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Abstract

Background Although several types of diet have been used
in experimental steatohepatitis models, comparison of gut
microbiota and immunological alterations in the gut among
diets has not yet been performed.

Aim We attempted to clarify the difference in the gut
environment between mice administrated several experi-
mental diets.

Methods Male wild-type mice were fed a high-fat (HF)
diet, a choline-deficient amino acid-defined (CDAA) diet,
and a methionine-choline-deficient (MCD) diet for
8 weeks. We compared the severity of steatohepatitis, the
composition of gut microbiota, and the intestinal expres-
sion of interleukin (IL)-17, an immune modulator.
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Results Steatohepatitis was most severe in the mice fed the
CDAA diet, followed by the MCD diet, and the HF diet.
Analysis of gut microbiota showed that the composition of
the Firmicutes phylum differed markedly at order level
between the mice fed the CDAA and HF diet. The CDAA
diet increased the abundance of Clostridiales, while the HF
diet increased that of lactate-producing bacteria. In addi-
tion, the CDAA diet decreased the abundance of lactate-
producing bacteria and antiinflammatory bacterium
Parabacteroides goldsteinii in the phylum Bacteroidetes.
In CDAA-fed mice, IL-17 levels were increased in ileum as
well as portal vein. In addition, the CDAA diet also ele-
vated hepatic expression of chemokines, downstream tar-
gets of IL-17.

Conclusions The composition of gut microbiota and IL-17
expression varied considerably between mice administrated
different experimental diets to induce steatohepatitis.

Keywords Nonalcoholic fatty liver disease - Nonalcoholic
steatohepatitis - Gut microbiota - IL-17 - Gut-liver axis

Abbreviations

ALT Alanine transaminase

CDAA  Choline-deficient amino acid-defined
F/B Firmicutes/Bacteroidetes

HF High-fat

H&E Hematoxylin and eosin

IL Interleukin

MCD Methionine-choline-deficient
NAFLD Nonalcoholic fatty liver disease
NASH  Nonalcoholic steatohepatitis

NC Normal chow
SCFAs  Short-chain fatty acids
TLR Toll-like receptor
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Introduction

Nonalcoholic steatohepatitis (NASH), a hepatic feature of
metabolic syndrome, is characterized by excess fat depo-
sition and inflammation in the liver. With the global
increase in the obese population, the prevalence of patients
with NASH is increasing in developed countries [1].
Because NASH can progress to cirrhosis and liver cancer,
NASH is anticipated to be a major cause of liver cirrhosis
and liver cancers in the near future. However, effective
treatments have yet to be developed, and the molecular
mechanisms of NASH remain largely unknown.

Recently, the gut-liver axis has attracted substantial
attention regarding the molecular mechanism of NASH,
because gut microbiota contribute to energy intake and are
a source of harmful substances, such as toll-like receptor
(TLR) ligands and ethanol. Firmicutes and Bacteroidetes
are the major components of the gut microbiota in humans
as well as rodents [2-4], and the phylum Firmicutes
includes many bacteria that contribute to energy intake by
generating short-chain fatty acids (SCFAs). In human
studies, the Firmicutes/Bacteroidetes (F/B) ratio has been
shown to be increased in obese subjects [2, 5], while the F/
B ratio is decreased in lean subjects after Roux-en-Y gas-
tric bypass and laparoscopic sleeve gastrectomy [6, 7]. The
phylum Proteobacteria includes harmful bacteria such as
Helicobacter [8] and Escherichia [9, 10], which are sources
of lipopolysaccharide and ethanol. In contrast, Akkerman-
sia muciniphila [3] and lactate-producing bacteria [11, 12]
have beneficial effects on NASH. However, the patholog-
ical impact of these bacteria has not been consistently
reproduced across models, likely due to altered gut
microbiota composition. In addition, alteration of the gut
microbiota can modulate the immune system in the gut,
which may affect the severity of NASH; For instance,
interleukin (IL)-17 is a key player modulating the immune
system in the gut [13] as well as the progression of
NAFLD/NASH [2, 14].

To clarify the molecular mechanisms of NASH, several
diet models are used in mice, including a high-fat (HF)
diet, a choline-deficient amino acid-defined (CDAA) diet,
and a methionine-choline-deficient (MCD) diet [15-18].
While these diets all induce hepatic steatosis, the metabolic
parameters vary greatly among models; For instance, HF
diets induce insulin resistance with obesity, but the hepatic
inflammation is weak [15, 18]. In contrast, MCD diets
induce hepatic steatosis and inflammation, but insulin
sensitivity is enhanced due to the loss of body weight
[15-17]. CDAA diets can induce steatohepatitis as well as
obesity and insulin resistance [19]. Although these diet
models may alter the composition of the gut microbiota and
immune response, detailed comparison has not yet been
performed.

In the present study, we compared the severity of
steatohepatitis, the composition of the gut microbiota, and
the IL-17 expression in several experimental diet models,
including an HF diet, a CDAA diet, and a MCD diet model.
We found that the composition of gut microbiota and IL-17
expression varied considerably between mice fed different
experimental diets, which may affect the severity of
steatohepatitis.

Methods
Animals and Diets

Both male and female C57BL/6 wild-type mice were
purchased from Japan SLC (Shizuoka, Japan) and were
mated in the specific-pathogen-free room in the Animal
Institute of Akita University. The male littermates were
divided into four groups at 8 weeks of age and fed normal
chow (NC: CE-7; CLEA Japan, Tokyo, Japan), HF diet
(Oriental Yeast, Tokyo, Japan), CDAA diet (Oriental
Yeast), or MCD diet (Oriental Yeast). The nutritional
content of these diets is listed in Supplemental Table 1.
After 8 weeks of feeding, 10 mice from each group were
humanely killed, and their collected samples stored at
—80 °C until further analyses. For gut sterilization, CDAA-
fed mice were orally administered an antibiotics mixture
containing ampicillin, neomycin, metronidazole, and van-
comycin, according to published protocol [20]. The
antibiotics treatment was continued for 8 weeks. The
Institutional Review Board of Akita University Graduate
School of Medicine approved all animal experiments in the
present study.

Histological Examination

Hematoxylin and eosin (H&E) staining, Oil Red O stain-
ing, and immunohistochemistry for IL-17 (catalog no.
ab79056; Abcam, Tokyo, Japan), neutrophil elastase (cat-
alog no. ab68672; Abcam), F4/80 (catalog no. 14-4801-82;
eBioscience, San Diego, CA), and lysozyme (catalog no.
ab108508; Abcam) were performed according to manu-
facturer instructions. The NAFLD activity score was
evaluated according to the published report [21].

Quantitative Real-Time PCR Analysis

RNA was extracted from the liver and macrophages using
TRIzol (Life Technologies Japan, Tokyo, Japan). The
extracted RNA was converted to complementary DNA
(cDNA) using reverse transcription. The cDNA was then
subjected to polymerase chain reaction (PCR) using the
listed primers (Supplemental Table 2) and the LightCycler
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480 SYBR Green I Master device (Roche Diagnostics,
Basel, Switzerland). Gene expression was normalized to
that of 18S or B-actin RNA as internal control.

Measurement of Hepatic Lipid, Serum Alanine
Transaminase (ALT), and IL-17A

Hepatic lipids were isolated as previously described [19].
Total cholesterol, free cholesterol, triglyceride, and free
fatty acids were measured using cholesterol E (catalog no.
439-17501; Wako Pure Chemical Industries, Osaka,
Japan), free cholesterol E (catalog no. 435-35801; Wako
Pure Chemical Industries), triglyceride E (catalog no.
432-40201; Wako Pure Chemical Industries), and NEFA C
(catalog no. 279-75401; Wako Pure Chemical Industries),
respectively, according to manufacturer instructions.
Serum ALT levels and IL-17A concentration in portal vein
were measured using transaminase CII (catalog no.
431-30901; Wako Pure Chemical Industries) and the
mouse IL-17A enzyme-linked immunosorbent assay
(ELISA) kit (catalog no. 88-7371-88; eBioscience),
respectively, according to manufacturer instructions.

Gut Microbiota Analysis

Stool was harvested from the colon when the mice were
killed at 16 weeks of age, and three or four stool pellets
were collected from each mouse. These stool samples from
three or four mice per group were separately cryopreserved
until further analyses. DNA was isolated from each stool
sample using the MORA-EXTRACT kit (COSMO BIO,
Tokyo, Japan). We used two high-throughput sequencing
technologies: the MiSeq system (Illumina, San Diego, CA)
and GS Junior system (Roche Diagnostics). The MiSeq
system provides a larger number of reads with a relatively
short read length, while the GS Junior system provides a
longer read length [22]. In the present study, the MiSeq
system was used for primary analyses and the GS Junior
system when bacteria could not be classified by MiSeq-
based analysis.

For the MiSeq system (n = 4 each), we performed high-
throughput sequencing according to the instructions (http://
www.illumina.com). Amplicon PCR was performed using
the following thermal conditions: denaturing at 95 °C for
3 min, 25 cycles of amplification at 95 °C for 30 s, 55 °C
for 30 s, and 72 °C for 30 s, and final extension at 72 °C
for 5 min. The size was then checked using the Bioanalyzer
with High Sensitivity DNA kit (Agilent Technology, Santa
Clara, CA). The amplicons were purified using the
Ampure XP (NIPPON Genetics, Tokyo, Japan), then sub-
jected to index PCR following manufacturer instructions.
After index PCR, the libraries were quantified using a
fluorometric quantification method following manufacturer
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instructions. Paired-end sequencing of bacterial 16S ribo-
somal RNA (rRNA) gene amplicons was conducted using
the MiSeq platform. MiSeq Reporter (version 2.5.1.3)
bioinformatics software was used for metagenome analy-
sis. Quantitative Insights Into Microbial Ecology, an open-
source bioinformatics pipeline, was also used to perform
principal component analysis.

For the GS Junior system, DNA mixtures were analyzed,
with an equivalent amount of DNA from three mice of the
same group mixed. These DNA samples were amplified
between the V3 and V4 regions of the 16S rRNA gene by
PCR with the fusion primers listed in Supplemental
Table 3. PCR was performed using the following thermal
conditions: denaturing at 94 °C for 5 min, 20 cycles of
amplification at 94 °C for 1 min, 65 to 55 °C for 1 min
(decrease of 1 °C every two cycles), and 72 °C for 1 min,
10 cycles of amplification at 94 °C for 1 min, 55 °C for
1 min, and 72 °C for 1 min, and final extension at 72 °C
for 3 min. The amplicons were purified from the agarose
gel after electrophoresis, then size and purity were checked
using the Bioanalyzer with High Sensitivity DNA kit
(Agilent Technology), quantified by Quant-iT PicoGreen
dsDNA reagent (Invitrogen, Carlsbad, CA), then subjected
to emulsion PCR (Roche Diagnostics) following manu-
facturer instructions. After emulsion PCR, bacterial tag-
encoded FLX amplicon pyrosequencing was conducted
with the GS Junior system at Akita Prefectural University.
The obtained FASTA files were subjected to online soft-
ware analyses using the DECIPHER web tool (http://deci
pher.cee.wisc.edu/index.html) [23].

Macrophage Isolation

Hepatic macrophages were isolated from normal mice as
previously reported [24]. A total of 1 x 10° cells were
treated with recombinant IL-17A (catalog no. 421-ML;
R&D Systems, Minneapolis, MN) at the indicated con-
centration and harvested at 8 h after stimulation.

Statistical Analysis

Statistical analyses were performed using one-way analysis
of variance (ANOVA) or Mann—Whitney U test (SPBS
software, version 9.67); P values <0.05 were considered to
be statistically significant.

Results

CDAA Diet Induced the Most Severe Steatohepatitis

Male wild-type mice on NC, HF, and CDAA diet gained
roughly 23, 75, and 25 % of their initial weight after
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8 weeks of feeding, respectively, whereas mice on MCD
diet lost 35 % of their initial weight after feeding
(Table 1). The hepatic steatosis as examined by H&E
staining and Oil Red O staining was most severe in the
CDAA diet group, followed by the HF diet and MCD diet
groups (Fig. 1a). The hepatic contents of triglycerides, total
cholesterol, free cholesterol, and free fatty acids are pre-
sented in Table 1. Inflammatory cell infiltration and hep-
atocyte ballooning were frequently observed in mice fed
the CDAA diet, followed by those fed the MCD diet
(Fig. 1a, b). As a result, the NAFLD activity score was
highest in the CDAA diet group (Fig. 1b). Serum ALT
levels and hepatic gene expression of proinflammatory
cytokines were highest in the CDAA diet group (Fig. lc,
d). Serum ALT levels were elevated in the MCD diet
group, but showed only slight elevation in the HF diet
group (Fig. 1c). Although none of the diets induced his-
tological liver fibrosis after 8 weeks of feeding, gene
expression of fibrogenic factors, including collagen 1la-1
and TIMP-1, was elevated in the CDAA diet group com-
pared with the other groups (Fig. 1d). These results indi-
cate that the CDAA diet induced the most severe
steatohepatitis, followed by the MCD diet, in the present
study. The HF diet induced steatosis without inflammation,
namely simple steatosis.

Composition of Gut Microbiota Varied Markedly
Among Experimental NASH Models

Principal component analysis showed that the gut micro-
biota compositions obtained from mice in the same diet
group were aggregated at similar positions. In contrast, the
composition of the gut microbiota varied markedly among
diets (Fig. 2a). We obtained an average of 133,618, 95,418,
120,789, and 123,583 reads in the NC, HF, CDAA, and

MCD diet groups, respectively. Of the seven phyla iden-
tified, the most abundant bacteria belonged to the phylum
Firmicutes, followed by Bacteroidetes and Proteobacteria
in the NC group (Fig. 2b). Over 85 % of gut microbiota
belonged to the Firmicutes and Bacteroidetes phyla, which
largely comprise Gram-positive and Gram-negative bacte-
ria, respectively. Consistent with previous reports [2, 5],
the F/B ratio was increased in the HF diet group (Fig. 2c),
in which obesity was induced. In addition, the F/B ratio
was increased in the CDAA diet group, which showed an
increase in body weight similar to that in the NC group
(Fig. 2¢). Interestingly, the F/B ratio was also increased in
the MCD diet group, although the body weight decreased
after feeding (Fig. 2c¢).

CDAA Diet Results in Decreased Prevalence
of Lactate-Producing Bacteria in Phylum Firmicutes

We obtained an average of 72,871, 84,984, 72,505, and
80,369 reads belonging to the phylum Firmicutes in the
NC, HF diet, CDAA diet, and MCD diet groups, respec-
tively. The members of the phylum Firmicutes include
Clostridiales and Lactobacillales at order level, which can
produce SCFAs and lactate, respectively. The abundance
of Firmicutes was increased in the HF diet group (Fig. 3a).
However, detailed analysis revealed that the composition
varied markedly among diets at order level in the phylum
Firmicutes. Clostridiales was increased in the CDAA diet
group, while Lactobacillales was increased in the HF diet
group. At genus level, lactate-producing bacteria, including
Lactobacillus and Lactococcus, are reported to exert ben-
eficial effects on the host by inhibiting expansion of
pathogenic bacteria [11]. Although Lactobacillus was a
major component of Firmicutes in the NC group, the
prevalence of Lactobacillus was decreased in the CDAA

Table 1 Body weight and
hepatic lipid levels

NC HF CDAA MCD
Body weight
Before diet, 8 weeks of age (g) 219 £1.22  21.1 +£2.60 22.8 £1.29 21.8 £ 1.30
After diet, 16 weeks of age (g) 269 + 1.84  37.0 £ 5.77%% 287 + 1.50 14.3 + 1.03%
Hepatic levels after diets
Triglyceride (mg/g liver) 102 £2.07 479 4+ 21.2%F 465 + 5.60"F 229 4 8.05
Total cholesterol (mg/g live) 2.63 £ 038 398 + 1.32"" 342 4095 232 £ 0.25
Free cholesterol (mg/g live) 1.89 £ 0.13 249 £ 045 277 + 0.91™ 2.31 £ 0.56
Free fatty acid (mEq/g live) 0.05 + 0.00 0.08 + 0.01"  0.09 £ 0.01 0.07 &+ 0.01"

Data presented as mean =+ standard deviation (SD, n = 10 each, one-way ANOVA)

#. Significantly different from NC group
#d Significantly different from CDAA and MCD diet groups
# Significantly different from HF and CDAA diet groups

# Significantly different from MCD diet group
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Fig. 1 CDAA diet induces the
most severe steatohepatitis.

a H&E staining and Oil Red O
staining of liver sections. Mice
were fed normal chow (NC),
high-fat (HF) diet, choline-
deficient amino acid-defined
(CDAA) diet, or methionine-
choline-deficient (MCD) diet.
Boxed areas for CDAA and
MCD diets show foci of
inflammation. Scale bars
indicate 1000 pm (upper panel)
or 200 pm (middle and lower
panels). b NAFLD activity
score. ¢ Serum ALT level.

d Hepatic gene expression of
TNFa, IL-1B, collagen lo-1,
and TIMP-1. Gene expression

was normalized to 18S RNA as B C #a
internal control. b-d Data P #a L #e
presented as mean + SD 3 L - ‘
(n = 10 each, one-way #a T T #a 100 -
ANOVA). #a Significantly 2 #c #a #ay, W™ HF
different from NC group. #b T ff,‘-: #C 4c CDAA 50 -
.. . T
Significantly different from HF T T
and MCD diet groups. #c + ) « MCD 0 | i = . i
Significantly different from HF Steatosis Inflammation Ballooning NC HF CDAA MCD
diet group
#,
D #a #3 #a WNC

=10 #b ¥a #b

£ T #b T I W HF

3

3 5 T CDAA

el T

° T T T

TNFa IL-18 Collagenia-1 TIMP-1

diet and MCD diet groups at genus level. In the HF group,
the increased Lactobacillales was due to increased Lacto-
coccus at genus level. Because the MiSeq-based microbial
community analyses failed to classify the bacteria
belonging to the order Clostridiales, we examined the same
samples using the GS Junior system. The abundance of
Clostridium was increased in the CDAA diet group. At
species level, the increase in genus Clostridium in the
CDAA diet group was due to the increased number of
Clostridium phytofermentans (Supplemental Figure 1),
which can produce ethanol [25, 26] and toxic aldehyde
intermediates [27].

Prevalence of Phylum Bacteroidetes
and Parabacteroides goldsteinii Decreased in All
Experimental Diet Groups

We obtained an average of 46,767, 1037, 8568, and 15,898
reads belonging to the phylum Bacteroidetes in the NC, HF
diet, CDAA diet, and MCD diet groups, respectively. The
abundance of the phylum Bacteroidetes was decreased
across all diet groups, as a result of decrease in the order
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Bacteroidales (Fig. 3b). Bacteroides and Parabacteroides
were major components at genus level in the order Bac-
teroidales. A small increase in the genus Bacteroides was
observed for the CDAA and MCD diets, due to the increase
of Bacteroides acidifaciens. In contrast, the abundance of
genus Parabacteroides was decreased across all diet
groups, corresponding to the alteration of phylum Bac-
teroidetes. At species level, the prevalence of P. goldsteinii
was reduced, which is associated with anti-inflammation in
HF diet and alcohol liver injury [28, 29].

Prevalence of Lipopolysaccharide-Producing
Bacteria in Phylum Proteobacteria Increased
in CDAA and MCD Diet Groups

The phylum Proteobacteria includes pathogenic bacteria,
and an increase in Proteobacteria has been reported in
patients with liver cirrhosis [30]. We obtained an average
of 1547, 872, 802, and 1970 reads belonging to the phylum
Proteobacteria in the NC, HF diet, CDAA diet, and MCD
diet groups, respectively. In the present study, Proteobac-
teria had a relatively small population (Fig. 2b). The
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proportion of Proteobacteria increased in response to the
MCD diet (Fig. 3c). Although the phylum Proteobacteria
includes Helicobacter, Desulfovibrio, and Escherichia at
genus level, further classification by MiSeq-based study
was unsuccessful. In contrast, the proportions of
lipopolysaccharide-producing bacteria, including Desul-
fovibrio vulgaris and Helicobacter hepaticus, were
increased in the CDAA and MCD diet groups at species
level in the GS Junior-based study (Supplemental Fig-
ure 1). Although the Escherichia family includes ethanol-
producing bacteria [10], this population was very small in
the present study.

IL-17A Levels Are Increased in Small Intestine
and Portal Vein in Mice Fed CDAA Diet

Alterations in the gut microbiota can modulate the immune
system in the gut. Thus, we examined the expression of IL-
17, because IL-17 is a gut microbiota-mediated cytokine

[31]. In mice fed the NC and HF diets, IL-17-positive cells
were not observed in small intestine, including ileum
(Fig. 4a). In contrast, populations of IL-17-positive cells
were increased in mice fed the CDAA diet and similarly
increased but to a lesser degree in those fed the MCD diet
(Fig. 4a). In these mice, IL-17-positive cells were observed
in ileum but not in jejunum (data not shown). These IL-17-
positive cells expressed lysozyme (Fig. 4a), indicating that
IL-17-producing cells are Paneth cells. Gut sterilization by
an antibiotics mixture decreased the expression of IL-17 in
the Paneth cells (Fig. 4a). Furthermore, the IL-17A levels
in portal vein were significantly higher in the CDAA diet
group than in any other diet group, and these levels were
decreased by gut sterilization (Fig. 4b).

IL-17A has been reported to increase expression of
chemokines, including CXCL1, CXCL2, and CCL2 that
recruit neutrophils and macrophages [32, 33]. Hepatic
expression of CXCL2 and CCL2 was significantly increased
inthe CDAA diet group (Fig. 4c). In addition, gene expression
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Fig. 3 Composition of gut microbiota. The abundance of gut
microbiota is shown for NC, HF, CDAA, and MCD diets. The
composition of the gut microbiota is shown at phylum, order, genus,
and species level. a Composition of gut microbiota in phylum
Firmicutes. b Composition of gut microbiota in phylum Bacteroide-
tes. B and P indicate Bacteroides and Parabacteroides, respectively.

of CXCR3 was also increased in the CDAA diet group
(Fig. 4c). These increased genes were suppressed by gut
sterilization (Fig. 4c). Indeed, the number of infiltrating neu-
trophils and macrophages in liver was significantly increased
by the CDAA diet (Fig. 4d), and the number of inflammatory
cells was decreased by gut sterilization (data not shown). We
also examined chemokine expression in isolated macrophages
in response to IL-17A. IL-17A increased the messenger RNA
(mRNA) expression of CXCL2 and CCL2 (Fig. 4e), which
recruit neutrophils and macrophages. These data suggest that
gut-derived IL-17A may increase the levels of chemokines in
the liver, which promotes progression of steatohepatitis by
recruiting inflammatory cells.
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Parabacteroides

B.acidifaciens P.goldsteinii

¢ Alteration of gut microbiota in phylum Proteobacteria. #a
Significantly different from NC group. #b Significantly different
from HF and MCD diet groups. #c Significantly different from HF
diet group. #d Significantly different from CDAA and MCD diet
groups. #e Significantly different from HF and CDAA diet groups

Discussion

To the best of the authors’ knowledge, this is the first report
to demonstrate large differences in both gut microbiota and
IL-17 levels between experimental steatohepatitis models
induced by different diets. In the most severe steatohep-
atitis model, induced by the CDAA diet, the prevalence of
ethanol-producing bacteria in the phylum Firmicutes was
increased. On the other hand, the CDAA diet decreased the
prevalence of lactate-producing bacteria in the phylum
Firmicutes and the anti-inflammatory bacterium P. gold-
steinii in the phylum Bacteroidetes. In addition, IL-17
levels were elevated in ileum as well as portal vein, which
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Fig. 4 CDAA diet increases
IL-17 levels and chemokine
expression in liver.

a Immunohistochemistry for IL-
17 and lysozyme in ileum. IL-
17-positive cells are located at
crypts in ileum of mice,
particular in the CDAA diet
group. Serial sections showed
that IL-17-expressing cells were
positive for lysozyme,
indicating that IL-17-expressing
cells were Paneth cells.
Antibiotics treatment decreased
the expression of IL-17. Boxed
areas show magnification of
Paneth cells. Scale bars indicate
200 pm. b IL-17A levels in
portal vein. The CDAA diet
increased the IL-17 levels that
had been decreased by
antibiotics treatment (Anti).
Data presented as mean + SD
(n = 4-8, Mann—Whitney

U test, *P < 0.05). ¢ Hepatic
gene expression of chemokines
and their receptors. Gene
expression was normalized to B-
actin as internal control. Data
presented as mean £ SD

(n = 10 each, one-way
ANOVA).

d Immunohistochemistry for
neutrophil elastase (scale bars
100 pm) and F4/80 (scale bars
200 pm) in liver sections.

e Gene expression of
chemokines and their receptors
in hepatic macrophages (n = 4
each, one-way ANOVA). Gene
expression was normalized to B-
actin as internal control. Data
are presented as mean £ SD,
*significantly different

(P < 0.05)

NC
IL-17A

HF
IL-17A

B

(pg/mi)
200

150
100
50

NC

F4/80 Neutrophil elastase o

(fold induction)

O —

CXCL-2 CCL-2

may subsequently promote progression of steatohepatitis
by stimulating chemokine production in the liver.

In this study, we sought to determine the key microbiota
involved in NASH pathogenesis. In line with previous
studies [2, 5], the F/B ratio and the abundance of Firmi-
cutes were increased in mice fed the HF diet. Interestingly,
the CDAA and MCD diets also increased the F/B ratio,
regardless of body weight. These results suggest that the
composition of the gut microbiota is affected by not only
obese conditions but also dietary components. Although
the abundance of the phylum Firmicutes was increased for
all diets inducing steatosis, we found that the bacteria in
this phylum varied markedly between the CDAA and HF
diet groups. The abundance of Clostridiales was increased
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in the CDAA group, while Lactobacillales was increased in
the HF diet group. Clostridiales includes many species of
fermentation-associated bacteria, leading to production of
SCFAs and ethanol by fermenting indigestible carbohy-
drates. Additional analyses showed that the prevalence of
C. phytofermentans was markedly higher in the CDAA diet
group than in the other diet groups. C. phytofermentans, a
member of Clostridium cluster XIV, is known to produce
ethanol [25, 26] and toxic aldehyde intermediates [27],
rather than anti-inflammatory SCFAs. In addition, the
abundance of C. phytofermentans was higher in the CDAA
diet group than in the MCD diet group. Thus, increased
number of ethanol-producing bacteria may exacerbate the
severity of steatohepatitis in the CDAA diet. On the other
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hand, the CDAA and MCD diets reduced the prevalence of
Lactobacillus, which has been shown to exert beneficial
effects on the host in human and animal studies [11, 34].
The decreased abundance of lactate-producing bacteria
may also have contributed to the deterioration of steato-
hepatitis in the CDAA and MCD diet groups.

In the phylum Bacteroidetes, P. goldsteinii was decreased,
corresponding to the alteration observed at phylum level.
P. goldsteiniiis associated with anti-inflammation in HF-diet-
induced obesity and alcohol liver injury [28, 29]. Using the GS
Junior system, we observed a decrease in Parabacteroides
distasonis but not P. goldsteinii. P. distasonis is close to
P. goldsteinii [35] and exerts anti-inflammatory effects in the
colon with reduction of tumor necrosis factor-alpha (TNFo)
production in macrophages and IL-17 expression in colonic
tissue [36, 37]. In line with previous reports, P. distasonis was
more prominent in mice fed the NC diet, with relatively low
prevalence in the CDAA and MCD diet groups. These data
suggest that the CDAA and MCD diets may have little benefit
on the Parabacteroides population in the present study.
Although we noticed a small increase in B. acidifaciens, the
role of these bacteria has not been well characterized.

The phylum Proteobacteria includes various harmful
Gram-negative bacteria such as Helicobacter spp., De-
sulfovibrio spp., and Escherichia spp. and is associated
with development of NASH [34, 38, 39]. The prevalence
of Proteobacteria was increased in the MCD diet group.
Further analyses using the GS Junior system showed that
the population of H. hepaticus was significantly increased
in the CDAA and MCD diet groups in the phylum Pro-
teobacteria. H. hepaticus can increase expression of
TLR4, TNFa, and IL-1 [39]. In addition, H. hepaticus is
associated with chronic hepatic and intestinal inflamma-
tion and hepatobiliary cancers in mice [39]. The preva-
lence of D. vulgaris was also significantly higher in the
CDAA and MCD diet groups according to the GS Junior-
based analyses. The Desulfovibrionaceae family includ-
ing D. vulgaris, the sulfate-reducing bacteria, is a poten-
tial source of lipopolysaccharide and can injure the barrier
function of the intestine [3, 40]. Because TLR4 signaling
promotes progression of NASH [3, 41], H. hepaticus and
D. vulgaris may contribute to the development of
steatohepatitis through TLR4 in the CDAA and MCD diet
groups.

In the present study, we unexpectedly had to use two
high-throughput sequencing technologies, the MiSeq and
GS Junior systems, because the maintenance service of the
GS Junior system ended during the present study. The use
of two high-throughput sequencing systems and their
related bioinformatics yielded some different results at
species level; For instance, P. goldsteinii was not detected
in the GS Junior-based analyses, whereas P. distasonis was
not detected in the MiSeq-based analyses. This often
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happens when different bioinformatics pipelines are used
[42]. Therefore, one should pay attention to the sequencing
platforms and bioinformatics used when comparing our
results with those obtained in other studies. Although the
GS Junior has an advantage in its ability to obtain a longer
read length, the MiSeq system has benefits in term of cost,
speed of analysis, and number of reads [22]. Thus, the
MiSeq system is widely used for analyses of gut
microbiota.

We also found that IL-17 levels were increased in the
CDAA diet group compared with the other diet groups. IL-
17 functions as a proinflammatory cytokine in NAFLD and
NASH [14, 43, 44]. To the best of the authors’ knowledge,
this is the first report to show increased IL-17 levels in
ileum and portal vein in severe steatohepatitis. Paneth cells
in small intestine are a source of IL-17 [45, 46]. Consistent
with these reports, IL-17 expression was observed in
Paneth cells of ileum, particular in CDAA-fed mice. IL-17
can induce production of chemokines that recruit inflam-
matory cells, which leads to progression of NASH by
producing inflammatory cytokines [47]. In the present
study, we showed a positive correlation between IL-17
levels and chemokine expression. Although it remains
unclear whether the dietary components directly modified
IL-17 expression, the CDAA diet altered the gut microbiota
composition and increased the IL-17 levels. In addition, gut
sterilization reduced the IL-17 levels in gut and portal vein,
indicating that the gut microbiota regulate the IL-17
expression. Among bacteria in the gut, lactate-producing
bacteria protect the host from IL-17-induced injury [48],
suggesting that lactate-producing bacteria may suppress
IL-17 expression. Lipopolysaccharide derived from the
phylum Proteobacteria increases expression of IL-17 [49].
The abundance of lipopolysaccharide-producing bacteria
was altered in the CDAA diet group, suggesting that the gut
microbiota component induced by the CDAA diet may
increase the expression of IL-17. Segmented filamentous
bacteria have been reported to increase IL-17 [50, 51] but
were not detected in our analyses. Although we did not
identify the bacteria that promote IL-17 production, our
data do suggest that the gut microbiota contribute to IL-17
expression.

In conclusion, the composition of gut microbiota and the
immune response vary considerably between mice admin-
istrated  different experimental diets to induce
steatohepatitis.
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