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ARTICLE INFO ABSTRACT

Objective: Alcohol overconsumption and abuse lead to alcoholic liver disease (ALD), which is a major chronic liver
disease worldwide. Chitinase-3-like protein 1 (CHI3L1) have an important role in the pathogenesis of inflamma-
tory disease. However, the role of CHI3L1 in ALD has not yet been reported. In the present study, we investigated
the effect of CHI3L1 on chronic plus binge ethanol-induced liver injury.

Methods: CHI3L1 knock out (KO) mice and their littermate control mice based on C57BL/6 (10-12 weeks old)
were fed on a Lieber-DeCarli diet containing 6.6% ethanol for 10 days. And, CHI3L1 siRNA or CHI3L1 expressing
vector was transfected HepG2 cells were treated with ethanol or without.

Results: Ethanol-induced hepatic triglyceride (TG) levels and the mRNA levels of TG synthesis-related genes such as
acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS) and stearoyl-CoA desaturase-1 (SCD1) were decreased in
the liver of CHI3L1 knock out (KO) mice and the HepG2 cells transfected with CHI3L1 siRNA. Increased mRNA
level and activation of SREBP1 which is transcription factor of ACC, FAS and SCD1 by ethanol feeding were reduced
in the liver of ethanol-fed CHI3L1 KO mice. Moreover, ethanol-induced SREBP1 luciferase activity and mRNA level of
SREBP1, ACC, FAS and SCD1 were also decreased in the HepG2 cells transfected with CHI3L1 siRNA, while those were
further increased in the HepG2 cells treated with recombinant human CHI3L1. Furthermore, oxidative stress and up-
regulated pro-inflammatory cytokines by ethanol were recovered in the liver of ethanol-fed CHI3L1 KO mice.
Conclusion: Our finding suggest that inhibition of CHI3L1 suppressed ethanol-induced liver injury through inhibition
of TG synthesis, and the blocking of oxidative stress and hepatic inflammation induced SREBP1 activity could
be significant.
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1. Introduction

Excessive alcohol intake is leading cause of preventable morbidity and
mortality worldwide, and contributes to progress of alcoholic liver
disease (ALD) [1]. In the United States, >50% of the population consumes
alcohol, and three in 10 adults are heavy alcohol drinkers with a high
risk for ALD [2]. The liver is primary organ of ethanol metabolism and
the principal target site of alcohol-induced damage [3]. An early patho-
physiological response of the liver to alcohol ingestion is the fat accumu-
lation in hepatocytes which can lead to ALD [4]. Triglyceride (TG), a major
form of fat, excessively accumulates inside liver cells and represents an

* Corresponding author at: College of Pharmacy and Medical Research Center,
Chungbuk National University, Osongsaengmyeong 1-ro, Osong-eup, Heungdeok-gu,
Cheongju, Chungbuk 28160, Republic of Korea.

E-mail address: jinthong@chungbuk.ac.kr (J.T. Hong).

! Both authors contributed equally.

https://doi.org/10.1016/j.metabol.2019.03.010
0026-0495/© 2019 Elsevier Inc. All rights reserved.

important indicator for ALD [5]. During early stage of ALD, chronic alcohol
exposure leads to upregulate fatty acid synthesis and accumulate hepatic
TG [6,7]. Lipid accumulation leads to increase metabolic dysfunctions and
hepatic sensitivity to toxins [8]. Increasing researches have demonstrated
that chronic alcohol ingestion elevates lipogenesis by activating sterol
regulatory element binding protein 1 (SREBP1) which is a transcription
factor that promotes the expression of lipogenic genes including acetyl-
CoA carboxylase (ACC), fatty acid synthase (FAS) and stearoyl-CoA
desaturase 1 (SCD1) [9], and overexpression of these genes can lead to
fatty liver by TG accumulation [6,10,11]. SREBP1 precursor is proteolyti-
cally cleaved to release the transcriptionally active form. Once the
mature, the transcriptionally active form of SREPBI1 is translocated into
the nucleus, and then it binds to sterol regulatory elements and activates
the transcription of SREBP1-responsive genes, thereby promoting lipo-
genesis in the liver [12]. Several studies have reported that chronic
alcohol exposure to rodents resulted in a significant increase in the
SREBP1 level [13-15], and TG accumulation in the liver was more
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increased in ethanol-fed SREBP1-overexpressing mice [16]. In contrast,
feeding ethanol to SREBP1 knock-out mice protected development
of liver steatosis [17]. In addition, reactive oxygen species (ROS) is
critically involved in TG accumulation via regulation of the SREBP1
activation [18].

ROS leads to DNA damage and lipid peroxidation in the ALD [19]. A
significant amount of ROS is generated by the catalytic reaction of cyto-
chrome P450 2E1 (CYP2E1) that is increased during chronic alcohol
abuse [1]. Increased CYP2ET1 elevated the level of ROS in HepG2 cells [3],
and ethanol-induced oxidative stress are reduced in CYP2E1 knock-out
mice, but increased in knock-in mice [20]. In contrast, the levels of anti-
oxidants such as superoxide dismutase (SOD), precursors of glutathione
(GSH), tocopherol and vitamin E are low in patient with ALD [21]. Deple-
tion of mitochondrial GSH by chronic ethanol feeding occurs preferen-
tially in pericentral hepatocytes, where most of the liver injury emerges
[22]. Lipid peroxidation is also involved in ethanol-induced liver injury
by the formation of toxic aldehydes, including malondialdehyde (MDA)
and 4-hydroxy-2,3-nonenal (4-HNE) [1]. The level of MDA was signifi-
cantly increased in livers from patients with ALD, while antioxidants
such as GSH, vitamins A, C and E were decreased [22]. Furthermore,
hydrogen peroxide, one of ROS, treatment increased TG accumulation,
SREBP1 transcriptional activity and nuclear translocation of SREBP1
were increased in HepG2 cells [18]. In histological analysis, extensive
lipid droplets were observed in ethanol-fed WT mice, but a small number
of tiny lipid droplets were observed in the CYP2E1 KO mice. Ethanol-
induced hepatic TG level was also decreased in the CYP2E1 KO mice
[23]. These data indicate that oxidative stress enhances TG accumulation
and could be significant for ALD.

Ethanol-induced oxidative stress contributes to hepatic inflammation
in ALD [24]. The ethanol-fed SOD1 KO mice developed liver injury that
varied from mild inflammation to extensive inflammation in histological
analysis [25], while elevated serum level of ALT by ethanol was reduced
in SOD1 overexpressed mice [26]. In addition, overexpression of
glutathione peroxidase 1 (Gpx1), an antioxidant molecule, suppressed
the level of TNF-a and IL-1P in the liver of retinoic acid-related orphan
receptor o (RORat) stimulated mice, which regulates Gpx1 transcrip-
tion [27]. Hepatic inflammation induced by alcohol exposure produces
pro-inflammatory cytokines, and recruits immune cells to the site
of inflammation, and accumulate TG in the liver [28,29]. TNF-a induced
cytotoxicity were also increased in primary hepatocytes by ethanol
treatment [30]. Also, the levels of cytokines and chemokines involved
in neutrophils infiltration were increased in the liver of patients
with ALD [31]. Intracellular adhesion molecule 1 (ICAM-1) that recruit
neutrophils to the site of inflammation was increased in ethanol-fed
WT mice, but it was inhibited in monocyte chemoattractant protein-1
(MCP-1) KO mice [29]. Furthermore, TNF-o¢ administration caused
an upregulation of SREBP1 and TG accumulation in mice [32]. Hepatic
TG level was lower in ethanol-fed MCP-1 KO mice, compared to
ethanol-fed WT mice [29]. Thus, these data suggest that hepatic
inflammation stimulates TG accumulation and significantly also con-
tributes to ALD.

Chitinase-3-like protein 1 (CHI3L1) is a member of the family of
mammalian chitinase-like proteins [33,34]. According to analysis
from Human Protein Atlas, CHI3L1 is expressed and secreted
by various cell types including hepatocyte, hepatic stellate cells,
macrophages, neutrophils and chondrocytes. In addition to, the
highest expression of CHI3L1 was found in the liver among the
other tissues (www.proteinatlas.org) [35]. CHI3L1 plays a role in cell
proliferation, differentiation, inflammation and immune responses
[33]. Recently studies reported that CHI3L1 level was related to liver
disease such as fibrosis, chronic hepatitis C and chronic hepatitis B
[36,37]. Moreover, serum CHI3L1 level in patients with ALD (steatosis,
fibrosis, cirrhosis and alcoholic hepatitis) was 5 folds higher than
healthy control levels [34,38]. However, the function of CHI3L1 in ALD
is still unknown. In this present study, we investigated the effects
of CHI3L1 on chronic and binge ethanol-induced liver injury model.

2. Materials and methods
2.1. Animals experiment and housing condition

Male and Female CHI3L1 wild-type (WT) and knock-out (KO) mice
were obtained described in the previous study [39]. The experiment
was performed in accordance with the guidelines proscribed by the
Chungbuk National University Animal Care Committee (CBNUA-1073-
17-01). The mice were acclimatized to the laboratory environment,
maintained at 22 4+ 1 °C and relative humidity of 55 4 10%, with 12 h
light-dark cycles throughout the experiment. All mice were fed a
standard laboratory chow diet ad libitum. CHI3L1 WT and KO mice
were randomly divided into four groups (n = 20/group), each group of
mice received 2 different types of liquid diets for 10 days: (1) paired-
fed standard diet with water; (2) alcohol diet with ethanol. On the
morning of 11th day, acute administration was performed and sacrificed
9 h post gavage.

2.2. Chronic plus binge ethanol feeding model

Male and Female CHI3L1 WT and KO mice administered a Lieber/
DeCarli Regular Liquid Diet-Control (Dyets, Cat # 710027) for 5 days
with ad libitum. Following acclimation, mice were feeding ad libitum
with a Lieber/DeCarli Regular Liquid Diet-Ethanol (Dyets, Cat #
710260) containing 5% (vol/vol) ethanol or pair-fed a Lieber/DeCarli
Regular Liquid Diet-Control for 10 days. On the morning of 11th days,
mice were gavaged with a single dose of ethanol (5 g/kg bodyweight)
or maltodextrin, respectively, and were sacrificed 9 h later [40].

2.3. Measurements of serum aspartate transaminase and alanine transaminase

Blood was collected at 9 h after ethanol administration. Serum was
separated by centrifugation at 3000 rpm for 8 min at 21 °C. Serum aspar-
tate transaminase (AST) and alanine transaminase (ALT) were mea-
sured using a biochemical analyzer (AU480, Beckman Coulter, CA, USA).

24. Histopathological analysis

For histological processing, liver tissues were fixed in 4% formalin
solution. Then, liver tissues were embedded in paraffin. Specimens
were sectioned 4 um and stained with hematoxylin and eosin stain
(H&E), then observed with a light microscope (Nikon, Tokyo, Japan).

2.5. Oil Red O staining

Liver tissues were fixed in formalin and cut by frozen section at
10 mm. Next, sections were rinsed with propylene glycol and stained
with a 0.2% Oil Red O solution in propylene glycol for 30 min at room
temperature, and subsequently washed with tap water. Cells were
washed twice with phosphate-buffered saline (PBS), fixed with 0.5%
glutaraldehyde for 3 h at room temperature, washed again with PBS,
and allowed to dry completely. Next, fixed cells were stained with a
0.2% Oil Red O solution in isopropanol diluted in distilled water (6:4)
for 1 h at room temperature, and subsequently washed twice with
PBS. Stained lipid droplets were observed with a light microscope
(Nikon, Tokyo, Japan).

2.6. Transcription activity test

Human hepatic HepG2 cells were obtained from the American Type
Culture Collection. HepG2 cells were grown at 37 °C in 5% CO,-
humidified air in Dulbecco's modified Eagle's medium (DMEM) that
contained 10% FBS and 100 units/mL antibiotics. CHI3L1 siRNA were
purchased from OriGene Technologies (Rockville, MD, USA) and
recombinant human CHI3L1 protein (rhCHI3L1) was purchased from
Abcam (Cambridge, MA, USA). HepG2 cells were plated 12-well plates
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(1 x 10° cells/well) and transiently transfected with pGL3 siRNA using
Lipofectamine® RNAIMAX Reagent using Lipofectamine 2000 according
to the manufacturer's protocol (Invitrogen) or treated with rhCHI3L1
(100 ng/ml). After 6 h transfection or treatment, cells were treated
with H,0, (1 mM) or Ascorbic acid (125 pM, Sigma-Aldrich, St. Louis,
MO) or Bay 11-7082 (20 uM, Abcam, Cambridge, MA, USA). Next day,
cells were treated with ethanol (100 mM) for 24 h then measured
transcriptional activity.

2.7. Western blot analysis

Homogenized liver tissues were lysed by protein extraction solution
(PRO-PREP, iNtRON, Sungnam, Korea) and the total protein concentra-
tion was determined using the Bradford reagent (Bio-Rad, Hercules,
CA, USA). 40 pg extracted protein were separated by SDS/PAGE and
transferred to Immobilon® PVDF membranes (Millipore, Bedford, MA,
USA). The membrane was blocked with 5% dried skimmed milk for 1 h
at room temperature, followed by incubation with specific primary anti-
bodies for overnight at 4 °C. The membranes were washed with Tris-
buffered saline containing 0.05% Tween-20 (TBST) and incubated with
diluted horse radish peroxidase-conjugated secondary antibodies for
1 h at room temperature. After washes, binding of antibodies to the
PVDF membrane was detected using the Immobilon Western Chemilum
HRP substrate (Millipore, Bedford, MA, USA). The band intensities were
measured using the Fusion FX 7 image acquisition system (Vilber
Lourmat, Eberhardzell, Germany). Specific primary antibodies were pur-
chased from Abcam (iNOS, CYP2E1, 4-HNE; Cambridge, MA, USA), Novus
Biologicals (COX-2; Inc., Littleton) and Cell Signaling Technology
(pPAMPK and AMPK, Danvers, MA). Secondary antibodies were pur-
chased from Santo Cruz Biotechnology (anti-mouse and anti-rabbit;
Dallas, TX, USA).

2.8. Immunohistochemistry

Paraffin-embedded ethanol-induced liver tissue sections were
blocked for 60 min with 2% normal horse serum contained blocking
solution diluted in 1x PBS. The sections were then blotted and incu-
bated with specific primary antibodies in blocking solution for over-
night at 4 °C. And then, the sections were washed three times for
10 min each in PBs and incubated in biotinylated anti-mouse, rabbit
antibody for 90 min. The sections were washed three times for 10 min
each in PBS, followed by formation of the avidinbiotin-peroxidase
complex (Vector Laboratories, Burlingame, CA, USA). The slides were
washed and the peroxidase reaction developed with diaminobenzidine
and peroxide and then counter-stained with hematoxylin, mounted
in Cytoseal XYL (Thermo Fisher Scientific, Waltham, MA, USA) and
evaluated on a light microscope (Nikon, Tokyo, Japan). Specific primary
antibodies were purchased from Abcam (iNOS, CYP2E1, 4-HNE;
Cambridge, MA, USA) and Novus Biologicals (COX-2; Inc., Littleton).

2.9. RNA isolation and quantitative real-time RT-PCR

Total RNA from liver tissues were extracted by RiboEx™ Total RNA
isolation solution (GeneAll Biotechnology, Seoul, Korea) and cDNA
was synthesized using High Capacity RNA-to-cDNA kit (Applied
Biosystems, Foster City, CA, USA). Quantitative real-time RT-PCR was
performed on a 7500 real-time PCR system (Applied Biosystems, Foster
City, CA, USA) for custom-designed primers and (3-actin was used for
house-keeping control using HiPi Real-Time PCR 2X Master Mix
(ELPIS, Daejeon, Korea). Cycling conditions consisted of a denaturation
of 20 s at 94 °C, a combined annealing of 20 s at 55 °C and extension
of 45 s at 72 °C by 40 cycles. The values obtained for the target gene
expression were normalized to 3-actin and quantified relative to the
expression in control samples.

2.10. Measurement of hepatic triglycerides

A hepatic level of triglycerides (TG) was measured as described in
the manufacturer's protocol using triglycerides assay kit (Abcam,
Cambridge, MA, USA).

2.11. Oxidative stress assay

Hydrogen peroxides assay was performed as described in the manu-
facturer's protocol (Cell biolabs, San Diego, CA, USA). Hepatic levels of
reduced glutathione (GSH) and oxidized glutathione (GSSG) were mea-
sured using GSH/GSSG Ratio Detection Assay Kit (Abcam, Cambridge,
MA, USA). Lipid peroxidation was measured by determining the genera-
tion of malondialdehyde (MDA; TBARS Assay kit, Cayman, Ann Arbor,
MI, USA).

2.12. Statistical analysis

The data were analyzed using the GraphPad Prism 4 version 4.03 soft-
ware (Graph-Pad Software, La Jolla, CA). Data are presented as mean =+
SD. The differences in all data were assessed by one-way analysis of vari-
ance. When the p value in the analysis of variance test indicated statistical
significance, the differences were assessed by the Tukey's test. A value of
p £ 0.05 was considered to be statistically significant.

3. Result

3.1. CHI3L1 deficiency attenuated ethanol-induced liver injury in the liver
of mice

We investigated the role of CHI3L1 in the chronic plus binge ethanol-
feeding model using WT and CHI3L1 KO mice. Body weight and body
weight change were not significantly different between in WT mice
and in CHI3L1 KO mice (Fig. 1A). However, elevated serum levels of
aspartate transaminase (AST) and alanine transaminase (ALT) as well
as liver weight/body weight ratio by ethanol feeding were decreased
in ethanol-fed CHI3L1 KO mice (Fig. 1B). Histopathological studies
revealed vesicular hepatosteatosis in ethanol-fed WT mice, but its
manifestation was attenuated in ethanol-fed CHI3L1 KO mice (Fig. 1C).
Similarly, Oil Red O staining for neutral lipids confirmed the increased
hepatosteatosis in the livers of ethanol-fed WT mice compared to
ethanol-fed CHI3L1 KO mice (Fig. 1C).

3.2. Ethanol-induced hepatic steatosis was inhibited in the liver of CHI3L1
KO mice

Hepatic steatosis is the most remarkable pathological feature of ALD,
which is characterized by excessive hepatic lipid accumulation [9]. To ex-
amine the degree of lipogenesis in the liver, we measured TG level in the
blood and liver. The levels of total cholesterol and TG in the blood did not
differ significantly between groups (Fig. 2A). However, increased hepatic
TG level by ethanol (62.30 mg/g, 1.5 folds compared to pair-fed WT mice)
was inhibited in the liver of ethanol-fed CHI3L1 KO mice (48.67 mg/g,
0.78 folds compared to ethanol-fed WT mice) (Fig. 2A). The mRNA level
of SREBP1 and its target genes such as ACC, FAS and SCD1 involved in
TG synthesis in the liver were increased by ethanol feeding but these in-
creased levels were lowered in the liver of ethanol-fed CHI3L1 KO mice
(Fig. 2B). Since activated SREBP1 is translocated into the nucleus, we in-
vestigated quantity of SREBP1 in the nuclear fraction of the liver. As
showed in Fig. 2C, SREBP1 was increased in the nuclear fraction of WT
mice liver by ethanol feeding, while increased SREBP1 was lowered in
the nuclear fraction of ethanol-fed CHI3L1 KO mice liver compared to
ethanol-fed WT mice. Furthermore, the phosphorylation of AMPK which
is upstream signaling of SREBP1 was decreased by ethanol feeding in
the liver of WT mice but it was not decreased in the liver of KO mice
(Fig. 2D). Also, decreased the phosphorylation of AMPK by ethanol was
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Fig. 1. Effects of CHI3L1 deficiency in chronic plus binge ethanol feeding mice model. (A) Bodyweight and liver weight/body weight ratio of pair-fed WT mice, pair-fed CHI3L1 KO mice,
ethanol-fed WT mice and ethanol-fed CHI3L1 KO mice during food intake period. n = 20 per group; means =+ SD of the mean (B) Serum aspartate transaminase (AST) and alanine
transaminase (ALT) levels of pair-fed WT mice, pair-fed CHI3L1 KO mice, ethanol-fed WT mice and ethanol-fed CHI3L1 KO mice for 10 days and administration of a single dose of
ethanol (5 g/kg bodyweight) or isocaloric maltodextrin. n = 10 per group; means =+ SD of the mean. *p < 0.05, **p < 0.01 and ***p < 0.001 pair-fed WT mice vs. ethanol-fed WT mice,
*p <0.05, **p < 0.01 and ***p < 0.001 ethanol-fed WT mice vs. ethanol-fed CHI3L1 KO mice (C) Liver sections of pair-fed WT mice, pair-fed CHI3L1 KO mice, ethanol-fed WT mice and
ethanol-fed CHI3L1 KO mice for 10 days and administration of a single dose of ethanol (5 g/kg bodyweight) or isocaloric maltodextrin were stained with hematoxylin and eosin (H&E)

or Oil Red O (scale bars, 50 pm).

restored by CHI3L1 siRNA transfection in HepG2 cells, but it was further
decreased by rhCH3L1 (Fig. 2E).

3.3. CHI3L1 regulated SREBP1 activity and TG synthesis in HepG2 cells

To elucidate whether activation of SREBP1 is correlated with CHI3L1,
we measured ethanol-induced SREBP1 transcriptional activity in HepG2
cells transfected with CHI3L1 siRNA or rhCHI3L1 treated HepG2 cells
using luciferase assay. The SREBP1 luciferase activity was increased by
ethanol treatment in HepG2 cells, but it was decreased by CHI3L1
siRNA transfection in ethanol-treated HepG2 cells (Fig. 3A). Additionally,
mRNA level of SREBP1 was reduced by CHI3L1 siRNA transfection in
ethanol-treated HepG2 cells (Fig. 3A). Elevated mRNA level of ACC, FAS
and SCD1 were also inhibited by CHI3L1 siRNA transfection in ethanol-
treated HepG2 cells (Fig. 3A). In contrast, SREBP1 luciferase activity as
well as mRNA level of SREBP1, ACC, FAS and SCD1 were further increased
by rhCHI3L1 treatment in ethanol-treated HepG2 cells (Fig. 3B).

3.4. Ethanol-induced oxidative stress was reduced in the liver of
CHI3L1 KO mice

The liver is the most targeted organ attacked by oxidative stress [41],
and oxidative stress is critically involved in TG accumulation via regulation

of the SREBP1 activation [18]. Moreover, ethanol could generate ROS
through CYP2E1 dependent metabolism [23]. Therefore, we examined
whether ethanol feeding increase TG synthesis through enhancement
of ROS by ethanol metabolism. Immunohistochemically staining and
Western blot analysis showed an induction of CYP2E1 in ethanol-fed
WT mice. However, ethanol-induced CYP2E1 expression was reduced in
the liver of CHI3L1 KO mice (Fig. 4A, B). CYP2E1 metabolize ethanol and
generate ROS, and the degree of CYP2E1 induction is correlated with
ROS production [42]. Ethanol-induced hepatic oxidative stress has been
demonstrated by detecting ROS or by measuring lipid peroxidation
[43]. When level of oxidative stress increased, GSSG accumulated and
GSH/GSSG ratio decreased. As showed in Supplementary Fig. 1A, total
GSH level and GSH/GSSG ratio in the liver of ethanol-fed WT mice
were lower than those in the liver of ethanol-fed CHI3L1 KO mice. The
level of hydrogen peroxide was elevated in the liver of ethanol-fed
WT mice whereas it was reduced in the liver of ethanol-fed CHI3L1
KO mice (Fig. 4C). In addition, degree of lipid peroxidation, as assessed
by expression of 4-HNE using immunohistochemistry and Western
blot analysis, was elevated in the liver of WT mice by ethanol feeding,
but it was decreased in the liver of ethanol-fed CHI3L1 KO mice
compared to in the liver of ethanol-fed WT mice (Supplementary
Fig. 1B, C). Accordingly, the level of thiobarbituric acid (TBARS), a marker
of lipid peroxidation, was also increased in the liver of ethanol-fed
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Fig. 2. Effects of CHI3L1 deficiency on hepatic steatosis in chronic plus binge ethanol feeding mice model. (A) Triglyceride level in the blood and liver tissue of pair-fed WT mice, pair-fed
CHI3L1 KO mice, ethanol-fed WT mice and ethanol-fed CHI3L1 KO mice. (B) The mRNA level of triglyceride synthesis genes, SREPB1, ACC, FAS and SCD1, in the pair-fed WT mice, pair-fed
CHI3L1 KO mice, ethanol-fed WT mice and ethanol-fed CHI3L1 KO mice. n = 10 per group; means -+ SD of the mean. *p < 0.05, **p <0.01 and #***p < 0.001 pair-fed WT mice vs. ethanol-fed
WT mice, *p <0.05, **p <0.01 and ***p < 0.001 ethanol-fed WT mice vs. ethanol-fed CHI3L1 KO mice. (C) The expression of SREBP1 was determined in the nuclear protein extracts of mice
liver tissues by Western blot analysis. n = 3 per group; means =+ SD of the mean. *p < 0.05, **p < 0.01 and ***p < 0.001 pair-fed WT mice vs. ethanol-fed WT mice, *p < 0.05, **p < 0.01 and
***p < 0.001 ethanol-fed WT mice vs. ethanol-fed CHI3L1 KO mice. (D) The phosphorylation of AMPK was determined in the mice liver tissues by Western blot analysis. n = 3 per group
(E) The phosphorylation of AMPK was determined in CHI3L1 siRNA transfected or rhCHI3L1 treatment HepG2 cells in the presence of ethanol or not.

WT mice. However, the increase in the level of TBARS caused by
ethanol was suppressed in the liver of ethanol-fed CHI3L1 KO mice
(Supplementary Fig. 1A).

3.5. CHI3L1 is associated with oxidative stress pathway which involved in
ethanol induced-SREBP1 activity and TG synthesis in HepG2 cells

To analyze whether ROS stimulates SREBP1 activity, we treated H,0,
(1 mM) or antioxidant ascorbic acid (125 pM) in the ethanol (100 mM)
pre-treated HepG2 cells transfected with CHI3L1 siRNA or in rhCHI3L1

treated HepG2 cells. Ethanol-induced SREBP1 luciferase activity was
further increased by H,0, treatment in HepG2 cells (Fig. 5A). H,0,
treatment enhanced SREBP1 activity also inhibited in CHI3L1 siRNA
transfected HepG2 cells (Fig. 5A). In addition, mRNA level of ACC was
more promoted by H,0, treatment, and this level was also inhibited
by H,0, treatment in CHI3L1 siRNA transfected HepG2 cells (Fig. 5A).
In contrast, rhCHI3L1 treatment more increased SREBP1 activity and
mRNA level of ACC in ethanol-treated HepG2 cells, but elevated
SREBP1 activity and mRNA level of ACC by ethanol was decreased by
ascorbic acid which is an anti-oxidant in HepG2 cells treated with
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Fig. 3. A critical role of CHI3L1 in regulation of SREBP1 in human hepatic HepG2 cells. SREBP1 transcriptional activity measured by luciferase assay using transfection of luciferase-
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rhCHI3L1-treated or not (Fig. 5B). These results suggest that CHI3L1
regulates oxidative stress stimulated SREBP1 activity and TG synthesis.

3.6. Ethanol-induced hepatic inflammation was decreased in the liver of
CHI3L1 KO mice

Since chronic ethanol exposure induces liver injury through hepatic
inflammation [31], we examined expression of inflammatory proteins,
pro-inflammatory cytokine and chemokine levels in the liver of WT
and CHI3L1 KO mice. The expression of inflammatory proteins such as
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2)-
reactive cells were much greatly increased in the liver of ethanol-fed
WT mice compared to in the liver of pair-fed WT mice, but these
proteins-reactive cells were significantly decreased in the liver of
ethanol-fed CHI3L1 KO mice (Fig. 6A). In consonance with the immuno-
histochemistry results, ethanol-fed elevated expression of iNOS and
COX-2 in the liver of WT mice, but these expressions reduced in the

liver of ethanol-fed CHI3L1 KO mice (Fig. 6B). In addition, mRNA levels
of pro-inflammatory cytokine such as TNF-c, IL-13 and chemokine such
as MIP-1a and MIP-1p3 were much higher in the liver of ethanol-fed WT
mice compared to in the liver of pair-fed WT mice whereas these mRNA
levels suppressed in the liver of ethanol-fed CHI3L1 KO mice (Fig. 6C, D).
Neutrophils recruitment is considered a critical aspect of hepatic inflam-
mation [44]. To investigate whether the inhibition of ethanol-induced
inflammation in WT and CHI3L1 KO mice was associated with infiltration
of neutrophils, we measured the distribution of neutrophils in the blood
and liver. Blood level of neutrophils was increased in the ethanol-fed WT
mice compared to pair-fed WT mice, but its level was decreased in the
ethanol-fed CHI3L1 KO mice (Supplementary Fig. 2A). The mRNA level
of Ly6G (a neutrophils marker) in the liver of ethanol-fed WT mice was
higher than those in the liver of pair-fed WT mice whereas infiltration
of neutrophils was suppressed in the liver of ethanol-fed CHI3L1 KO
mice (Supplementary Fig. 2B). Immunohistochemically staining of
Ly6G was increased in the liver of ethanol-fed WT mice, but it was
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inhibited in the liver of ethanol-fed CHI3L1 KO mice (Supplementary the ethanol-fed CHI3L1 KO mice (Supplementary Fig. 2D). Thus, our
Fig. 2C). In addition, the expression of I[CAM-1 that is the adhesion result showed that decreased hepatic inflammation could contribute
molecule involved in leukocyte infiltration was significantly increased to down-regulation of TG synthesis in the liver of ethanol-fed CHI3L1
in the liver of ethanol-fed mice, but this expression was lower in KO mice.
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3.7. CHI3L1 regulates ethanol-induced SREBP1 activity and TG synthesis
through inflammatory cascade in HepG2 cells

To analyze whether hepatic inflammation stimulates SREBP1 activity,
we treated TNF-a (10 ng/mL) in HepG2 cells transfected with CHI3L1
siRNA and in rhCHI3L1 treated HepG2 cells. Ethanol-induced SREBP1
luciferase activity was more increased by TNF-« treatment in ethanol-
treated HepG2 cells, but SREBP1 activity was decreased by TNF-a treat-
ment in CHI3L1 siRNA transfected and ethanol-treated HepG2 cells
(Fig. 7A). In addition, mRNA level of ACC was increased by TNF-a treat-
ment in ethanol-treated HepG2 cells, but this level was inhibited by
TNF-o treatment in CHI3L1 siRNA transfected HepG2 cells (Fig. 7A). In
contrast, rhCHI3L1 treatment more increased SREBP1 activity and
mRNA level of ACC in ethanol-treated HepG2 cells, but elevated
SREBP1 activity and mRNA level of ACC by ethanol was decreased by
Bay 11-7082 which is an NF-kB inhibitor in HepG2 cells treated with
rhCHI3L1-treated or not (Fig. 7B). These results suggest that CHI3L1
regulated ethanol-induced inflammation which involved in SREBP1
activity and TG synthesis.

4. Discussion
TG accumulation plays an important role in the pathogenesis of

chronic liver disease [45]. Increasing TG synthesis by oxidative stress
and inflammatory responses through enhanced alcohol consumption

is prominent feature of ALD [29]. In the current study, we have demon-
strated that CHI3L1 deficiency contributes to alleviation of ethanol-
induced liver injury and hepatic steatosis through inhibition of oxida-
tive stress and hepatic inflammatory dependent TG synthesis in the
chronic plus binge ethanol-feeding model, a mouse model of early
stage of ALD.

Hepatic steatosis by alcohol consists of excess fat accumulation,
mainly TG, within cytosolic lipid droplets [13]. Since TG level is tempo-
rarily elevated by food intake in the blood, TG level in the blood did not
differ significantly between groups, but hepatic TG level was accumu-
lated in the ethanol-fed WT mice. However, CHI3L1 deficiency reduced
hepatic TG level in the ethanol-fed CHI3L1 KO mice. SREBP1 has essen-
tial function in the development of ethanol-induced fatty liver injury
[10]. Lipogenesis via activation of SREBP1 leads to accumulate TG in
rodents and human with hepatic steatosis [46]. Activation of SREBP1
by ethanol exposure elevated expression of several TG synthesis genes
as well as TG accumulation in the liver [10]. TG accumulation in the
SREBP1 KO mice has no difference in the WT mice [47]. In our results,
hepatic mRNA level of SREBP1 and its target genes including ACC, FAS
and SCD1 were increased in ethanol-fed WT mice, but it was suppressed
in ethanol-fed CHI3L1 KO mice. The mRNA level of SREBP1, ACC, FAS
and SCD1 were also decreased by CHI3L1 siRNA transfection in
ethanol-induced HepGz2 cells. In contrast, mRNA level of SREBP1, ACC,
FAS and SCD1 were more increased in rhCHI3L1 treated HepG2
cells. To function as a transcription factor, activated SREBP1 is detected
experimentally in nuclear fractions as a —65 kDa protein, derived



54 D.H. Lee et al. / Metabolism Clinical and Experimental 95 (2019) 46-56

400+

w

(=3

o
1

SREBP1 luciferase activity
% of control)
n
S

CHIBLISIRNA - + - 4+ - +
Ethanol (100mM) - - + + + +
TNF-a(10ng/mL) - - - - + +

5004
400+ *
300
2004

1004

SREBP1 luciferase activity
(% of control)

0-

rhCHI3L1(100ng/ml) - + - + - +
Ethanol (100mM) - N + + + +
Bay 11-7082(20uM) . = - = + +

ACC

Relative mRNA Expression

CHI3L1 siRNA - + @ + - +

Ethanol (100 mM) - - + + + +
TNF-a (10 ng/mL) - - - - + +

Relative mRNA Expression
- N
%

0-

rhCHI3L1(100ng/ml) - + - + - +

Ethanol (100mM) - - + + + +
Bay 11-7082(20uM) . = = - + +

Fig. 7. Effect of TNF-a or NF-B inhibitor Bay 11-7082 on regulation of SREBP1 activity and TG synthesis in CHI3L1 siRNA transfected or rhCHI3L1 treated HepG2 cells. (A) SREBP1 Luciferase
activity in CHI3L1 siRNA transfected HepG2 cells after TNF-ot or/and ethanol treatment. The mRNA level of ACC in CHI3L1 siRNA transfected HepGz2 cells after TNF-a or/and ethanol
treatment. (B) SREBP1 Luciferase activity in rhCHI3L1 treated HepG2 cells after NF-xB inhibitor Bay 11-7082 or/and ethanol treatment. The mRNA level of ACC in rhCHI3L1 treated
HepG2 cells after NF-«B inhibitor Bay 11-7082 or/and ethanol treatment. n = 3 per group; means + SD of the mean. *p < 0.05, **p < 0.01 and ***p < 0.001.

originally from —125 kDa precursor [48]. As shown by Western blot
analysis, the elevated expression of activated SREBP1 which translocate
to nuclear was reduced in ethanol-fed CHI3L1 KO mice. In addition,
SREBP1 transcriptional activity was increased by ethanol treatment in
HepG2 cells, whereas it was decreased by CHI3L1 siRNA transfection
in ethanol-treated HepG2 cells. However, this activity was higher in
ethanol-treated rhCHI3L1 treated HepG2 cells, compared to ethanol-
treated HepG2 cells. You et al. reported that ethanol feeding induces
SREBP1 activation through inhibit AMPK activation [10,49]. Also, several
studies reported that AMPK signaling is upstream of SREBP1 [50-52].
Thus, we investigated whether Chi3L1 involved in AMPK inactivation.
We found that the phosphorylation of AMPK was decreased by ethanol
feeding in the liver of WT mice but it was not decreased in the liver of
KO mice. Also, decreased the phosphorylation of AMPK by ethanol
was restored by CHI3L1 siRNA transfection in HepG2 cells, but it was
further decreased by rhCH3L1. Our results suggest that inhibition of
CHI3L1 leads to down-regulation of TG synthesis related genes in hepa-
tocytes, and thus contributes for decrease of ALD.

The importance of oxidative stress is emphasized in the pathogenesis
of various degenerative disease, such as diabetes, cancer, cardiovascular
disorders and neurodegenerative disease [21,53]. It has been known for
many years that ALD is associated with oxidative stress [19,54]. Chronic

alcohol exposure increases the production of ROS, and lowers cellular
antioxidant levels leading to oxidative stress [55]. Activated CYP2E1
induced by excessive ethanol intake causes the release of ROS, leading
to oxidative stress [56]. Elevated CYP2E1 expression by ethanol was
decreased in the liver of CHI3L1 KO mice. Oxidative stress depends on
the balance between oxidant and anti-oxidant particles [21]. For
example, a level of hydrogen peroxide is significantly elevated in gluta-
thione peroxidase knock-out mice compared to wild-type mice [57].
Therefore, we examined several oxidant particles as well as anti-
oxidant particles. Total GSH level and GSH/GSSG ratio were increased
in the liver of ethanol-fed WT mice, but it was inhibited in the liver of
ethanol-fed CHI3L1 KO mice. In addition, ethanol-fed CHI3L1 KO mice
showed lower levels of hydrogen peroxide compared to ethanol-fed
WT mice. Mouse models and patients with ALD showed lipid peroxida-
tion levels were increased compared to normal liver [58]. Increased
expression of 4-HNE and level of TBARS, a marker of lipid peroxidation,
were suppressed in the liver of ethanol-fed CHI3L1 KO mice. Further-
more, H,0, or/and ethanol treatment stimulated SREBP1 activity and
mRNA level of ACC. CHI3L1 siRNA transfection inhibited SREBP1 activity
and mRNA level of ACC. In contrast, ascorbic acid, which is an anti-
oxidant, inhibits ethanol-induced SREBP1 activity and mRNA level of
ACC as well as rhCHI3L1 treated group. These data suggested that
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CHI3L1 deficiency might suppress SREBP1 activity and thus TG synthesis
via decrease of oxidative stress produced by CYP2E1 expression.

Oxidative stress and hepatic inflammation are correlated in the
pathogenesis of ALD. ROS sensitize hepatocytes to TNF-« toxicity [59].
Moreover, improper metabolism of ROS increases hypoxia-inducible
factor-1 alpha, which up-regulates TNF-a secretion. In the present
study, mRNA levels of pro-inflammatory cytokines and chemokines
including TNF-a, IL-13, MIP-1aw and MIP-13 were increased in the
liver of ethanol-fed WT mice whereas it was reduced in the liver of
ethanol-fed CHI3L1 KO mice. Inflammatory proteins such as iNOS and
COX-2 were up-regulated in the ethanol-induced mouse liver [60].
These proteins were also increased by pro-inflammatory cytokines
[61]. In our results, ethanol-induced expression of iNOS and COX-2
were inhibited in the liver of CHI3L1 KO mice. These data suggested
that CHI3L1 deficiency could reduce inflammatory proteins by down-
regulation of pro-inflammatory cytokines and chemokines. Neutrophils
infiltration is a prominent feature of ALD in patients [62]. Neutrophils,
the major circulating leukocytes in human, were account for 60-70%
of total white blood cells [63], and circulating neutrophils were substan-
tially increased in alcoholics, accounting for 80% of total white blood
cells [63]. Our results demonstrated that CHI3L1 plays a role in recruit-
ment of neutrophils in the chronic plus binge ethanol-feeding mouse
model. The number of neutrophils in blood was increased in the liver
of ethanol-fed WT mice, but it was decreased in the liver of ethanol-
fed CHI3L1 KO mice. In addition, elevated mRNA level of Ly6g, a marker
of neutrophils, was also inhibited in the liver of ethanol-fed CHI3L1 KO
mice. In consonance with the mRNA level of Lyg6, Lyg6 positive cells
were increased in the liver of ethanol-fed WT mice, whereas its level
was decreased in the liver of ethanol-fed CHI3L1 KO mice. Infiltration of
neutrophils exacerbates TG accumulation via the generation of ROS and
production of pro-inflammatory mediators such as cytokines, chemokines
and adhesion molecules [64]. The histomorphological pattern of alco-
holic steatosis consists of the infiltration of neutrophils and hepatocyte
degeneration in patient with ALD [65]. In addition, ICAM-1 expression
is typically increased by inflammatory mediators and promotes TG
accumulation [66]. Steatosis, assessed by lipid droplets in histological
data, were significantly less in ethanol-fed ICAM-1 KO mice than in
ethanol-fed WT mice [67]. In our result, the ethanol-induced expression
of ICAM-1 was decreased, and the infiltration of neutrophils was
inhibited in the liver of ethanol-fed CHI3L1 KO mice. Moreover, TNF-at
or/and ethanol treatment stimulated SREBP1 activity and mRNA level
of ACC. CHI3L1 siRNA transfection inhibited SREBP1 activity and
mRNA level of ACC. However, NF-<B inhibitor Bay 11-7082, which abro-
gate inflammatory cascade, prevents ethanol-induced SREBP1 activity
and mRNA level of ACC as well as rhCHI3L1 treated group. Thus, our
results suggest that deficiency of CHI3L1 inhibited SREBP1 activity,
and thus TG synthesis through decreased of inflammatory responses.

Currently, there is no effective treatment or potential agents for the
treatment of ALD. Therefore, we are required to seek novel and effective
interventions for ALD. Our present study demonstrated that CHI3L1 is
critical factor for the development of ALD, and suggested that CHI3L1
can be target molecules for the early stage of ALD.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2019.03.010.
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