlm.nih.gov/pubmed/15146247
http://dx.doi.org/10.1136/gutjnl-2013-305671
http://www.ncbi.nlm.nih.gov/pubmed/24515806
http://dx.doi.org/10.1371/journal.pbio.0030113
http://www.ncbi.nlm.nih.gov/pubmed/15799695
http://dx.doi.org/10.1021/pr501236y
http://www.ncbi.nlm.nih.gov/pubmed/25669961
http://dx.doi.org/10.1172/JCI14459
http://www.ncbi.nlm.nih.gov/pubmed/11927615
http://dx.doi.org/10.1371/journal.pgen.1005542
http://dx.doi.org/10.1371/journal.pgen.1005542
http://www.ncbi.nlm.nih.gov/pubmed/26439841
http://dx.doi.org/10.1194/jlr.M054817
http://www.ncbi.nlm.nih.gov/pubmed/25510249
http://dx.doi.org/10.1016/j.bbrc.2008.03.087
http://dx.doi.org/10.1016/j.bbrc.2008.03.087
http://www.ncbi.nlm.nih.gov/pubmed/18371300
http://dx.doi.org/10.1002/hep.25630
http://www.ncbi.nlm.nih.gov/pubmed/22290395


59. van de Wal Y, Corazza N, Allez M, Mayer LF, Iijima H, Ryan M, et al. Delineation of a CD1d-restricted

antigen presentation pathway associated with human and mouse intestinal epithelial cells. Gastroenter-

ology. 2003; 124(5):1420–31. Epub 2003/05/06. PMID: 12730881

60. Coutant F, Agaugue S, Perrin-Cocon L, Andre P, Lotteau V. Sensing environmental lipids by dendritic

cell modulates its function. Journal of immunology. 2004; 172(1):54–60. Epub 2003/12/23.

61. Maricic I, Girardi E, Zajonc DM, Kumar V. Recognition of lysophosphatidylcholine by type II NKT cells

and protection from an inflammatory liver disease. Journal of immunology. 2014; 193(9):4580–9. Epub

2014/09/28. PubMed Central PMCID: PMCPMC4201983.

62. Okubo H, Sakoda H, Kushiyama A, Fujishiro M, Nakatsu Y, Fukushima T, et al. Lactobacillus casei

strain Shirota protects against nonalcoholic steatohepatitis development in a rodent model. American

journal of physiology Gastrointestinal and liver physiology. 2013; 305(12):G911–8. Epub 2013/10/12.

doi: 10.1152/ajpgi.00225.2013 PMID: 24113768

63. Saubermann LJ, Beck P, De Jong YP, Pitman RS, Ryan MS, Kim HS, et al. Activation of natural killer T

cells by α-galactosylceramide in the presence of CD1d provides protection against colitis in mice.

Gastroenterology. 2000; 119(1):119–28. PMID: 10889161

64. Numata Y, Tazuma S, Nishioka T, Ueno Y, Chayama K. Immune response in mouse experimental cho-

langitis associated with colitis induced by dextran sulfate sodium. Journal of gastroenterology and hepa-

tology. 2004; 19(8):910–5. doi: 10.1111/j.1440-1746.2003.03333.x PMID: 15242495

65. Kim HS, Chung DH. IL-9-producing invariant NKT cells protect against DSS-induced colitis in an IL-4-

dependent manner. Mucosal immunology. 2013; 6(2):347–57. doi: 10.1038/mi.2012.77 PMID:

22892939

66. Grose RH, Thompson FM, Baxter AG, Pellicci DG, Cummins AG. Deficiency of invariant NK T cells in

Crohn’s disease and ulcerative colitis. Digestive diseases and sciences. 2007; 52(6):1415–22. Epub

2007/04/11. doi: 10.1007/s10620-006-9261-7 PMID: 17420939

Choline Deficiency Alleviates Colitis

PLOS ONE | DOI:10.1371/journal.pone.0169681 January 17, 2017 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/12730881
http://dx.doi.org/10.1152/ajpgi.00225.2013
http://www.ncbi.nlm.nih.gov/pubmed/24113768
http://www.ncbi.nlm.nih.gov/pubmed/10889161
http://dx.doi.org/10.1111/j.1440-1746.2003.03333.x
http://www.ncbi.nlm.nih.gov/pubmed/15242495
http://dx.doi.org/10.1038/mi.2012.77
http://www.ncbi.nlm.nih.gov/pubmed/22892939
http://dx.doi.org/10.1007/s10620-006-9261-7
http://www.ncbi.nlm.nih.gov/pubmed/17420939

