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IL-33 treatment attenuated diet-induced hepatic steatosis but
aggravated hepatic fibrosis
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ABSTRACT

The aim of our work was to investigate the role of interleukin-33 (IL-33) and its
receptor ST2 in the progression of diet-induced nonalcoholic steatohepatitis (NASH)
in mice, and the characteristic expression in livers of patients with NASH. Mice were
fed with high-fat diet (HFD) or methionine-choline 4-deficient diet (MCD) and injected
intraperitoneally with IL-33. Both mRNA and protein expression levels of IL-33 and
ST2 were up-regulated in the livers of mice fed with HFD or MCD. Treatment with IL-33
attenuated diet-induced hepatic steatosis and reduced activities of ALT in serum, as
well as ameliorated HFD-induced systemic insulin resistance and glucose intolerance,
while aggravated hepatic fibrosis in diet-induced NASH. Furthermore, treatment with
IL-33 can also promote Th2 response and M2 macrophage activation and beneficial
modulation on expression profiles of fatty acid metabolism genes in livers. ST2
deficiency did not affect hepatic steatosis and fibrosis when fed with controlling diet.
IL-33 did not affect diet-induced hepatic steatosis and fibrosis in ST2 knockout mice.
Meanwhile, in the livers of patients with NASH, IL-33 was mainly located in hepatic
sinusoid, endothelial cells, and hepatic stellate cells. The mRNA expression level of
IL-33 and ST2 was elevated with the progression of NASH. In conclusion, treatment
with IL-33 attenuated diet-induced hepatic steatosis, but aggravated hepatic fibrosis,
in a ST2-dependent manner.

INTRODUCTION cells, are likely to play a pivotal role in responding to
inflammation and metabolic stresses by orchestrating local
Nonalcoholic ~ Steatohepatitis (NASH), as a immune responses through the secretion of cytokines and

progressive form of nonalcoholic fatty liver disease, leads
to progressive fibrosis, cirrhosis and even hepatocellular
carcinoma [1-3]. A “two-hit” model has been hypothesized
as a potential mechanism responsible for NASH
pathogenesis. The first “hit” is provided by metabolic
syndrome (steatosis), and then the second “hit” triggers
a cascade of events leading to cell death and fibrosis [4].
Inflammation is believed as the driving force of NASH and
the progression to fibrosis and subsequent cirrhosis [5].
Innate immune cells, such as blood-derived monocytes and
liver resident macrophages, which are termed as Kupffer

chemokines [5]. T-bet, a regulator of the inflammatory T
helperl (Thl) response, was up-regulated, whereas GATA-
3, a regulator of the anti-inflammatory Th2 response,
was significantly down-regulated in methionine-choline-
deficient-diet (MCD)-induced NASH [6, 7]. In addition,
high-fat diet (HFD) has reduced hepatic NKT cells and
enhanced production of Thl-type cytokines, including
IL-12, IFN-y and TNF-a [8]. Therefore, it is postulated
that a Th1/Th2 balance may play an important role in the
development of inflammation of NASH.

IL-33, a member of the IL-1 family, which
mediates its biological effects via IL-1 receptor ST2,
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drives production of Th2-associated cytokines from in
vitro polarized Th2 cells and induces the expression of
IL-4, IL-5, and IL-13 in vivo [9]. IL-33 reduced HFD-
induced macrophage foam cell formation and attenuated
the development of atherosclerosis [10, 11]. In obese
diabetic (0b/ob) mice, IL-33 induced accumulation of
Th2 cells in adipose tissue and polarization of adipose
tissue macrophages toward M2, and reduced adiposity
and fasting glucose [12]. In livers, IL-33 appeared to be
hepatoprotective against Con A and ischemia-reperfusion
injury [13, 14], and acted as a potent immune stimulator
and a hepatoprotective cytokine in acute viral hepatitis
[15].

Miller et al. reported that treatment of male obese
(ob/ob) mice (6-week-old) with recombinant 1L-33 for
3 weeks reduced adiposity, but had no significant effect
on liver histology or hepatic function [12]. Mice lacked
of leptin (ob/ob) are obese, hyperphagic, and insulin
resistant, and develop hepatic steatosis and type II
diabetes. Although the metabolic abnormalities resemble
nonalcoholic fatty liver disease, spontancous development
of steatohepatitis is not a feature of 0b/ob mice strains
[16], and in Miller’s study, the 0b/0b mice did not show
the elevation of serum ALT [12]. Therefore, ob/ob mice
might be not suitable for investigation of role of IL-33
in progression of NASH. NASH develops in HFD-fed
mice, and is linked to similar pathogenic factors as in
humans, with steatosis and metabolic syndrome preceding

the transition to steatohepatitis [17]. Rodents fed a MCD
diet develop a steatohepatitis producing hepatic lesions
and changes in liver redox balance, which mimics the
impairment observed in patients with NASH. The major
disadvantage of the MCD model is that it is associated
with significant weight loss and lower glucose levels and
it does not exhibit insulin resistance [18].

In this work, we employed the mice fed with MCD
or HFD as animal models of NASH to firstly investigate
the role of IL-33/ST2 axis in the pathogenesis of NASH.

RESULTS

Both HFD and MCD induced upregulation of IL-
33 and ST2 expression in livers of mice

We firstly analyzed the effects of a HFD diet given
for 20 weeks or a MCD given for 10 weeks to mice on
the expression of IL-33 and ST2. At the end of the period,
mice fed on the HFD or MCD showed a significant
upregulation in mRNA (Figure la, 1b) and protein
expression levels (Figure 1¢) of both IL-33 and ST2 in
liver tissues. In addition, the IL-33 levels in serum (Figure
1d, le) were higher in mice fed with HFD or MCD than
those in mice with controlling diet.
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Figure 1: Mice were exposed to HFD for 20 weeks or MCD for 10 weeks to induce NASH. Hepatic IL-33 and ST2 mRNA
a., b. and protein expression c. were analyzed by RT-PCR and Western blotting, respectively. IL-33 levels in serum d., e. were analyzed by

ELISA method. n = 8-10 in each group. Values are means + SD; * p < 0.05 versus LFD group or control group.
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Treatment with IL-33 attenuated HFD-induced on the HFD showed a marked and significant increase in
hepatic steatosis in mice weight gain (Figure 2a), blood glucose levels (Figure 2b),
hepatic triglyceride (Figure 2c), and serum ALT levels
(Figure 2d). Treatment with 1L-33 led to a significant
reduction in weight gain, blood glucose levels, hepatic
triglyceride, and serum ALT levels.

Mice were fed with HED for 20 weeks, and injected
i.p. twice per week with recombinant 1L-33 (1 pg/
injection). At the end of the treatment period, mice fed
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Figure 2: Mice were exposed to HFD for 20 weeks to induce NASH, and injected i.p. twice per week with PBS or recombinant
IL-33 (1 pg/injection). Graphs showed weight gain a., blood glucose levels b., hepatic triglyceride c., and serum ALT levels d. in mice.
Paraffin-embedded liver sections were stained with hematoxylin-eosin for evaluation of steatohepatitis e.. Mice were fasted for 4 h and
received an intraperitoneal injection of insulin (1 U/kg body weight) f. or glucose (2 g/kg body weight) g. for insulin tolerance tests and
glucose tolerance tests, respectively. 7 = 8-10 in each group. Values are means + SD; * p < 0.05 versus LFD group; # p < 0.05 versus HFD
group.
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Hematoxylin and eosin staining (Figure 2e)
revealed hepatic steatosis and ballooning degeneration of
hepatocytes in the liver tissues of HFD-fed mice, which
was attenuated by treatment with 1L-33.

In addition, IL-33-treated mice showed a significant
decrease in the severity of HFD-induced insulin resistance
and glucose intolerance (Figure 2f and 2g), which were
indicated by changes in plasma levels of glucose in
response to a peritoneal injection of insulin and glucose,
respectively. Thus, treatment with IL-33 ameliorated
HFD-induced systemic insulin resistance and glucose
intolerance.

Treatment with IL-33 attenuated MCD-induced
hepatic steatosis in mice

Mice were fed with MCD for 10 weeks, and
injected i.p. twice per week with recombinant 1L-33 (1
pg/injection). At the end of the treatment period, mice fed
on the MCD showed a marked and significant decrease in
body weight (Figure 3a) and blood glucose levels (Figure
3b), and an increased hepatic triglyceride (Figure 3c) and
serum ALT levels (Figure 3d). Treatment with IL-33 had
not effects on body weight and blood glucose levels, but
resulted in a significant reduction in hepatic triglyceride
and serum ALT levels.
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Figure 3: Mice were exposed to MCD for 10 weeks to induce NASH, and injected i.p. twice per week with PBS or recombinant
IL-33 (1 pg/injection). Graphs showed body weight a., blood glucose levels b., hepatic triglyceride c., and serum ALT levels d. in mice.
Paraffin-embedded liver sections were stained with hematoxylin-eosin for evaluation of steatohepatitis e.. # = 8-10 in each group. Values
are means + SD; * p < 0.05 versus control group; # p < 0.05 versus MCD group.
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Histological results indicated marked Treatment with IL-33 aggravated diet-induced
macrovesicular steatosis and ballooning degeneration in hepatic fibrosis in mice
hepatocytes of MCD-fed mice, which was attenuated by

treatment with IL-33 (Figure 3e).
(Fig ) As other forms of chronic liver damage, the HFD
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Figure 4: Mice were exposed to HFD or MCD, and treated with recombinant IL-33. Paraffin-embedded liver sections were
Masson-trichrome-stained for evaluation of fibrosis a.. Graphs showed the fibrosis area b., d. and mRNA levels of CollA1, a-SMA and
TGF-B1 c., e. in livers. n = 8-10 in each group. Values are means = SD; * p < 0.05 versus LFD group or control group; # p < 0.05 versus
HFD or MCD group.
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or MCD diet triggers the initiation of a fibrogenic process
that, in mice, leads to accumulation of extracellular
matrix. Sections from mice fed on the HFD or MCD were
stained with Masson-trichrome staining. Computerized
image analysis of the slides stained with Mallory-Azan
demonstrated that in HFD or MCD-fed mice showed
an obvious accumulation of collagens, and treatment
with IL-33 aggravated hepatic fibrosis induced by
HFD (Figure 4a, 4b) or MCD (Figure 4a, 4d) in mice.
Treatment of mice fed with normal diet with 1L-33 (0.5
and 1 pg/injection) had no significant effect on hepatic
fibrosis, hepatic triglyceride and serum ALT levels (Table
S4, supplementary data). Exogenous IL-33 treatment
attenuated diet-induced hepatic steatosis but exacerbated
hepatic fibrosis, in a dose-dependent manner (Table S5,
supplementary data). Treatment of mice fed with normal
diet with exogenous 1L-33 had no significant effect on ST2
protein expression in livers (Fig S1, supplementary data).

To obtain further insight into the modulation of
fibrogenesis in the two models, transcript levels of genes
implicated in hepatic fibrosis were evaluated. The mRNA
expression of CollA1 (Figure 4c), TGF-B1 (transforming
growth factor-p1, a major pro-fibrogenic cytokine, Figure
4e), and a-SMA were significantly up-regulated by feeding
the MCD or HFD. Treatment with IL-33 up-regulated
expression of CollAl, TGF-B1, and a-SMA in mice fed
with HFD or MCD.
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Treatment with IL-33 promoted Th2 response
and M2 macrophage activation in mice exposed
to HFD or MCD

The immunological profile of NASH mice treated
with IL-33 was investigated by assessing cytokine
production in serum and livers. IL-33-treated mice
produced markedly more IL-4 (Figure 5a), IL-5 (Figure
5b) and IL-13 (Figure 5c) than PBS-treated mice fed with
HFD or MCD, indicating that IL-33 induced accumulation
of Th2 cytokines in serum. Treatment with 1L-33 up-
regulated proteins expression of IL-4 (Figure 5d), IL-5
(Figure Se, and IL-13 (Figure 5f), and down-regulated
IFN-y mRNA expression (a Thl marker, Figure 5h) in
livers, indicating that 1L-33 treatment induced a switch
from a Th1 to a Th2 immunological profile in the livers of
two experimental models of NASH.

In addition, we found that treatment with IL-33
reduced protein expression of IL-12p70 (M1 marker,
Figure 5g) and mRNA expression of TLR2 (M1 marker,
Figure 51), and enhanced mRNA expression of Arg-1 and
CD206 (M2 markers, Figure 51, j), indicating that 1L-33
treatment promoted hepatic M2 macrophage activation in
experimental NASH. IL-33 treatment had no significant
effect on mRNA expression of iNOS (another M1 marker,
Figure 5k) in livers of two experimental models of NASH.
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Figure 5: Mice were exposed to HFD or MCD, and treated with recombinant IL-33 or PBS. Graphs showed the serum
levels of IL-4 a., IL-5 b., and IL-13 c., hepatic protein levels of IL-4 d., IL-5 e., IL-13 f., and IL-12 p70 g., and mRNA levels of I[FN-y h.,
Arg-11i., CD206 j., TLR2 k., and iNOS L.. n = 8-10 in each group. Values are means + SD; * p < 0.05 versus PBS-treated group.
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Treatment with IL-33 modulated expression
profiles of fatty acid metabolism genes in livers of
mice exposed to MCD diet

In diet-induced NASH mice, IL-33 treatment
enhanced activity of CPT-I (Figure 6a) and mRNA
expression of PPARa (Figure 6b), ACO (Figure 6c),
L-FABP (Figure 6g), MTP (Figure 6h) and ABCA-1
(Figure 61), and reduced mRNA expression of CD36
(Figure 6d), FAS (Figure 6¢), and SREBP-1c¢ (Figure 6f).

ST2 deficiency abolished the effects of IL-33
treatment

To confirm that IL-33 exhibited its function through
its receptor ST2, ST2 knockout mice were fed with MCD
for 10 weeks or HFD for 20 weeks and treated with 1L-33
simultaneously. ST2 deficiency did not influence hepatic
steatosis (Figure 7a), hepatic triglyceride content (Figure
7b), and serum ALT levels (Figure 7c¢) when fed with
controlling diet.

When fed with MCD or HFD, treatment with I1L-33

attenuated hepatic steatosis (Figure 7a and Figure 8a) and
reduced hepatic triglyceride levels (Figure 7b and Figure
8b) and serum ALT levels (Figure 7c and Figure 8c) in
wild-type mice, but had no significant effect on hepatic
steatosis, hepatic triglyceride levels and serum ALT levels
in ST2 knockout mice.

Computerized image analysis of the slides stained
with Mallory-Azan demonstrated that, ST2 deficiency
did not impact hepatic fibrosis when fed with controlling
diet, as shown in supplementary data (Figure S1). When
fed with HFD, treatment with IL-33 aggravated hepatic
fibrosis in wild-type mice, but did not affect fibrosis in
ST2 knockout mice.

IL-33 levels in NASH patients

General information of NASH patients were shown
in supplementary data (Table S6). When compared to
healthy controls, I1L-33 levels (Figure 9a) were higher
in serum of patients with NAFL, borderline-NASH,
and NASH. Compared with healthy controls, mRNA
expression of IL-33 (Figure 9b) and ST2 (Figure 9c) was
higher in livers of patients with NASH. The analysis of
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Figure 6: Mice were exposed to HFD or MCD, and treated with recombinant IL-33 or PBS. Graphs showed the activity of
CPT-I a., and mRNA levels of ACO b., PPARa ¢c., CD36 d., FAS e., SREB-1c f., L-FABP g., MTP h., and ABCA-1 i. in livers. n = 8-10 in
each group. Values are means + SD; * p < 0.05 versus PBS-treated group.
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immunohistochemical results (Figure 9d) showed that
IL-33 in liver was located in hepatic sinusoid, endothelial
cells, and hepatic stellate cells.

DISCUSSION

The major finding of our study was that 1L-33
treatment attenuated diet-induced hepatic steatosis and
reduced serum ALT levels, but aggravated hepatic fibrosis.

Although IL-33 treatment did not affect serum
cholesterol, HDL-c, VLDL/LDL-c, or triglyceride [11] in
HFD-fed mice, it impaired fasting glucose and improved
glucose and insulin tolerance [12]. We also found impaired
fasting glucose levels and improved glucose and insulin
tolerance following 20-weeks 1L.-33 treatment in HFD-
fed mice. It was therefore that reduction in glucose levels
might contribute to the protection of 1L-33 against HFD-
induced NASH. In this work, treatment with IL-33 also
attenuated hepatic steatosis and reduced ALT levels in
mice fed with MCD diet, indicating that the function
of IL-33 was not totally dependent on its modulation in
glucose metabolism.

IL-33 induced Th2 cytokines and Th2 antibodies
in serum and lymph node cells of ApoE (-/-) mice [11],
which was a classic murine model of atherosclerosis.
Inflammatory process in NASH and atherosclerosis
may share common mechanisms, involving the local

ALT (U/L)

Hepatic Triglyceride
(mg/g liver tissue)
-

o

presence of activated macrophages [19]. An increase in
M1 cytokines is also associated with the development
of NASH in both experimental animals and humans
[20-22]. Treatment of ob/ob mice with IL-33 strongly
enhanced the mRNA expression of M2 markers in liver,
including L-arginase (Argl) and Chi313[12]. In this work,
treatment of NASH mice with IL-33 enhanced expression
of Th2 cytokines (IL-4, IL-5 and IL-13) and M2 markers
(Arg-1 and CD206), and reduced Th1 cytokines (IFN-y)
and M1 markers (IL-12p70 and TLR2), indicating that
IL-33 promoted Th2 cytokine synthesis leading to the
polarization of liver macrophages/Kupffer cells toward
an M2 phenotype, and ultimately shifted the cytokine
imbalance towards anti-inflammation, which might be
beneficial for reversing hepatic steatosis.

Meanwhile, it was reported that treatment with
IL-33 decreased the uptake of AcLDL and OxLDL and
enhanced cholesterol efflux by THP-1 macrophages
through modulating expression of key genes implicated
in the uptake and efflux of cholesterol including SR-
A, CD36, SR-BI, ApoE, ABCA-1, and ABCG-1 [10].
Interestingly, in this work, treatment with 1L-33 had a
beneficial modulation on expression profiles of fatty acid
metabolism genes including ACO, PPARa, CD36, FAS,
SREB-1c¢, L-FABP, MTP, and ABCA-1 in livers. PPARa
was essential in the modulation of lipid transport and
metabolism, mainly through activating mitochondrial and
peroxisomal fatty acid B-oxidation pathways, and liver
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Figure 7: ST2 knockout mice and wild-type mice were fed with MCD, and treated with recombinant IL-33 for 10
weeks. Paraffin-embedded liver sections were stained with hematoxylin-eosin for evaluation of steatosis a.. Graphs showed hepatic
triglyceride b. and serum ALT levels c. in mice. # = 8-10 in each group. Values are means + SD; * p <0.05 versus wild-type mice fed with

controlling diet; # p < 0.05 versus wild-type mice fed with MCD diet.
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PPARa was crucial for whole-body fatty acid homeostasis PPARa, was responsible for intracellular trafficking of

and was protective against non-alcoholic fatty liver long chain fatty acids [24]. MTP was involved in hepatic
disease [23]. L-FABP, transcriptionally regulated by secretion of triglyceride-rich VLDL [25]. ABCAI,
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Figure 9: IL-33 levels in NASH patients. Serum IL-33 levels a. were determined by ELISA method. The mRNA expression of IL-33
b. and ST2 ¢. was determined by RT-PCR method. Immunohistochemistry analysis of IL-33 d. in livers of NASH patients. HC, healthy
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non-alcoholic steatohepatitis (7 = 14). Values are means + SD; * p < 0.05 versus healthy control.
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mediated the transport of cholesterol and phospholipids
from cells to HDL apolipoproteins, was associated with
lipid storage in hepatocytes in NASH [26]. CD36, the
class B scavenger receptor, has been reported to facilitate
the uptake of long chain fatty acids by endothelial cells as
well as macrophages, and plays a role in hepatic steatosis
induced by feeding a HFD [27]. Fas, which was regulated
by SREBP-1¢, was an enzyme necessary for de novo
synthesis of fatty acids [28, 29]. Therefore, the modulation
of IL-33 on these genes might contribute to the beneficial
effect of IL-33 against hepatic steatosis in mice fed with
MCD or HFD.

However, in this work, we found that treatment
with IL-33 enhanced hepatic fibrosis in mice fed with
HFD. Similar result was also found by Jeftic et al [30].
Steatosis is thought to be a prerequisite for NASH and
has also been identified as an independent risk factor for
liver fibrosis. It was reported that inhibiting triglyceride
synthesis improved hepatic steatosis but exacerbated
liver damage and fibrosis in obese mice with NASH
[31], so there was no cause-effect relationship between
steatosis and fibrosis. IL-33 has been suggested to possess
pro-fibrotic properties in skin and lung [32, 33]. IL-33
deficiency ameliorated experimental fibrosis induced by
thioacetamide or carbontetrachloride in livers and hepatic
1L-33/ST2 axis promoted hepatic stellate cells activation
and triggered a potent fibrogenic response [34]. Some of
the stereotypical Th2-associated genes including IL-4 and
IL-13 may more accurately be viewed as dual role factors
coordinating host defenses as well as tissue remodeling
[35]. The pro-fibrotic properties of IL-33 might be
detrimental and drives pathological tissue remodeling in
the liver. In our work, treatment with 1L-33 (1pg/injection,
twice a week, 10 weeks) had no significant effect on
hepatic fibrosis and serum ALT levels in mice fed with
controlling diet. However, in the report of McHedlidze et
al., IL-33 vector-injected mice showed excessive immune
cell infiltrates and increased hepatic collagen [34]. Further
investigation might be required to investigate the role of
IL-33 in fibrosis in NASH.

Furthermore, it has been demonstrated that IL-
33 treatment attenuated atherosclerosis in ApoE” mice
and reduced adiposity in 0b/ob mice in a ST2 dependent
manner [11, 12]. In this work, ST2 deficiency abolished
the effects of IL-33 treatment on hepatic steatosis and
fibrosis, so we might also conclude that the function of
IL-33 in NASH mice was dependent on ST2 signaling.
However, ST2 deficiency did not aggravate the steatosis
or attenuated fibrosis in NASH mice. Recently, it was
reported that deficiency of the endogenously produced IL-
33 and its receptor ST2 did not impact the development
of atherosclerosis in ApoE-deficient mice [35], which
might contribute to the conclusion that the deficiency of
endogenous IL-33 signaling had no impact on the Th1/
Th2 cytokine profile.

In conclusion, IL-33 treatment attenuated both diets-

induced hepatic steatosis, but aggravated hepatic fibrosis,
in a ST2-dependent manner. The present study firstly
provides evidence of dual roles for IL-33/ST2 axis in diet-
induced NASH in mice.

MATERIALS AND METHODS

Animals

C57BL/6J mice (male, 6-week-old) were obtained
from the Vital-Aiver Animal Ltd (Beijing, China).
C57BL/6 ST2 knockout (ST2 ) mice [36] were
backcrossed for at least 10 generations. Mice were bred
and housed in our animal facilities. All the animals were
entrained to controlled temperature (23-25 °C), 12-h light
and 12-h dark cycles (light, 08:00-20:00 h; darkness,
20:00-08:00 h), and free access to food and tap water. All
the animals used in this work received humane care in
compliance with institutional animal care guidelines, and
were approved by the Local Institutional Committee. All
the surgical and experimental procedures were according
to the criteria outlined in the “Guide for the Care and
Use of Laboratory Animals” prepared by the National
Academy of Sciences and published by the National
Institutes of Health (NIH publication 86-23 revised 1985).

Mice were bred in-house in a pathogen-free facility
and fed either a low-fat diet (LFD) or a high-fat diet (HFD,
Composition of diet was shown in supplementary data,
Table S1) ad libitum for 20 weeks. At the same time, the
mice were injected i.p. twice per week with PBS or murine
recombinant 1L-33 (IL-33, 0.5 and 1 pg/injection) [11, 12].

Mice were bred in-house in a pathogen-free facility
and fed either controlling diet or a Methionine and Choline
Deficient Diet (MCD, Composition of diet was shown in
supplementary data, Table S2) ad libitum for 10 weeks. At
the same time, the mice were injected i.p. twice per week
with PBS or murine recombinant I1L-33 (1 pg/injection,
Sigma, St Louis, MO, USA).

At the end of the experiment, all mice were
sacrificed under sodium pentobarbital anesthesia and the
livers were carefully removed (n = 17-20 total in each
group).

Details of real-time quantitative polymerase chain
reaction (RT-PCR), western blotting, biochemical analysis,
and histological analysis were shown in supplementary
data.

Insulin and glucose tolerance tests

Mice were fasted for 4 h and received an
intraperitoneal injection of insulin (1 U/kg body weight)
or D-glucose (2 g/kg body weight). For insulin tolerance
tests, blood samples (5 pl) were collected from the tail
vein before and at 15, 30, 45, and 60 min after the bolus
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insulin injection. Similarly, for glucose tolerance tests,
blood samples were collected from the tail vein before and
at 30, 60, 90 and 120 min after the glucose bolus injection
[37].The levels of plasma glucose were measured.

Measurement of cytokines

IL-4, IL-5, IL-12p70, IL-13, and TNF-a in livers
or serum were determined by using an enzyme-linked
immunosorbent assay kit (R&D Systems, MN, USA).

Measurement of CPT-I activity

CPT-1 activity was determined in livers as the
incorporation of radiolabelled carnitine into acylcarnitine
according to Priore et al [38].

Patients with NASH

All patients provided the written informed consents
for their blood samples, liver biopsy and clinical records to
be used in this study, and the information was anonymized
and de-identified prior to analysis. The study protocol was
approved by the Medical Ethics Committee of the 302
Hospital, Beijing, China, and adhered to the Declaration
of Helsinki.

Percutaneous liver biopsy was performed by
experienced physicians with a 16-gauge Hepafix needle
under the guidance of B- ultrasound. The liver biopsy
specimens were immediately fixed in 10% formalin
and embedded in paraffin. The histological slides were
read and semiquantitatively scored by two experienced
pathologists. Histological grading and staging of NASH
were scored according to NASH activity score (NAS), a
semi-quantitative scoring system reported by Kleiner and
his colleagues [39] (details shown in supplementary data).

Statistical analysis

The data are expressed as the mean =standard
deviation (SD). Comparison among groups was analyzed
using a two-way analysis of variance followed by
Bonferroni ¢-test. Significance was defined as a P value
less than 0.05. Statistical analysis was performed using
SPSS 12.0.0 software (SPSS Inc., Chicago, IL, USA).

ACKNOWLEDGMENTS

We would like to thank all of the patients enrolled in
this study for their kind understanding and support.

GRANT SUPPORT

This work was supported under Research Found of
Capital Medical Development (Grant No. 2014-2-5032)
and Beijing 302 hospital liver disease support (Grant No.
2011015) with Department of Pathology and Hepatology.
The department disclaims responsibility for the analysis
and conclusions.

CONFLICTS OF INTERSET

The authors declare no conflict of interest.

REFERENCES

1. Tiniakos DG, Vos MB, Brunt EM. Nonalcoholic fatty liver
disease: pathology and pathogenesis. Annu Rev Pathol
2010; 5:145-171.

2. Vuppalanchi R, Chalasani N. Nonalcoholic fatty liver
disease and nonalcoholic steatohepatitis: selected practical
issues in their evaluation and management. Hepatology
2009; 49:306-317.

3. Cheung O, Sanyal AJ. Recent advances in nonalcoholic
fatty liver disease. Curr Opin Gastroenterol 2010; 26:202—
208.

4. Browning JD, Horton JD. Molecular mediators of hepatic
steatosis and liver injury. J Clin Invest 2004; 114:147-152.

5. Harmon RC, Tiniakos DG, Argo CK. Inflammation in
nonalcoholic steatohepatitis. Expert Rev Gastroenterol
Hepatol 2011; 5:189-200.

6. Kremer M, Hines IN, Milton RJ, Wheeler MD. Favored
T helper 1 response in a mouse model of hepatosteatosis
is associated with enhanced T cell-mediated hepatitis.
Hepatology 2006; 44:216-227.

7. Ma X, Hua J, Mohamood AR, Hamad AR, RaviR, Li Z. A
high-fat diet and regulatory T cells influence susceptibility
to endotoxin-induced liver injury. Hepatology 2007;
46:1519-1529.

8. LiZ, Soloski MJ, Diehl AM. Dietary factors alter hepatic
innate immune system in mice with nonalcoholic fatty liver
disease. Hepatology 2005; 42:880—885.

9. Schmitz J, Owyang A, Oldham E, Song Y, Murphy
E, McClanahan TK, Zurawski G, Moshrefi M, Qin J,
Li X, Gorman DM, Bazan JF, Kastelein RA. IL-33,
an interleukin-1-like cytokine that signals via the IL-1
receptor-related protein ST2 and induces T helper type
2-associated cytokines. Immunity 2005; 23:479—490.

10. McLaren JE, Michael DR, Salter RC, Ashlin TG, Calder CJ,
Miller AM, Liew FY, Ramji DP. IL-33 reduces macrophage
foam cell formation. J Immunol 2010; 185:1222-1229.

11. Miller AM, Xu D, Asquith DL, Denby L, Li Y, Sattar

N, Baker AH, Mclnnes IB, Liew FY. IL-33 reduces the
development of atherosclerosis. J Exp Med 2008; 205:339—
346.

www.impactjournals.com/oncotarget

33659

Oncotarget



13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Miller AM, Asquith DL, Hueber AJ, Anderson LA, Holmes
WM, McKenzie AN, Xu D, Sattar N, Mclnnes IB, Liew
FY. Interleukin-33 induces protective effects in adipose
tissue inflammation during obesity in mice. Circ Res 2010;
107:650-658.

Volarevic V, Mitrovic M, Milovanovic M, Zelen I,
Nikolic I, Mitrovic S, Pejnovic N, Arsenijevic N, Lukic
ML. Protective role of IL-33/ST2 axis in Con A-induced
hepatitis. J Hepatol 2012; 56:26-33.

Sakai N, Van Sweringen HL, Quillin RC, Schuster R,
Blanchard J, Burns JM, Tevar AD, Edwards MJ, Lentsch
AB. Interleukin-33
ischemia/reperfusion in mice. Hepatology 2012; 56:1468—
1478.

Liang Y, Jie Z, Hou L, Aguilar-Valenzuela R, Vu D, Soong
L, Sun J. IL-33 induces nuocytes and modulates liver injury
in viral hepatitis. ] Immunol 2013; 190:5666-5675.

Bray GA, York DA. Hypothalamic and genetic obesity
in experimental animals: an autonomic and endocrine
hypothesis. Physiol Rev 1979; 59: 719-809.

Larter CZ, Yeh MM. Animal models of NASH: getting
both pathology and metabolic context right. J Gastroenterol
Hepatol 2008; 23:1635-1648.

Rinella ME, Green RM. The methionine-choline deficient
dietary model of steatohepatitis does not exhibit insulin
resistance. J Hepatol 2004; 40: 47-51.

Bieghs V, Rensen PC, Hotker MH, Shiri-Sverdlov R.
NASH and atherosclerosis are two aspects of a shared
disease: central role for macrophages. Atherosclerosis 2012;
220:287-293.

Marra F, Gastaldelli A, Svegliati Baroni G, Tell G, Tiribelli
C. Molecular basis and mechanisms of progression of non-
alcoholic steatohepatitis. Trends Mol Med 2008; 14:72-81.

Tilg H, Moschen AR. Evolution of inflammation in non-

is hepatoprotective during liver

alcoholic fatty liver disease: the multiple parallel hits
hypothesis. Hepatology 2010; 52:1836—1846.

Crespo J, Cayon A, Fernandez-Gil P, Hernandez-Guerra M,
Mayorga M, Dominguez-Diez A, Fernandez-Escalante JC,
Pons-Romero F. Gene expression of tumor necrosis factor
alpha and TNF-receptors, p55 and p75, in nonalcoholic
steatohepatitis patients. Hepatology 2001; 34:1158-1163.
Montagner A, Polizzi A, Fouché E, Ducheix S, Lippi
Y, Lasserre F, Barquissau V, Régnier M, Lukowicz C,
Benhamed F, Iroz A, Bertrand-Michel J, Al Saati T, et
al. Liver PPARa is crucial for whole-body fatty acid
homeostasis and is protective against NAFLD. Gut. 2016 ;
65:1202-14.

Martin GG, Atshaves BP, McIntosh AL, Payne HR, Mackie
JT, Kier AB, Schroeder F. Liver fatty acid binding protein
gene ablation enhances age-dependent weight gain in male
mice. Mol Cell Biochem 2009; 324:101-115.

Stefano JT, de Oliveira CP, Corréa-Giannella ML, de
Lima VM, de Sa SV, de Oliveira EP, de Mello ES,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Giannella-Neto D, Alves VA, Carrilho FJ. Nonalcoholic
steatohepatitis (NASH) in ob/ob mice treated with yo jyo
hen shi ko (YHK): effects on peroxisome proliferator-
activated receptors (PPARs) and microsomal triglyceride
transfer protein (MTP). Dig Dis Sci 2007; 52:3448-3454.

Yang Y, Jiang Y, Wang Y, An W. Suppression of ABCA1
by unsaturated fatty acids leads to lipid accumulation in
HepG2 cells. Biochimie 2010; 92:958-963.

Inoue M, Ohtake T, Motomura W, Takahashi N, Hosoki
Y, Miyoshi S, Suzuki Y, Saito H, Kohgo Y, Okumura
T. Increased expression of PPARgamma in high fat diet-
induced liver steatosis in mice. Biochem Biophys Res
Commun 2005; 336:215-222.

Semenkovich CF. Regulation of fatty acid synthase (FAS).
Prog Lipid Res 1997; 36:43-53.

Horton JD, Goldstein JL, Brown MS. SREBPs: activators of
the complete program of cholesterol and fatty acid synthesis
in the liver. J Clin Invest 2002; 109:1125-1131.

Jeftic 1, Jovicic N, Pantic J, Arsenijevic N, Lukic ML,
Pejnovic N. Galectin-3 Ablation Enhances Liver Steatosis,
but Attenuates
Fibrosis in Obesogenic Mouse Model of Nonalcoholic
Steatohepatitis. Mol Med 2015; 21:453-465.

Yamaguchi K, Yang L, McCall S, Huang J, Yu XX, Pandey
SK, Bhanot S, Monia BP, Li YX, Diechl AM. Inhibiting
triglyceride synthesis improves hepatic steatosis but
exacerbates liver damage and fibrosis in obese mice with
nonalcoholic steatohepatitis. Hepatology. 2007; 45:1366-
1374.

Rankin AL, Mumm JB, Murphy E, Turner S, Yu N,
McClanahan TK, Bourne PA, Pierce RH, Kastelein R,
Pflanz S. IL-33 induces IL-13-dependent cutaneous fibrosis.
J Immunol 2010; 184:1526-1535.

Yanaba K, Yoshizaki A, Asano Y, Kadono T, Sato S. Serum
IL-33 levels are raised in patients with systemic sclerosis:

Inflammation and IL-33-Dependent

association with extent of skin sclerosis and severity of
pulmonary fibrosis. Clinical Rheumatology 2011; 30:825—
830.

McHedlidze T, Waldner M, Zopf S, Walker J, Rankin AL,
Schuchmann M, Voehringer D, McKenzie AN, Neurath
MF, Pflanz S, Wirtz S. Interleukin-33-dependent innate
lymphoid cells mediate hepatic fibrosis. Immunity 2013;
39:357-371.

Martin P, Palmer G, Rodriguez E, Woldt E, Mean I, James
RW, Smith DE, Kwak BR, Gabay C. Atherosclerosis
severity is not affected by a deficiency in IL-33/ST2
signaling. Immun Inflamm Dis 2015; 3:239-246.

Sedhom MA, Pichery M, Murdoch JR, Foligné B, Ortega
N, Normand S, Mertz K, Sanmugalingam D, Brault L,
Grandjean T, Lefrancais E, Fallon PG, Quesniaux V,
et al. Neutralisation of the interleukin-33/ST2 pathway
ameliorates experimental colitis through enhancement of
mucosal healing in mice. Gut 2013; 62:1714-23.

WWW

.impactjournals.com/oncotarget

33660

Oncotarget



37. HuoY, Guo X, Li H, Wang H, Zhang W, Wang Y, Zhou H,

38.

Gao Z, Telang S, Chesney J, Chen YE, Ye J, Chapkin RS,
Wu C. Disruption of inducible 6-phosphofructo-2-kinase
ameliorates diet-induced adiposity but exacerbates systemic
insulin resistance and adipose tissue inflammatory response.
J Biol Chem 2010; 285:3713-3721.

Priore P, Giudetti AM, Natali F, Gnoni GV, Geelen MJ.
Metabolism and short-term metabolic effects of conjugated
linoleic acids in rat hepatocytes. Biochim Biophys Acta
2007; 1771:1299-1307.

39. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos

MJ, Cummings OW, Ferrell LD, Liu YC, Torbenson
MS, Unalp-Arida A, Yeh M, McCullough AJ, Sanyal AJ;
Nonalcoholic Steatohepatitis Clinical Research Network.
Design and validation of a histological scoring system for
nonalcoholic fatty liver disease. Hepatology 2005; 41:1313-
1321.

www.impactjournals.com/oncotarget

33661

Oncotarget



