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Hydroxytyrosol attenuates ethanol-induced liver injury by ameliorating steatosis,
oxidative stress and hepatic inflammation by interfering STAT3/iNOS pathway
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ABSTRACT

Objective: Hydroxytyrosol (HT) is a polyphenol with a wide range of biological activities. Excessive
drinking can lead to oxidative stress and inflammation in the liver, which usually develop into
alcohol liver disease (ALD). At present, there is no specific drug to treat ALD. In this paper, the
protection effect of HT on ALD and the underline mechanism were studied.

Methods: HepG2 cells were exposed to ethanol in vitro and C57BL/6J mice were fed with a Lieber-
DeCarli ethanol liquid diet in vivo.

Results: triglyceride (TG) level in serum and the expression of fatty acid synthase (FASN) were
reduced significantly by the treatment with HT The acetaldehyde dehydrogenase (ALDH) activity
was increased, the serum level of malondialdehyde (MDA) was decreased, catalase (CAT) and
glutathione (GSH) were increased, suggesting that HT may reduce its oxidative damage to the

KEYWORDS
Hydroxytyrosol; alcoholic
liver disease; anti-oxidation;
anti-inflammation; STAT3/
iNOS pathway; Hepatic
steatosis; Liver injury; HepG2

Abbreviation: ADH, alcohol
dehydrogenase; ALD, alcohol
liver disease; ALDH,
acetaldehyde
dehydrogenase; ALT, alanine

aminotransferase; AST,
aspartate aminotransferase;
CAT, catalase; COX2, cyclo-
oxygen-ase2; CYP2E1,
cytochrome P450 2E1; DPPH,
2,2-Diphenyl-1-
picrylhydrazyl; DMSO,
Dimethyl sulfoxide; FASN,
fatty acid synthase; GSH,
glutathione; HT,
hydroxytyrosol; iNOS,
inducible nitric oxide
Synthas; LDL, low density
lipoprotein; LPS,
lipopolysaccharides; MDA,
malondialdehyde; NO, nitric
oxide; PPAR-y, peroxisome
proliferators-activated
receptor; ROS, reactive
oxygen species; SREBP-1¢,
sterol regulatory element-
binding protein-1c; STAT3,
signal transducer and
activator of transcription 3;
TC, total cholesterol; TG,
triglyceride

body by promoting alcohol metabolism. Furthermore, according to the mRNA levels of tnf-q, il-6
and il-1B, HT inhibited ethanol-induced inflammation significantly. The anti-inflammatory
mechanism of HT may be related to suppress the STAT3/iNOS pathway.

Dissussion: Our study showed that HT could ameliorate ethanol-induced hepatic steatosis, oxidative
stress and inflammation and provide a new candidate for the prevention and treatment of ALD.
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1. Introduction efficacy or safety [3]. Thus, better strategies are urgently

Alcoholic drinks are a kind of important consumer goods in
human life. Howerver, excessive drinking can lead to
ethanol-induced liver injury, commonly known as alcohol
liver disease (ALD) [1]. As a number of disease modifiers
exacerbate liver disease progression, 35 percent of problem
drinkers develop advanced liver disease [2]. Most of the
current ALD treatment drugs are liver-protective products,
such as tiopronin, prednison and naltrexone. However,
these products still need to be improved in terms of

needed to prevent ALD and restore liver function concurrently.
In the past few years, a lot of studies have been focused on the
pathogenesis of ALD, which provide many new ideas for the
treatment of ALD. Recent researches show that improving oxi-
dative stress is a new strategy for treating ALD. What's more,
natural compounds are favored by a wide range of scientists
due to their safety properties [4-6].

Alcohol is initially metabolized by alcohol dehydrogenase
(ADH) to acetaldehyde, which is rapidly metabolized to
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acetate by ALDH. In liver tissue, the decrease of CAT will lead
to alcohol oxidation, which may affect the metabolic rate of
ethanol [7]. The microsomal CYP2E1, which stimulates reac-
tive oxygen species (ROS), is also involved in the formation
of acetaldehyde [8]. It is generally assumed that promoting
ethanol metabolism and reducing acetaldehyde accumu-
lation are beneficial to reduce ALD.

The initial stage of ALD is usually fatty liver, which can
develop into alcoholic hepatitis, liver fibrosis and liver cirrho-
sis [9,10]. The activities of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) in serum can be
used as diagnostic indicators of ALD [11]. Hepatic steatosis,
defined as the deposition of fat in hepatocytes, is a
common phenomenon in ALD and associated with the pro-
gression of fibrosis and leads to cirrhosis and eventual liver
failure [12]. The prevention of the formation of fatty liver is
essential to inhibit the liver damages induced by ethanol
[13]. An increasing number of evidences indicated that
enhanced lipid synthesis is associated with a higher
expression lipogenic enzymes and cytokines, such as FASN
[14]. SREBP-1, a transcription factor related to the control
of lipid, glucose and cholesterol metabolism, stimulates
expression of FASN [15]. Additionally, the serine and threo-
nine kinase AKT, also known as protein kinase B, is capable
of targeting SREBP by enhancing transport of precursor
SREBP and reducing degradation of mature SREBP [16].

Inflammation also plays a crucial role in the underlying
pathogenesis of ALD. A number of evidences indicated that
alcohol exposure led to increased lipopolysaccharides (LPS),
which provides the first signal for inflammasome activation
[17]. LPS and ROS then induce the production and release
of pro-inflammatory cytokines TNF-a and IL-6 [18]. IL-1B is
critical to ALD pathogenesis, as it amplifies pro-inflammatory
cytokine production, sensitizes hepatocytes to death signals
and induces hepatic steatosis by upregulating FASN [19].
STAT3 plays an important role in liver inflammation, which
exacerbates hepatitis and liver fibrosis after being activated.
Inducible nitric oxide synthas (iNOS), regulated by STAT3,
accelerates the hepatitis and liver fibrosis process by produ-
cing inflammatory cytokine NO [20].

HT is one of the key polyphenols with strong antioxidant
activity in olive oil, which is welcomed by modern people
[21]. It has been reported that HT has anti-inflammatory,
anti-tumor, antiviral, antibacterial and antifungal properties,
and also improves endothelial dysfunction, decreases oxi-
dative stress, and protects neuro- and cardio-problems
[22,23]. HT could restrain the progression of fatty acid-
induced hepatocellular steatosis and high-fat diet-induced
obesity indicating that HT has some influence on lipid metab-
olism [24,25]. Moreover, previous studies have showed that
HT could alleviate hepatic steatosis effectively through the
AMPK pathway [26]. Many ALD patients want to improve
their health through diet, such as the famous Mediterranean
diet characterized by olive oil intake [27]. So, we aim to inves-
tigate the protection effect of HT on ALD and the impact of
HT on the oxidation/inflammation-related signaling pathway.

2. Materials and methods
2.1. Materials and reagents

Hydroxytyrosol (purity > 98%) was purchased from Chengdu
Mansite Biological Chemistry Company (Chengdu, China).

DMSO was provided by Solarbio (Beijing, China). Biochemical
kits for aminotransferase (AST), alanine aminotransferase
(ALT), total cholesterol (TC), triglyceride (TG), malondialde-
hyde (MDA), glutathione (GSH), catalase (CAT), high density
lipoprotein (HDL), low density lipoprotein (LDL) were
obtained from Nanjing Jiancheng bioengineering institute
(Nanjing, China).

Antibodies for iINOS (131 kDa) and COX2 (69 kDa) were
purchased from Abcam (Cambridge, UK). Antibodies for
GAPDH (37 kDa), FASN (250 kDa) were purchased from Servi-
cebio (Nanjing, China). Antibodies for SREBP-1c (125 kDa),
CYP2E1 (55 kDa) were purchased from Proteintech Group
(Wuhan, China). Antibodies for AKT(60 kDa), phospho-AKT
(Ser473, 60 kDa), ADH (40 kDa), STAT3 (86/79 kDa) and
phospho-STAT3 (Ser727, 86 kDa) were purchased from Cell
Signaling Technology (Beverly, MA).

2.2. Free radical scavenging methods

100 pL of DPPH (0.05 mM) prepared by formaldehyde was
mixed with 100 pL HT at different concentrations of 12.5,
25, 50, 100 pM. Mixtures were shaken vigorously and incu-
bated for 30 min in the dark and the absorbance (A;) was
detected at 517 nm. The inhibition percentage of DPPH*
was calculated by the following formula:

Inhibition(%) = [A; — (A; — Ap)/A3] x 100

where Ay was the absorbance of methanol solution without DPPH
and A, was of formaldehyde replaced samples to be tested.

ABTS" stock solution was obtained by mixing ABTS solution
and antioxidant in equal proportion and reacting for 12 h at
room temperature in the dark. The stock solution was diluted
to be ABTS™ working solution by PBS until its absorbance was
0.7 +£0.02 at 734 nm. 200 L of ABTS* working solution was
added in 96 well cell plate, then supplemented with 10 pL of
different concentrations of HT in each well. The absorbance
(A;) was detected at 734 nm after incubated 5 min in the
dark. The calculation method of ABTS' clearance rate is the
same as that of DPPH free radical.

2.3. Cell culture and treatment

The HepG2 human hepatocellular cell line was purchased
from the Type Culture Collection of the Chinese Academy
of Sciences. Cells were raised in high-glucose DMEM
medium containing 10% fetal bovine serum and 0.01% strep-
tomycin in a humidified atmosphere of 5% CO, at 37[?].
HepG2 cells were treated with ethanol (400 mM) and
different concentrations of HT for 48 h, and the cell viability
was confirmed by MTT assay.

2.4. Design of animal experiments

All procedures of animal experiment used in this study were
carried out strictly to follow Guide for the Care and Use of
Laboratory Animals and approved by the Animal Care and
Protection Committee of Gulou Hospital, Nanjing University
(SYXK 2004-0013). All the authors complied with the ARRIVE
guidelines experiments. The NIAAA model, invented by
National Institute on Alcohol Abuse and Alcoholism, was
adopted to stimulate alcoholic fatty liver disease in this
study. After one week of acclimatization, 8-week-old male
C57BL/6J mice weighing 24-26 g were divided into four



groups as follows: control group (Ctrl), ethanol group (EtOH),
ethanol plus HT-12.5 mg/kg group (HT), ethanol plus bifen-
date-100 mg/kg (Positive). Mice in the ethanol group and
HT supplement groups were fed a Lieber-Decarli ethanol
liquid diet, containing 5% (v/v) ethanol, for 10 days, while
the mice in the control group were pair-fed. On the 11th
day, mice in the control group were administered maltose
and mice in other groups were administered 31.6% ethanol
in the early morning. After 12 h fasting, all mice were eutha-
natized and their blood samples and liver tissues were col-
lected. The whole liver was weighed, cut and fixed in 4%
paradormaldehyde or kept in the Ultra-low temperature
freeze. Collected blood was centrifuged at 3000 rpm for
20 min, the supernatant fraction was regarded as plasma.

2.5. Measurement of NO secretion

NO, owning active chemical properties, is metabolically con-
verted into NO3 and NO3. A nitric oxide test kit (Biyuntian,
China) was used to reduce NO3 to NO; using the metal
cadmium reduction method, and determine the amount of
NO in the cell culture medium by detecting the amount of
NO3 using Giress reagent.

2.6. Measurement of GSH/GSSG and CAT levels

The ratio of GSH/GSSG reflects the level of oxidative stress.
The content of GSH and GSSG were assayed in cellular
protein or serum through GSH/GSSG assay kit. The activity
of CAT of cellular protein or serum was assayed with the
CAT assay kit, following the manufacturer’s protocols.

2.7. Quantitative real-time PCR

Total RNA was extracted from mouse livers or HepG2 cells
using TRIzol reagent (Takara, Tokyo, Japan) and was stored
at —70°C until used further. Isolated RNA was reverse-tran-
scribed to ¢cDNA using a reagent in accordance with manufac-
turer’s instructions and then quantitative real-time PCR was
performed. The primers are shown in Table 1.

2.8. Western blot analysis

Total proteins were extracted from livers or HepG2 cells using
ice-cold Western and IP lysates (Beyotime institute of biotech-
nology, Nanjing, China) containing 1% PMSF and the concen-
trations of isolated proteins were determined by BCA kits
(Beyotime institute of biotechnology, Nanjing, China). 50 ug

Table 1. Sequence of the human primers used in real-time PCR.

Gene Gene Accession Number Primer
srebp- NM_001018067.2 Forward: GAGCGAGCGTTGAACTGTA
1c Reverse: ATGCTGGAGCTGACAGAGAA
fasn NM_004104.5 Forward:
AAGGACCTGTCTAGGTTTGATGC

Reverse: TGGCTTCATAGGTGACTTCCA

ppar-y NM_001018067.2 Forward: GGGATCAGCTCCGTGGATCT
Reverse: TGCACTTTGGTACTCTTGAAGTT

gapdh NM_001256799.3 Forward: GGAGCGAGATCCCTCCAAAAT
Reverse: GGCTGTTGTCATACTTCTCATGG

tnf-a NM_001278601.1 Forward: CCTCTCTCTAATCAGCCCTCTG
Reverse: GAGGACCTGGGAGTAGATGAG

il-18 NM_008361.4 Forward: GAAATGCCACCTTTTGACAGTG
Reverse: TGGATGCTCTCATCAGGACAG

il-6 NM_001314054.1 Forward: ACTCACCTCTTCAGAACGAATTG

Reverse: CCATCTTTGGAAGGTTCAGGTTG
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proteins were loaded and separated by 10% SDS-PAGE and
then transferred onto a PVDF membrane. After incubating
with blocking buffer for 1 h at room temperature, membranes
were incubated with primary antibodies for 12 h at 4°C. Next,
membranes were exposed to secondary antibody for 2 h at
room temperature and protein bands were visualized by
ECL reagent and quantified by ImageJ software.

2.9. Molecular docking analysis

The three-dimensional crystal structure of STAT3 (PDB
ID:6DLG) was retrieved from the RCSB Protein Data Bank
(https://www1.rcsb.org/structure/6DLG). The downloaded
protein was further optimized to remove unwanted protein
subunits, heat atoms and water molecules, add missing
heavy atoms and formal charges (Autodock). STAT3 protein
was taken for further preparation. The hydroxytyrosol ligand
in SDF format was downloaded from Pubchem and exported
in PDB format. Then the ligand was prepared using the
LigPrep module of Autodock so that the ligand was optimized
with suitable parameters like using OPLS3 force field, 2D to 3D
conversion, generation of all possible ionization states at pH
7.0. Autodock was used for docking. ligand interaction
diagram was exported after confirming the optimal structure.

2.10. Statistical analysis

All data were expressed as the mean + standard deviation (SD)
of triplicate experiments performed in a parallel manner.
Normal distribution was confirmed by using the Shapiro-Wilk
test. Analyses were done using Graph pad software between
the control group and multiple-dose groups. The differences
between means were determined by students’ t-test and the
values were considered statistically significant at *P < 0.05.

3. Results

3.1. HT alleviated ethanol-induced cell injury in
HepG2 cells

Previously, we determined the applicable concentration of
ethanol for the ALD model in vitro via MTT assay (S1). When
the ethanol concentration was 400 mM, 2.33% (v/v) in volume
ratio, the cell survival rate was nearly 50%. This may be an
appropriate concentration to induce significant toxicity
without causing too much damage. The previous study
showed that HT had a protective effect on cell damage (S2).
In order to determine the effect of HT on ethanol-induced cell
injury, MTT assay was used to detect cell survival rate on
ethanol-induced HepG2 cells. Survival rate of HepG2 cells
sharply decreased after ethanol exposure for 48 h (Figure 1
(A)). Treatment of HT significantly increased the survival rate
in comparison with the EtOH group. Moreover, HT remarkably
decreased the activities of ALT and AST when compared with
the EtOH group (Figure 1(B and C)). To further determine the
effect of HT on cell injury induced by ethanol, we observed
the status of HepG2 cells in each group (Figure 1(D)). In Ctrl
group, HepG2 cells were polygonal, adherent and grew by
static adhesion. After ethanol exposure, cells gradually con-
tracted into spheres and separated from the surrounding cells.
Compared with the EtOH group, the cell state obviously
improved after HT intervention. These findings implied that
HT could ameliorate ethanol-induced liver injury.
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Figure 1. Effects of HT on liver injury in ethanol-induced HepG2 cells. HepG2 cells were treated with 400 mM ethanol together with different concentrations of HT.
(A) The cell survival rate of HepG2 cells was measured by MTT assay. (B, C) The levels of intracellular ALT and AST were measured. (D) Status of HepG2 cells were
observed under the microscope. The data represented as mean + SD and difference between groups are considered significant at P < 0.05. * Difference to the Ctrl

group. * Difference to the EtOH group.
3.2. HT alleviated ethanol-induced hepatic steatosis
in HepG2 cells

Ethanol-induced lipid accumulation is a major contributor to
the pathogenesis of ALD. Hence, we investigated the

protective effect of HT on ethanol-induced hepatic steatosis
in HepG2 cells. Levels of TG and TC in the EtOH group were
dramatically higher than that in the Ctrl group (Figure 2(A
and B)). When compared with the EtOH group, the HT
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Figure 2. Effects of HT on hepatic steatosis in ethanol-induced HepG2 cells. HepG2 cells were treated with 400 mM ethanol together with different concentrations
of HT. (A-C) The levels of TG, TC and LDL-C were measured. (D-F) Relative mRNA levels of PPAR-y, SREBP-1c and FASN by quantitative real-time PCR, HT at a
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group. * Difference to the EtOH group.



group showed much lower levels of TG and TC. LDL-C, a lipo-
protein particle that carried cholesterol into peripheral tissue
cells, was markedly enhanced by ethanol. HT treatment
resulted in a decrease in the level of LDL-C (Figure 2(C)).

Moreover, we examined the expression of fatty acid oxi-
dation-related genes in HepG2 cells. RT-PCR results showed
that mRNA expression of FASN and PPAR-y significantly
increased after ethanol exposure while mRNA expression of
SREBP-1c¢ had no significant change (Figure 2(D-F)). HT
decreased the expression of FASN, SREBP-1c and PPAR-y.
Altogether, these results indicated that HT had a protective
effect on alleviating ethanol-induced hepatic steatosis in
HepG2 cells.

3.3. HT alleviated ethanol-induced oxidative stress
and inflammation in HepG2 cells

Oxidative stress and inflammation are major contributors in
the pathogenesis and progression of ALD, thus we investi-
gated the effect of HT on ethanol-induced oxidative stress
and inflammation in HepG2 cells. At first, we measured
the scavenging activity of HT on ABTS* and DPPH radicals.
Compared with the EtOH group, HT showed high free
radical scavenging activity (Figure 3(A)). In addition,
Ethanol exposure significantly decreased both GSH and
CAT levels while HT effectively increased levels of GSH
except for the low concentration and improved the activity
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of CAT to a certain extent (Figure 3(B and C)). A decrease in
the GSH/GSSG ratio is a strong indicator of oxidative stress.
As illustrated in Figure 3(C), HT effectively reversed the
increase in GSSG level and the decrease in GSH/GSSG ratio
compared to the EtOH group, which indicated the reduction
of oxidative stress. Moreover, significant increase in level of
NO was detected in the EtOH group compared to the Ctrl
group, indicating that ethanol-induced inflammation in
HepG2 cells. In comparison with the EtOH group, treatment
with HT significantly decreased this parameter (Figure 3(D)).
We then investigated the effect of HT on the expression of
iNOS and COX2, which are the important regulators of inflam-
mation. Results showed that ethanol exposure markedly
increased protein expression of COX2 and iNOS while HT sig-
nificantly decreased both expressions of COX2 and iNOS
(Figure 3(E)). Altogether, these findings suggested that HT
could ameliorate ethanol-induced oxidative stress and inflam-
mation in ethanol-induced HepG2 cells.

3.4. HT alleviated ethanol-induced liver injury in
chronic-binge ethanol-fed mice

In vivo, we adopted a chronic-binge alcohol feeding mouse
model to stimulate alcohol-liver injury. In comparison with
the Ctrl group, significant increase in ALT, AST and liver
index were observed in the EtOH group. Treatment with HT
led to decrease in these parameters (Figure 4(A and B)).
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Hepatic histopathological analysis showed that the irregu-
lar arrangement of hepatocytes and inflammatory hepato-
cytes in liver were reversed after HT treatment compared to
EtOH (Figure 4(C)). Hepatic Tunel staining illustrated that
the proportion of apoptotic cells increased significantly in
the EtOH group, which had been marked with arrows. After
HT treatment, the apoptosis rate of cells was greatly
reduced, which was close to the normal level (Figure 4(D)).
Taken together, these findings suggested that HT had protec-
tive effect against ethanol-induced liver injury, which might
contribute to inhibiting progression of ALD.

3.5. HT alleviated hepatic steatosis in chronic-binge
ethanol-fed mice

To determine the beneficial effect of HT on ethanol-induced
hepatic steatosis in mice, levels of serum TG and TC were
measured. While levels of TG and TC notably increased in com-
parison with the Ctrl group, HT significantly reduce this par-
ameter (Figure 5(A)). Importantly, there was a significant
decrease between mice treated with HT. Besides, HT markedly
elevated level of HDL-C, which was regarded as one of preven-
tive factors of arteriosclerosis (Figure 5(B)). Moreover, as visual-
ized in hepatic Oil-red O staining, ethanol intake induced
accumulation of lipid droplets, this change was reversed by
the treatment of HT. Among them, HT showed effective protec-
tion with the less lipid droplet in hepatocytes (Figure 5(C)).

A growing body of evidence has indicated that chronic
alcohol consumption promoted hepatic steatosis via SREBP-

biosynthesis by regulating FASN. Furthermore, it has been
reported that AKT could promote SREBP-1 activity. Thus, we
performed a Western blot assay to detect the effect of HT
on p-AKT/SREBP-1¢/FASN signaling pathway. As illustrated
in Figure 5(D), significantly increased expression of p-AKT,
SREBP-1c and FASN were detected in the liver of mice in
the EtOH group. Treatment with HT reduced the phosphoryl-
ation of AKT at the site of Ser473 and the levels of SREBP-1c
and FASN significantly in the liver tissue. Combined with the
previous results, these findings indicated that HT could inhibit
ethanol-induced hepatic steatosis by regulating p-AKT/
SREBP-1c/FASN pathway.

3.6. HT alleviated ethanol-induced oxidative stress in
chronic-binge ethanol-fed mice

To analyze the efficacy of HT on ethanol-induced oxidative
stress, we first assayed protein expression of CYP2E1, an
enzyme stimulates ROS production. As shown in Figure 6
(A), ethanol significantly induced hepatic CYP2E1 expression
which was remarkably decreased by administration of HT.
We also examined the effect of HT on the expression of
protein linked to ethanol metabolism. No obvious effect
of HT on the protein level ADH was observed. The
enzyme activity of ALDH was increased significantly by
HT, which accelerated the conversion of unwanted inter-
mediate acetaldehyde to acetic acid (Figure 6(B)). These
data suggested that HT accelerated the metabolism of
ethanol, resulting the reduced oxidative damage of acet-

1¢, which plays a crucial role in increasing fatty acid aldehyde to liver. Moreover, we observed that the
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Figure 4. Effects of HT on liver injury in chronic-binge ethanol-fed mice. (A) The levels of serum ALT and AST were measured. (B) The level of liver index was
measured. (C) H&E-stained in liver of mice. (D) Representative images of Tunel staining in mouse liver. The data represented as mean + SD and difference
between groups are considered significant at P < 0.05. * Difference to the Ctrl group. * Difference to the EtOH group.



generation of MDA, a lipid peroxidation product, was
induced by ethanol but inhibited significantly by HT in
ethanol-fed mice (Figure 6(C)). At the same time, serum
CAT activity and GSH/GSSG ratio were increased signifi-
cantly by HT, protecting the liver from oxidative damage
indued by ethanol (Figure 6(D and E)).

3.7. HT alleviated ethanol-induced inflammation by
regulating STAT3/iNOS pathway in chronic-binge
ethanol-fed mice

To determine the beneficial effect of the combination of HT
on ethanol-induced inflammation in liver, we first measured
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the expression of pro-inflammatory cytokines including
TNF-q, IL-13 and IL-6 in liver tissue. As shown in Figure 7
(A-C), the mRNA levels of tnf-q, il-1B and il-6 were dramati-
cally increased in ethanol-fed mice compared with mice in
the Ctrl group. In contrast, these alterations were reversed
by treatment of HT. NO, a main inflammatory marker of
ALD, is produced by the catalysis of iNOS. The expression
of INOS can be regulated by transcription factor STAT3.
Therefore, we detected protein expression of p-STAT3 and
iNOS in liver tissue. As shown in Figure 7(E-G), the
protein level of p-STAT3 and iNOS were decreased signifi-
cantly by the treatment of HT in ethanol-fed mice. The
interaction between the STAT3 protein and HT was
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Figure 5. Effects of HT on p-AKT/SREBP-1c/FASN pathway in chronic-binge ethanol-fed mice. (A) The levels of serum TG and TC were measured. (B) The level of
serum HDL-C was measured. (C) Representative images of oil-red O staining in mouse liver. (D-G)Western blot analysis of AKT, p-AKT, SREBP-1c and FASN. Results
were expressed as fold changes to control. The data represented as mean + SD and difference between groups are considered significant at P < 0.05. * Difference
to the Ctrl group. * Difference to the EtOH group.
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demonstrated by molecular docking analysis. There is a
certain intensity of interaction between STAT3 and HT,
and the best induced-fit docking score is —4.651 kcal/mol.
Molecular docking showed the HT can interact with STAT3
through van der Waals and pi-Alkyl, and insert into the
active domain with PRO422, indicating that HT may
decrease the phosphorylation of STAT3 at the site of
Ser727 to interfere with the inflammatory signal transduc-
tion through targeting STAT3 (Figure 7(D)). All the results
suggested that HT reduced ethanol-induced inflammation
by interfering STAT3/iNOS pathway in liver tissue.

4. Discussion

Although it is well-acknowledged that an economic burden
and public health risks are attributed to ALD, managing
ALD is currently in a limited pharmacotherapy stage [28].
New therapeutic approaches, therefore, are urgently
needed to prevent the progression of ALD. Previous studies

have revealed that HT has a protective effect on liver, which
has been proved could significantly restrain high-fat diet-
induced obesity and hepatocellular steatosis. However,
effect of HT on ALD was not investigated. In this paper, we
focused on the protective effect and mechanism of HT in
ALD, thus providing new options for the treatment of ALD.
The pathogenesis of ALD is associated with hepatic steato-
sis, oxidative stress, inflammation and regeneration. Hepatic
steatosis, the earliest stage of ALD, is characterized by lipid
accumulation in hepatocytes and leads to a progression to
the advanced disease stage due to oxidative stress and
inflammation [29]. We, in the present study, first proved
that HT has a protective effect on ALD by alleviating
hepatic steatosis in ethanol-induced HepG2 cells and
chronic-binge ethanol-fed mice. In this regard, lower levels
of TG, TC and LDL-C and higher level of HDL-C in the HT
group were observed when compared to EtOH group. Con-
sistent with previous results, H&E, Tunel staining and ORO
analysis showed that HT significantly alleviated irregular
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Figure 6. Effects HT on hepatic steatosis and oxidative stress in chronic-binge ethanol-fed mice. (A) Western blot analysis of ADH and CYP2E1. Results were
expressed as fold changes to control. (B) The level of serum ALDH was measured. (C-E) The levels of serum CAT activity, GSH/GSSG and MDA content were
measured. Results were expressed as fold changes to control. The data represented as mean + SD and difference between groups are considered significant
at P < 0.05. * Difference to the Ctrl group. * Difference to the EtOH group.



arrangement of hepatocytes, apoptosis, lipid steatosis with
less and smaller lipid droplets in liver. Besides, ethanol-
induced alterations in the liver index as well as serum ALT
and AST levels were reversed by HT. SREBP-1¢, a family of
transcription factor, is responsible for the formation of choles-
terol, fatty acid and triglycerides. Our results showed that HT,
compared with EtOH, significantly reduced expression of
SREBP-1c in vivo and in vitro. FASN, regulated by SREBP-1c
and directly associated with production of triglycerides, was
inhibited by HT. In addition, it has been demonstrated that
the reduction of FASN is attributed to deactivation of AKT,
which is consistent with our results [30]. Taken together,
these results suggested that HT could alleviate ethanol-
induced hepatic steatosis by inhibiting p-AKT/SREBP-1c/
FASN pathway.

Acetaldehyde, a product of ethanol metabolic, is extre-
mely toxic and carcinogenic to liver and is a major contributor
to oxidative stress. To investigate the effect of HT on oxidative
damage due to the production of acetaldehyde, we evaluated
protein expression of ADH and CYP2ET1 in liver of ethanol-fed
mice. As expected, HT could significantly blocked expression
of CYP2E1 and ADH when compared with the EtOH group.
Moreover, higher expression of ALDH, which plays a crucial
role in converting acetaldehyde to acetic acid, was observed
in the HT group. These results indicated that HT could slow
down the production of acetaldehyde and accelerate metab-
olism of acetaldehyde simultaneously. Consistent with pre-
vious results, declined activity of CAT and GSH/GSSG ratio
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and increased level of MDA were detected after ethanol
exposure. Administration of HT, however, effectively pre-
vented the production of MDA and supplemented antioxi-
dant enzymes. Importantly, levels of CAT activity and ratio
of GSH/GSSG in HT group were also significantly higher
than the EtOH group. Taken together, these results indicated
that HT could significantly alleviate ethanol-induced oxi-
dative stress.

The long-term excessive alcohol intake induces accumu-
lation of immune cells and triggers inflammatory response
in liver [31]. Activation of STAT3 results in a marked increase
in hepatic inflammatory cell infiltration [32]. Downregulation
of STAT3 target genes could enhance the hepatic anti-inflam-
matory function [33]. Our results showed that the phos-
phorylation of STAT3 was inhibited by HT significantly. We
found that HT interacted with STAT3 tightly by van der
Waals and pi-Alkyl using molecule docking. As an important
protein regulated by STAT3, iNOS usually contributes to
liver injury by producing a large amount of NO upon acti-
vation. Here, iINOS expression was also decreased significantly
by HT treatment in liver tissue. As a result, the mRNA levels of
three key inflammatory cytokines (tnf-q, il-13 and il-6) were
inhibited significantly by HT in the liver of ethanol-fed mice.
Collectively, HT showed well inhibitory activity against
ethanol-induced inflammation in the liver tissue through sup-
pressing STAT3/iNOS pathway.

However, it exists several limitations in the present study.
CAT is the main enzyme for the decomposition of H,0,,
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Figure 7. Effects of HT on ethanol-induced inflammation in chronic-binge ethanol-fed mice. (A) The effect of HT on the mRNA levels of tnf-q, il-1B and il-6 in the
liver tissue was measured by gPCR. (D) The interaction between HT and STAT3 protein with induced-fit docking analysis. (E-G) Western blot analysis of STAT3, p-
STAT3 and iNOS. Results were expressed as fold changes to control. Results were expressed as fold changes to control. The data represented as mean + SD and
difference between groups are considered significant at P < 0.05. * Difference to the Ctrl group. * Difference to the EtOH group.
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whose increased activity is usually considered as the accelera-
tion of H,0, decomposition and the alleviation of oxidative
stress. However, some peroxidases besides CAT also contri-
buting to the consumption of H,0,, the effect of which on
H,0, in the ALD model should be explored in the following
study. What's more, we use an assay kit to determine the
amount of NO in the body by detecting the amount of
NO5. But there is a limitation that the reduction of metallic
cadmium may be unstable resulting in the incomplete
reduction of NO3 to NOj3. Although this will not affect the
experimental conclusions, we will actively improve if there
is @ more accurate method to detect NO in the body.

5. Conclusion

In conclusion, our study revealed that HT exerted a protective
effect against ethanol-induced liver injury by inhibiting
hepatic steatosis, oxidative stress and excessive inflammation
both in vitro and in vivo. Down-regulating of p-AKT/SREBP-1¢/
FASN pathway may play an important role in the HT-
mediated protection against ethanol-induced hepatic steato-
sis. Our study also found HT markedly alleviated oxidative
stress by inhibiting CYP2E1 while enhancing ALDH2 activity.
In addition, we pointed that HT could interfere STAT3/INOS
pathway to resist ethanol-induced inflammation by the inter-
action with STAT3. Collectively, it is plausible to point that the
therapy of HT could be a potential therapeutic way for the
treatment of ALD.
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