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a b s t r a c t

Nonalcoholic steatohepatitis (NASH) patients progress to liver cirrhosis and even hepatocellular car-
cinoma (HCC). Several lines of evidence indicate that accumulation of lipopolysaccharide (LPS) and
disruption of gut microbiota play contributory roles in HCC. Moreover, in a dextran sodium sulfate
(DSS)-induced colitis model in mice, a high-fat diet increases portal LPS level and promotes hepatic
inflammation and fibrosis. However, this diet-induced NASH model requires at least 50 weeks for
carcinogenesis. In this study, we sought to determine whether increased intestinal permeability would
aggravate liver inflammation and fibrosis and accelerate tumorigenesis in a diet-induced NASH model.
Mice were fed a choline-deficient high-fat (CDHF) diet for 4 or 12 weeks. The DSS group was fed CDHF
and intermittently received 1% DSS in the drinking water. Exposure to DSS promoted mucosal changes
such as crypt loss and increased the number of inflammatory cells in the colon. In the DSS group,
portal LPS levels were elevated at 4 weeks, and the proportions of Clostridium cluster XI in the fecal
microbiota were elevated. In addition, levels of serum transaminase, number of lobular inflammatory
cells, F4/80 stainingepositive area, and levels of inflammatory cytokines were all elevated in the DSS
group. Liver histology in the DSS group revealed severe fibrosis at 12 weeks. Liver tumors were
detected in the DSS group at 12 weeks, but not in the other groups. Thus, DSS administration pro-
moted liver tumors in a CDHF diet-induced NASH mouse over the short term, suggesting that the
induction of intestinal inflammation and gut disruption of microbiota in NASH promote hepatic
tumorigenesis.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Nonalcoholic fatty liver disease (NAFLD) covers a spectrum of
conditions ranging from simple hepatic steatosis to nonalcoholic
steatohepatitis (NASH), ultimately leading to cirrhosis and
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hepatocellular carcinoma (HCC) [1,2]. The prevalence of NAFLD has
increased in recent years [3].

The pathogenesis of NASH is not well understood, although the
‘two-hit’ hypothesis is widely accepted [4]. Obesity, hypertension,
hyperglycemia, and diabetes mellitus are key factors in develop-
ment of the first hit. Once hepatic steatosis is established, the liver
becomes susceptible to a second hit, such as oxidative stress, iron
deposition, endotoxin, mitochondrial dysfunction, lipid peroxida-
tion, or pro-inflammatory cytokines [5e7].

A number of animal models have been developed for the study
of NAFLD or NASH. Three representative feeding regimens induce
NAFLD/NASH in mice: methionine/choline-deficient (MCD),
choline-deficient (CD), and high-fat (HF) diets. However, none of
them are complete models of human NASH. The MCD diet model
does not have long-term survival and causes weight loss; the CD
diet model causes only slight hepatic inflammation and fibrosis;
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and the HF diet model does not cause inflammation or fibrosis [8].
Therefore, we combined the CD and HF diets and used the resultant
choline-deficient high-fat (CDHF) diet to induce NASH. Previous
work showed that long-term exposure to a CDHF diet leads to
cancer in mice [9].

Multiple studies have confirmed that bacterial flora are altered
and intestinal permeability is elevated in NAFLD/NASH and liver
cirrhosis [10e12]. Furthermore, in these conditions, endotoxin
enters the liver through the portal vein and enhances liver damage,
thereby stimulating Kupffer cells (liver-resident macrophages) [13].
A recent report demonstrated that disruption of intestinal micro-
biota and accumulation of endotoxin leads to mediating acceler-
ated proliferation, expression of the hepatomitogen epiregulin, and
prevention of apoptosis, all of which promote HCC development
[14,15]. Exposure to DSS (dextran sulfate sodium) leads to intestinal
permeability and mucosal changes in the ileum and colon [16,17].
Intestinal inflammation causes release of pro-inflammatory cyto-
kines from intestinal cells, which may also contribute to the
development of HCC in patients with chronic inflammatory liver
disease. However, the involvement of gut homeostasis in
inflammation-associated HCC has not been explored. Therefore, we
investigated whether increased intestinal permeability would
aggravate liver inflammation and fibrosis and lead to tumorigenesis
in a diet-induced NASH model.

2. Materials and methods

2.1. Animals and treatment

Male 20-week-old C57/BL6micewere purchased from SLC Japan
(Shizuoka, Japan). Mice were fed a choline-deficient high-fat
(CDHF) diet; chow was purchased from Oriental Yeast (Tokyo,
Japan). In parallel experiments, mice were exposed to 1% DSS
(M.W. ¼ 36,000e50,000; MP Biomedicals, Solon, OH, USA) in the
drinking water, leading to increased intestinal permeability and
mucosal changes in the colon. DSS was applied in cycles; each cycle
consisted of 7 days of DSS administration followed by a 10-day
interval with normal drinking water. Mice (N ¼ 8 or 12 per sub-
group) were sacrificed after 4 or 12 weeks of treatment, and sam-
ples were processed for histopathology. During the experiment,
body weight was measured weekly. Mice were maintained at
23 ± 1�C with a 12:12 h light/dark cycle, humidity 50 ± 10%. The
procedures employed for the handling and care of animals were
approved by the Animal Experiment Committee, Nagoya Univer-
sity, and conformed to the national guidelines for animal usage in
research.

2.2. General tissue preparation

Bloodwas taken from the portal vein at the time of sacrifice after
a 12-h fast. Serum was obtained by centrifugation at 3000 � g for
15min. Mice were anesthetized by intraperitoneal injection of
pentobarbital. Liver and colon were resected for histological
analysis.

2.3. Biochemical analysis

Total protein, albumin, total bilirubin, triglycerides total
cholesterol, aspartate transaminase (AST), alanine aminotrans-
ferase (ALT), and glucose were measured by SRL (Tokyo, Japan).

2.4. Endotoxin assay

LPS was measured in serum using the limulus amebocyte lysate
(LAL) assay (QCL-1000 Test Kit, LONZA). Blood samples were
collected from the portal vein; after centrifugation (4000 � g,
5 min), plasma was transferred into LPS-free cups and stored
at �20 �C until analysis. Following testing, samples were mixed
with LAL and the chromogenic substrate reagent, incubated for
16 min, and measured on a plate reader capable of measuring
absorbance at 405e410 nm.

2.5. Bacterial load assay

Fecal samples were obtained from colons on the day of sacrifice,
frozen, and stored at �70 �C. DNA was extracted, and bacterial 16S
ribosomal RNA genes were amplified using specific primers and
measured by T-RFLP (Terminal Restriction Fragment Length Poly-
morphism) analysis as described by Nagashima et al. [18e20].

2.6. Histology and immunohistochemistry

Hepatic tissue and colons from mice of each group were
removed and fixed in 4% paraformaldehyde in phosphate-buffered
saline, and then embedded in paraffin. Hepatic sections (3 mm
thick) and colon sections (7 mm thick) were cut from paraffin blocks
for staining with hematoxylin & eosin and Sirius red (Sigma-
eAldrich, St. Louis, MO, USA) for histological examination. For
immunohistochemistry, samples were incubated overnight at 22�C
with anti-F4/80 antibody (ab111101, 1:100, Abcam, Tokyo, Japan).
After incubation with appropriate the DAKO Envision Labeled
Polymer Anti-Rabbit system (Dako Cytomation, Tokyo, Japan). An-
tigen retrieval was performed by heating for 15min in amicrowave.
For quantitative analysis of hepatic steatosis, Sirius rede and F4/80-
positive areas were captured andmeasured in 10microscopic fields
for each tissue section at 200-fold magnification, using the BZ-II
Image Analysis Application (KEYENCE, Osaka, Japan). For the
calculation, parts of the vessel area and vessel wall were excluded.
Histological evaluation of colitis was performed using a previously
described histological score, which was determined according to
the following histological criteria [21].

2.7. Lipid isolation and measurement

Hepatic triglyceride, total cholesterol, and free cholesterol were
measured using the Triglyceride E, Cholesterol E, and Free Choles-
terol E kits (Wako, Osaka, Japan).

2.8. Quantitative real-time polymerase chain reaction analysis

Total RNA was extracted from liver tissues using Trizol (Life
Technologies, Tokyo, Japan). Reverse transcription of total RNA
for cDNA synthesis was synthesized using the Revertra-Ace
qPCR-RT kit (TOYOBO, Osaka, Japan). Gene expression was
analyzed by TaqMan real-time quantitative polymerase chain
reaction (qPCR) on an MX3005P sequence detection system
(Agilent Technologies, Tokyo, Japan). Samples were measured in
duplicate. Amplification conditions were as follows: 1 cycle of
95 �C for 3 min, followed by 40 cycles of 95�C for 10 s and 60�C
for 22 s. Primers were as follows: Interleukin 6, IL-6
(Mm00446190), Interleukin 1 beta, IL-1b (Mm00434228), EGF-
like module containing, mucin-like hormone receptor-like1,
EMR1 (Mm00802530), transforming growth factor beta 1, TGF-
b1 (Mm03024053), smooth muscle a-actin, a-SMA
(Mm01546133), inducible nitric oxide synthase, iNOS
(Mm00440502), Mitogen-activated protein kinase 8, MAPK8
(Mm00489514), and hypoxanthine guanine phosphoribosyl
transferase, HPRT (Mm00446968). Expression of each target
sequence was normalized to the corresponding level of HPRT
mRNA.
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2.9. Statistical analysis

All statistical analyses were performed using the Statistical
Package for Social Sciences (SPSS), version 22. Data were pre-
sented as bar graphs showing means ± SEM. Statistical analysis
was performed using Student's t test. When the p value was less
than 0.05, differences were considered to be statistically
significant.
3. Results

3.1. Changes in body weight and liver-to-body weight ratio after
DSS and CDHF diet administration

Body weight changes between the two groups are summarized
in Table 1.CDHF dietefed mice slightly increased their body weight
throughout the experimental period. DSS treatment caused a
decrease of body weight at 12 weeks, but weight at 4 weeks did not
differ between the two groups. Liver and body weight ratio was
higher in the CDHFþ DSS group than in the CDHF group after 4 and
12 weeks.
3.2. Administration of DSS causes intestinal inflammation and
increases the level of portal LPS

Histological changes in the colon were found in both groups.
Exposure of DSS led to increase mucosal changes such as crypt loss
and an increase in the number of inflammatory cells in the colon
(Fig. 1A). The CDHF þ DSS group had shorter colons than the CDHF
group (Fig. 1B).

Accordingly, the histological scores were significantly higher in
the CDHFþ DSS group than in the CDHF group (Fig. 1C). However, a
few colon tissues from the CDHF group exhibited increased
numbers of inflammatory cells at 4 and 12weeks. The CDHF diet led
to a slight increase in intestinal inflammation.

Portal LPS concentrations were analyzed by limulus amebocyte
lysate (LAL) assay. LPS levels were higher in the CDHF þ DSS group
than in the CDHF group at 4 weeks, but there was no significant
difference between groups at 12 weeks (Fig. 1D).
Table 1
CDHF diet þ DSS induced liver injury and steatosis in mice.

4W

CDHF(n ¼ 8) CDHF

Body weight(g) 24.02 ± 0.31 2
Liver/body weight(%) 5.34 ± 0.19
Serum
Total Protein(g/dl) 5.03 ± 0.16
Albumin (g/dl) 2.96 ± 0.08
Total Bilirubin(mg/dl) 0.05 ± 0.009
AST (IU/L) 132.5 ± 37.44 3322
ALT (IU/L) 181.75 ± 24.94 46
Glucose (mg/dl) 67.87 ± 12.64 5
Triglyceride(mg/dl) 23.50 ± 2.51 4
Total cholesterol (mg/dl) 54.28 ± 1.45 6

Hepatic tissue
Triglyceride（mg/g tissue) 214.95 ± 10.54 31
Total cholesterol（mg/g tissue） 11.32 ± 1.94

Data are mean ± SEM.
*p < 0.05 compared with CDHF diet group at 4W.
**p < 0.05 compared with CDHF diet group at 12W.
ALT, alanine aminotransferase; AST, aspartate aminotransferase.
3.3. Disruption of gut homeostasis after CDHF and CDHF þ DSS
administration

Examination of gut microbiota by T-RFLP after CDHF and
CDHF þ DSS administration revealed that the composition of gut
microbiota differed significantly between 4 and 12 weeks
(Fig. 1E). The proportion of others in the CDHF þ DSS group at 12
weeks was lower than that in the other groups. The variation of
gut microbiota was reduced in the CDHF þ DSS group at 12
weeks.

3.4. Hepatic steatosis and lipid accumulation after DSS and CDHF
diet administration

CDHF þ DSSetreated mice exhibited increases in serum and
hepatic triglyceride and cholesterol relative to CDHF-treated mice
at 4 weeks (Table 1). However, therewas no significant difference in
hepatic triglyceride or total and free cholesterol between the two
groups at 12 weeks. Both groups exhibited severe macrovesicular
steatosis in liver histology. Image analysis revealed no significant
difference in lipid droplets between the two groups (date not
shown). DSS administration had no effect on hepatic lipids at 12
weeks.

3.5. Administration of DSS enhances CDHF diet-induced liver
damage and inflammation

Serum total bilirubin levels were significantly higher in the
CDHF þ DSS group than in the CDHF group. Serum transaminase
levels weremarkedly higher in the CDHFþ DSS group at both 4 and
12 weeks (Table 1).

We evaluated the degree of hepatic inflammation of the pa-
renchyma by HE staining (Fig. 2A). A large number of lobular nec-
roinflammatory cells were seen in the DSS group. Next, we
performed F4/80 immunohistochemical staining, which indicates
activation of inflammatory macrophages. Image analysis revealed
significant elevation of F4/80 stainingepositive area in the
CDHF þ DSS group relative to the CDHF group at both 4 and 12
weeks (Fig. 2B)

In addition, CDHF þ DSSetreated mice at 4 weeks expressed
higher levels of genes related to liver injury and inflammation, such
as IL-1b and EMR1 (Fig. 2E, F). By contrast, mRNA expression of
12W

þ DSS(n ¼ 8) CDHF(n ¼ 12) CDHF þ DSS(n ¼ 11)

3.04 ± 0.31 25.20 ± 0.49 22.28 ± 1.36
7.22 ± 0.38* 7.22 ± 0.21 8.91 ± 0.47**

4.73 ± 0.46 4.76 ± 0.17 4.48 ± 1.03
2.62 ± 0.12 2.90 ± 0.16 2.67 ± 0.345
0.15 ± 0.02* 0.13 ± 0.035 0.29 ± 0.166**
1.62 ± 35.23* 233.62 ± 13.09 547.00 ± 42.83**
3.00 ± 54.45* 251.62 ± 23.29 545.42 ± 45.90**
5.85 ± 29.92 67.87 ± 12.64 55.85 ± 29.92
1.37 ± 3.06* 40.00 ± 6.00 36.40 ± 13.97
6.25 ± 4.33* 56.25 ± 8.24 51.60 ± 38.70

9.38 ± 6.55* 187.91 ± 29.11 185.19 ± 44.16
19.8 ± 3.28* 16.63 ± 3.10 17.85 ± 5.37



Fig. 1. Colon histology was evaluated by hematoxylin-eosin (HE) staining ( � 200); representative histological observations are shown (A). Colon length (B) and colon histological
score (C) were determined. Portal LPS levels (D) were determined.The proportions of fecal bacteria in the four groups were measured by T-RFLP (E). *P<0.05, **P<0.001.

Fig. 2. Liver histology was evaluated by hematoxylin-eosin (HE) staining ( � 200); representative histological observations are shown. Both CDHF and CDHF þ DSS mice developed
pathological NASH at 12 weeks, whereas CDHF mice did not develop NASH at 4 weeks (A). F4/80 immunohistochemical staining, which indicates activation of inflammatory
macrophages, was analyzed ( � 200) (B). Percentage of stained F4/80 positive area in each section was calculated as target area divided by whole area using the BZ-Analyzer-II
imaging analysis software (C). Relative mRNA expression levels of TNFa, IL-1b, and EMR1 were determined (D, E, F). *P<0.05, **P < 0.001.
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TNFa and iNOS did not differ significantly between groups at 4
weeks (Fig. 2D and 4)D.
3.6. Administration of DSS promoted CDHF diet-induced hepatic
fibrosis

Fibrosis was detected by Sirius red staining. Both groups
exhibited fibrosis in the perisinusoidal area and portal and



Fig. 3. Hepatic fibrosis was measured by Sirius red staining; representative histological observations are shown (A). Proportion of Sirius redepositive area in each section was
calculated as target area divided by whole area using the BZ-Analyzer-II imaging analysis software (B). Relative mRNA expression of TGFb (C) and a-SMA (D) were determined.
*P<0.05 **P<0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Incidence of HCC in the CDHF þ DSS group at 12 weeks. (A) Tumor incidence in surviving mice during the experimental period (B). Relative mRNA expression levels of JNK1
(C) and iNOS (D) were determined (P*<0.05). Quantitative real-time PCR of 16S rRNA genes demonstrated that the proportion of Clostridium cluster XI increased in the CDHF þ DSS
group at 12 weeks relative to the other groups (E).
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periportal area at 12 weeks (Fig. 3A). However, the CDHF group did
not exhibit fibrosis at 4 weeks. Image analysis revealed significant
elevation of Sirius stainingepositive area in the CDHF þ DSS group
at both time points. Next, we evaluated expression of genes related
to fibrosis such as TGFb and aSMA, a marker for activated hepatic
stellate cells (HSCs). There was no significant difference in mRNA
expression of TGFb between groups at either time point (Fig. 3C). By
contrast, mRNA expression of aSMA was significantly increased in
the CDHF þ DSS group relative to the CDHF group at 4 weeks
(Fig. 3D).
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3.7. Administration of DSS causes CDHF diet-induced early
tumorigenesis

Five of sixteen mice in the DSS group died during the experi-
mental period, and tumors were detected in 4 of the 11 surviving
CDHF þ DSSetreated mice at 12 weeks (Fig. 4B). One of the tumors
was a highly differentiated HCC with clear boundaries and highly
dysplastic cells with nuclear atypia (Fig. 4A). In the CDHF group, all
mice survived, and no tumors were observed.

Expression of genes related to oxidative stress, such as iNOS, or
hepatocyte proliferation, such as JNK1, was higher in the
CDHFþ DSS group at 12 weeks than in the other groups (Fig. 4C, D).
T-RFLP analyses and quantitative real-time PCR of 16S rRNA genes
demonstrated that the proportion of Clostridium cluster XI was
higher in the CDHF þ DSS group at 12 weeks than in the other
groups (Fig. 4E).

4. Discussion

In this study, we observed tumors only in mice fed a CDHF diet
with DSS for 12 weeks.

Very few studies have shown that HF diet alone promotes tumor
development, and it takes 24e65 weeks to develop tumors in a CD
diet model [22,23]. To address this issue, we established a diet-
induced NASH model that induces tumorigenesis over a relatively
short period. However, the mechanism of tumorigenesis in this
NASHmodel remains to be elucidated. A CD diet induces peripheral
hepatic insulin resistance [22] and ROS formation, lipid peroxida-
tion, and mitochondrial dysfunction [24], all of which are associ-
ated with progression to NASH and HCC. In this study, iNOS mRNA
expression was significantly higher in the CDHF þ DSS group than
in the CDHF group; this hepatic oxidative stress might be caused by
DSS administration. Previous work showed that a CDHF diet alone
requires a long period for tumor development [9].

A recent study showed that the gut microbiota are involved in
HCC development [25,26]. Clostridium cluster XI produces
dichloroacetate, which plays an important role in HCC develop-
ment via the SASP of hepatic stellate cells (HSCs) [27]. Our study
also showed the proportion of fecal Clostridium cluster XI was
higher in the CDHF þ DSS group than in the CDHF group. These
results suggest that dietinduced disruption of gut microbiota may
promote HCC development.

The liver receives most of its blood supply from the intestine
through the portal vein, and is consequently exposed to LPS and
pathogen-associated molecular patterns (PAMPs) from the gut.
G€abele E et al. reported that DSS administration enhanced hepatic
inflammation and fibrosis in a HF-diet mouse model [28].
Therefore, we added DSS to a CDHF-diet NASH model. Our result
showed that DSS administration led to shorter colon length,
increased incidence of mucosal changes in the ileum and colon,
and aggravated hepatic inflammation and fibrosis relative to the
CDHF diet alone. Because we used a CDHF diet, we observed more
severe inflammation and fibrosis than in other reported models.
In particular, we observed significant elevation of F4/80 in the
CDHF þ DSS group relative to the CDHF group, indicating that
Kupffer cells were more highly activated. It is well known that
LPS- and PAMP-activated Kupffer cells release inflammatory me-
diators, such as tumor necrosis factor (TNF)-a and interleukin
(IL)-1b [29e31]. IL-1b from Kupffer cells promotes lipid accu-
mulation and cell death in hepatocytes and fibrogenic responses
in HSCs [32]. Our results showed that IL-1b and portal LPS were
higher in the CDHF þ DSS group than in the CDHF group.
Collectively, these findings suggest that elevation of IL-1b and
portal LPS induced lipid accumulation and hepatic inflammation
and fibrosis in this model. Based on these results, we conclude
that induction of intestinal inflammation in NASH may promote
hepatic tumorigenesis.
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