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Reactive oxygen species- (ROS-) induced oxidative stress
has been implicated in various forms of diseases. Exces-
sive ROS generation depletes the endogenous antioxi-
dants that subsequently fail to counteract all the ROS
leading to cellular injury. Alcohol consumption, high-
calorie diet, drug overdose, environmental pollutants,
heavy metals, and so forth have been implicated towards
manifestation of liver injury via generation of ROS.
Hepatocyte mitochondria and endoplasmic reticulum
are the major site for ROS generation in various forms
of liver diseases. Hence, antioxidants are frequently used
to treat oxidative liver injury. Although preclinical results
are promising for antioxidant therapy in treating liver
diseases, evidences obtained from clinical studies are
unclear. Further, detailed investigation on the mechanism
of ROS-mediated hepatocyte injury and protective role of
antioxidants could provide insight into pathogenesis of
hepatocyte injury and open new avenues for diagnosis
and development of biomarkers and pharmacological
therapies. This special issue is a complication of five
preclinical research articles and a review accepted from
many submissions following a peer review process.
Cholesterol has emerged as a critical player in liver injury.
N. Nuiio-Lambarri et al. evaluated the impact of liver choles-
terol overload on the progression of the obstructive cholestasis
in mice induced by bile duct ligation (BDL) surgery. The
results showed that high cholesterol- (HC-) fed mice exhibited

augmented oxidative stress and apoptosis along with reduced
proliferation of hepatocytes. Further, mortality following BDL
was higher in HC-fed mice compared to sham-operated mice.
Authors concluded that hepatic cholesterol accumulation
impairs hepatocyte regeneration during obstructive cholesta-
sis and aggravates the disease with early fatal consequences. In
a study by F. Li et al., aged male Sprague Dawley rats were
exposed to treadmill training with medium intensity and
preatomic analysis of liver extract was carried out. Results
obtained from two-dimensional gel electrophoresis followed
by MS/MS identification indicated changes in several antioxi-
dants. The expression of several proteins involved in key
liver metabolic pathways including mitochondrial sulfur,
glycolysis, methionine, and protein metabolism was altered
compared to that of control rats. These findings indicate
that exercise may be beneficial to aged rats through mod-
ulation of hepatic protein expression profiles. A beneficial
effect of n-3 polyunsaturated fatty acids (PUFAs) in a
model of liver disease was evaluated by R. Feng et al. They
used fat-1 transgenic mice that synthesize endogenous n-3
from n-6 PUFA. Fat-1 and their WT littermates were
exposed to a modified AIN93 diet containing 10% corn oil
followed by intraperitoneal injection of a single dose of carbon
tetrachloride. Their results showed that severe liver injury in
WT mice was remarkably ameliorated in fat-1 mice. They
attributed these effects to the activation of Nrf2/keapl path-
way. These findings indicate that n-3 PUFA has potent
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protective effects against acute liver injury and can be explored
for other forms of liver diseases.

The fungus Antrodia cinnamomea (AC) is traditionally
been used in China for various health benefits. A study by
Y. Liu et al. not only systematically analyzed the components
of fermented AC but also demonstrated its protective effect
against alcohol-induced hepatocyte injury. Treatment of
acute ethanol-intoxicated mice with AC extract significantly
improved levels of AST and ALT activity, oxidation-related
enzymes, inflammatory cytokines, and caspases. They also
concluded that these effects might be via Akt/NF-«xB signal-
ing pathway. Garlic is well known for its beneficial effects
against many diseases, including liver ailments. A study by
F. Zhang et al. evaluated the underlying mechanism for
reduced live fibrosis by diallyl trisulfide (DATS), the primary
organosulfur compound in garlic. The primary rat hepatic
stellate cells (HSCs) were treated with hydrogen peroxide
(H,0,), and profibrogenic and oxidative stress parameters
were evaluated. The results showed that DATS reduced
fibrotic marker expression in HSCs. Further, DATS arrested
cell cycle at G2/M checkpoint associated with downregula-
tion of cyclin Bl and cyclin-dependent kinase 1, induced
caspase-dependent apoptosis, and reduced migration in
HSCs. Moreover, intracellular levels of reactive oxygen
species and lipid peroxide were decreased by DATS. Authors
concluded that DATS mediated its effects via H,S generation.
In hepatocytes, oxidative stress frequently triggers antioxi-
dant response by activating nuclear erythroid 2-related factor
2 (Nrf2), a transcription factor, which upregulates various
cytoprotective genes. Many studies have highlighted Nrf2 as
a potential therapeutic target to treat liver diseases. A review
article by R. N. Jadeja et al. comprehensively appraises vari-
ous phytochemicals that have been assessed for their poten-
tial to halt acute and chronic liver injury by enhancing the
activation of Nrf2 and have the potential for use in humans.
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In the present study, the components of A. cinnamomea (AC) mycelia were systematically analyzed. Subsequently, its
hepatoprotective effects and the underlying mechanisms were explored using a mouse model of acute alcohol-induced liver injury.
AC contained 25 types of fatty acid, 16 types of amino acid, 3 types of nucleotide, and 8 types of mineral. The hepatoprotective effects
were observed after 2 weeks of AC treatment at doses of 75 mg/kg, 225 mg/kg, and 675 mg/kg in the mouse model. These effects were
indicated by the changes in the levels of aspartate aminotransferase, alanine aminotransferase, several oxidation-related factors, and
inflammatory cytokines in serum and/or liver samples. AC reduced the incidence rate of necrosis, inflammatory infiltration, fatty
droplets formation, and cell apoptosis in liver detecting via histological and TUNEL assay. In addition, AC reduced the expression
of cleaved caspase-3, -8, and -9 and the levels of phosphor-protein kinase B (Akt) and phosphor-nuclear factor-«B (NF-xB) in the
liver samples. Collectively, AC-mediated hepatoprotective effects in a mouse model of acute alcohol-induced liver injury are the
result of reduction in oxidative stress. This may be associated with Akt/NF-«B signaling. These results provide valuable evidence to

support the use of A. cinnamomea as a functional food and/or medicine.

1. Introduction

Alcohol metabolism and the associated oxidative stress and
proinflammatory milieu in the liver can lead to hepatocellular
injury [1, 2]. Alcoholic liver disease (ALD) develops in
approximately 20% of alcoholics [1]. It is primarily caused
by the byproducts of alcohol metabolism that promote the
development of steatosis, which can lead to steatohepatitis,
fibrosis, cirrhosis, and/or hepatocellular carcinoma [3]. ALD
is a major health problem in the United States, accounting
for 15% of the total healthcare costs, and it is associated with
a mortality rate of 20% [4].

Under physiological conditions, reactive oxygen species
(ROS) are efficiently eliminated by antioxidant defense sys-
tems, which involve enzymes that detoxify oxygen free rad-
icals, such as superoxide dismutase (SOD) and glutathione

peroxidase (GSH-Px) [5]. However, under pathological con-
ditions, the overproduction of ROS induces apoptosis by acti-
vating proteins in the cysteine-dependent aspartate-directed
protease (caspase) family and other signaling molecules such
as nuclear factor-kxB (NF-xB) and tumor necrosis factor-
o« (INF-a) [6]. Interestingly, the overexpression of anti-
inflammatory cytokines further accelerates cell damage [7].

Along with ROS, nitric oxide (NO) is involved in a wide
range of toxic oxidative reactions [8]; therefore, inhibiting the
release of NO from macrophages is a potential method of
controlling inflammation [9, 10]. It has been demonstrated
that oxidative stress is involved in the pathogenesis of ALD,
as ROS generation has been observed in alcohol-exposed
cultured cells and in alcohol-exposed mouse embryos [11]. It
has also been shown that curcumin reduces inflammation by
inhibiting NF-«B in alcohol-exposed rats [3].
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The most common medications for ALD are classified
into three categories: supplemental raw materials for liver
cell metabolism [12], opioid receptor antagonists [12], and
agents that manage and improve alcohol metabolism [13, 14].
However, drug dependence, vomiting, dermatitis, dizziness,
and leukopenia have been observed in ALD patients after
long-term treatment with these agents [15]. Thus, there are
currently no highly satisfactory therapeutic options for ALD.
Many herbs and fungi have biological effects in humans and
so they have been used as functional foods and medicines for
centuries. In more recent years, many of these natural prod-
ucts have been used as the basis for the development of new
biopharmaceuticals [16]. For example, genistein ameliorates
alcohol-induced liver injury by reducing oxidative stress [17].

Another example is Antrodia cinnamomea, which is
a basidiomycete that is found throughout Taiwan. It has
multiple bioactive effects and it has traditionally been used
as a health food [18]. One of the most effective ways to
produce A. cinnamomea fruit bodies is to carry out sub-
merged fermentation with the fungus. In total, 70 com-
pounds have been isolated from A. cinnamomea, including
polysaccharides, diterpenes, triterpenoids, fatty acids, amino
acids, and steroids [19]. A. cinnamomea has been shown to
have hepatoprotective activity (as a result of its inhibition
of free radical generation) in a rat model of liver injury
[20]. In addition, it has also been shown to demonstrate
hepatoprotective activity in rats with carbon tetrachloride-
induced hepatotoxicity [21]. Although previous research has
suggested that A. cinnamomea may act as a hepatoprotective
agent, studies on the effects of A. cinnamomea mycelia
(AC) on alcohol-induced liver injury (and the underlying
mechanisms) remain rare.

First, we systematically analyzed the components of AC
obtained from submerged fermentation. Subsequently, its
hepatoprotective effects and the underlying mechanisms
(related to the modulation of oxidative stress signaling)
were explored in a mouse model of acute alcohol-induced
hepatotoxicity. Our data provide valuable evidence to support
the use of A. cinnamomea as a functional food and/or
medicine.

2. Material and Methods

2.1. AC Culture and Sample Preparation. A. cinnamomea
(ATCC 200183) was cultured in a liquid medium comprising
20 g/L glucose, 10 g/L yeast extract powder, 10 g/L tryptone,
1g/L KH,PO,, 0.5 g/L MgSO,, and 0.1 g/L vitamin B, with an
initial pH ranging from 5.5 to 6.5. The AC were then collected
and lyophilized for later use.

2.2. Measurement of the AC Components

2.2.1. Main Components. 'The quantities of the main AC com-
ponents—total protein, total sugar, reducing sugar, crude
fat, triterpenoids, flavonoids, mannitol, adenosine, and total
ash—were measured. The quantities were assessed using the
Kjeldahl method [22], 3,5-dinitrosalicylic acid colorimetric
estimation [23], phenol-sulfuric acid determination [23], the
petroleum benzine extraction method, vanillin-glacial acetic
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acid and perchloric acid colorimetric spectrophotometry
[24], the periodate oxidation method [25], an erinitrit-
aluminijum trichloride assay [23], a high-performance liquid
chromatography analysis [23], and the ashing method [26],
respectively.

2.2.2. Amino Acids. The AC was hydrolyzed using 6 mol/L
HCl at 110°C for 22 h. After vacuum drying, the samples were
dissolved in I mL of a buffer with a pH of 2.2. A quantitative
analysis of the amino acids was carried out using an automatic
amino acid analyzer (L-8900, Hitachi, Japan).

2.2.3. Nucleotides. The components of the AC were extracted
using double distilled water at 50°C for 3h and they were
then centrifuged at 3500 rpm for 10 min. The nucleotides were
analyzed using high-performance liquid chromatography
with a C18 column (4.6 mm x 250 mm; 880975-902, Agilent,
USA) and a UV detector (LC-20AD, Shimadzu, Japan) at
30°C. The mobile phase consisted of 5% methanol and
95% (50 mM) NaH,PO,. Adenosine monophosphate and
uridine monophosphate were detected at 254 nm, hypox-
anthine nucleotide was detected at 250 nm, and guanosine
monophosphate was detected at 280 nm [27].

2.2.4. Minerals. The AC was pretreated with hydrogen nitrate
at a temperature of 110°C and an atmospheric pressure of
30 atm for 30 min. Subsequently, the levels of minerals, potas-
sium (K), sodium (Na), calcium (Ca), magnesium (Mg), iron
(Fe), zinc (Zn), selenium (Se), manganese (Mn), chromium
(Cr), copper (Cu), lead (Pb), mercury (Hg), arsenic (As), and
cadmium (Cd), were detected by inductively coupled plasma
optical emission spectrometry [28].

2.2.5. Fatty Acids. The components of the AC were extracted
using a ratio of ether: petroleum ether of 1:1 (V:V). They
were then mixed with 0.5M NaOH in a methanol solution
at 60°C for 30 min. A 25% BF; solution was added to the
samples and then they were incubated at 60°C for another
20min. The samples were then mixed with a saturated
solution of NaCl and hexane and the levels of fatty acids were
analyzed using a gas chromatography-mass spectrometer
(QP2010, Shimadzu, Japan) [29].

2.3. Animals and Experimental Design. The experimental
protocol was approved by the Institutional Animal Ethics
Committee of Jilin University. Sixty Kunming mice (8 weeks
old; 18-22 g) (SCXK (JI)-2015-0047) were kept in an environ-
mentally controlled room (at a temperature of 23°C + 1°C and
a relative humidity of 50% + 10%) with a 12 h light-dark cycle
and free access to water and food (except at night during the
2-week treatment period). The mice were acclimatized for 7
days and then they were randomly separated into six groups
(with 10 mice in each group). Three of these groups were
control groups (an alcohol-only group, a no-alcohol group,
and a positive control group) and the other three were treated
with AC.

The process of model development and drug treatment
was similar to previous studies with some modification [30-
32]. During the treatment period, after overnight fasting, all
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the mice except for those in the no-alcohol control group
were orally given 9.52g/kg white wine (Beijing Shunxin
Agricultural Co. Ltd, China) with an alcohol degree of 56°
once a day at 9:00 A.M. Once a day at 4:00 PM., the mice in
the positive control group were orally treated with 63 mg/kg
silymarin (Sil; Madaus AG, Germany), which is a putative
hepatoprotective agent that is extracted from the seeds of
Silybum marianum. The mice in the three AC-treated groups
were orally given 75 mg/kg, 225 mg/kg, and 675 mg/kg of AC,
respectively, once a day at 4:00 P.M. The mice in the alcohol-
only control group were orally given an equal volume of
physiological saline once a day at 4:00 PM. and the mice
in the no-alcohol control group were orally given an equal
volume of physiological saline twice a day at 9:00 A.M. and
4:00 PM. During the 2-week treatment period, the behavior
and bodyweight of each mouse were monitored daily.

2.4. Collection of Serum and Liver Samples. After the last
treatment, each mouse was fasted overnight and a sample of
blood was taken from its caudal vein. Each mouse was then
sacrificed using an injection of 200 mg/kg pentobarbital and
a sample of liver tissue was immediately collected and stored
at —=80°C.

2.5. Biochemical Assays. The levels of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) in the
serum and the levels of SOD, GSH-Px, ROS, and NO in the
livers were measured using commercial diagnostic kits pur-
chased from the Nanjing Jiancheng Institute of Biotechnology
Co. Ltd. (Nanjing, China) in accordance with the instruction
manuals. In addition, the levels of TNF-« and interleukin-10
(IL-10) in the serum and livers were measured using enzyme-
linked immunosorbent assay (ELISA) kits obtained from
Shanghai Yuanye Bio-Technology Co. Ltd. (Shanghai, China).

2.6. Histological Evaluation and TUNEL Assay. Following
as previous description [33], liver tissues were fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer, dehydrated in
graded alcohol, and embedded in paraffin and 5 ym sections
were prepared. Sections were stained with hematoxylin and
eosin (H&E) for histological evaluation. All stained slides
were visualized using an IX73 inverted microscope (40x;
Olympus, Japan)

Cell apoptosis in liver tissues was detected by the termi-
nal deoxynucleotidyl transferase-mediated dUTP nick end-
labeling (TUNEL) kit (Life Technologies, USA) following the
manufacturer’s protocol. The changes of green fluorescence
were determined by a fluorescent microscope (20x; CCD
camera, TE2000, Nikon, Japan).

2.7. Western Blotting. For each mouse, a portion of the liver
sample was homogenized in a lysis buffer, 1% of which
consisted of a protease inhibitor cocktail (Sigma-Aldrich,
USA), 2% of which was phenylmethanesulfonyl fluoride
(Sigma-Aldrich, USA), and 97% of which consisted of the
components of a radio-immunoprecipitation assay (Sigma-
Aldrich, USA). The total protein concentration was measured
using a bicinchoninic acid protein assay kit (Merck Millipore,
Germany).

TABLE 1: Main components of AC.

Compounds Contents (%)
Total sugar 11.74
Reducing sugar 2.20
Triterpenoids 8.05
Flavonoids 0.35
Mannitol 5.37
Crude fat 30.01
Total ash 6.00
Total protein 30.60

Adenosine 0.16

AC: A. cinnamomea mycelia.

Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) was used to separate the proteins in 40 ug of
each liver sample. The SDS-PAGE was carried out using 12%
polyacrylamide gel slabs and minivertical electrophoresis
equipment (Bio-Rad, USA) and the proteins were electro-
transferred onto 0.45 ym nitrocellulose membranes (Milli-
pore, USA). The membranes were blocked using 5% bovine
serum albumin (BSA)/tris-buffered saline (TBS) at room
temperature for 4 h. The blocked membranes were incubated
in a 1000-2000-fold diluted solution of primary antibodies
against phosphor (P)-Akt (07-1398; Merck Millipore, Ger-
many), total (T)-Akt (ab131443), P-NF-xB (ab25901), T-NF-
xkB (ab7970), cleaved caspase-3 (abl3847; Abcam, USA),
cleaved caspase-8 (ab25901), cleaved caspase-9 (ab25758),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
sc-25778; Santa Cruz Biotechnology, USA) at 4°C overnight.

Each membrane was washed five times with TBS plus
Tween 20 and 5% BSA and it was then incubated with a 1500-
fold diluted horseradish peroxidase-conjugated goat anti-
rabbit secondary antibody (sc-3836; Santa Cruz Biotechnol-
ogy, USA) at 4°C for 4 h. The proteins were visualized using
a gel imaging system (UVP, USA). The intensity of each band
was quantified using densitometric scanning with Image]
software (National Institutes of Health, USA).

2.8. Statistical Analysis. The data were analyzed using SPSS
16.0 software (IBM corporation, USA). The results were
presented as means + standard errors of the mean (SEMs) and
the statistical significance of each difference was determined
using a one-way analysis of variance (ANOVA) followed by
Dunnss test. P values of < 0.05 were considered to indicate
statistically significant differences.

3. Results

3.1. Composition of AC. Of the constituents of AC, 11.7% was
total sugar, 2.2% was reducing sugar, 8.05% was triterpenoids,
0.35% was flavonoids, 5.4% was mannitol, 30.01% was crude
fat, 30.6% was total protein, and 0.16% was adenosine
(Table 1).

A total of 35 types of fatty acid were detected but octanoic
acid, tridecanoic acid, myristoleic acid, pentadecenoic acid,
elaidic acid, linoleic acid, a-linolenic acid, docosadienoic



TABLE 2: The composition and percentage content of fatty acids.
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TABLE 3: Percentage composition of amino acids in AC.

Compounds C?;;:Sts
Octanoic acid (C8:0) ND®
Capric acid (C10:0) 0.014
Undecanoic acid (C11:0) 0.052
Lauric acid (C12:0) 0.170
Tridecanoic acid (C13:0) ND®
Myristic acid (C14:0) 6.541
Myristoleic acid (Cl4:In5) ND®
Pentadecanoic acid (C15:0) 1.616
Pentadecenoic acid (C15:1n5) ND®
Hexadecanoic acid (C16:0) 66.599
Palmitoleic acid (C16:1n7) 0.300
Heptadecanoic acid (C17:0) 2.586
Heptadecenoic acid (C17:1n7) 1.704
Stearic acid (C18:0) 31.015
Elaidic acid (C18:1n9t) ND®
Oleic acid (C18:1n9) 59.524
Translinoleic acid (C18:2n6t) 132.489
Linoleic acid (C18:2n6c¢) ND®
Arachidic acid (C20:0) 0.535
y-Linolenic acid (C18:3n6) 0.091
Paullinic acid (C20:1) 0.826
«-linolenic acid (C18:3n3) ND®
Heneicosanoic acid (C21:0) 0.065
Eicosadienoic acid (C20:2) 0.642
Docosanoic acid (C22:0) 1.099
Dihomo-gamma-linolenic acid (C20:3n6) 0.018
Erucic acid (C22:1n9) 0.322
Eicosatrienoic acid (C20:3n3) 0.464
Arachidonic acid (C20:4n6) 0.098
Tricosanoic acid (C23:0) 0.091
Docosadienoic acid (C22:2n6) ND®
Tetracosanoic acid (C24:0) 3.624
Eicosapentaenoic acid (C20:5n3) 0.303
Nervonic acid (C24:1n9) ND®
Docosahexaenoic acid (C22:6n3) ND®

OND: not detected (the detection limit was 0.05 mg/kg).

acid, nervonic acid, and docosahexaenoic acid were not
detected (Table 2). In addition, 16 types of amino acid were
detected; the three most common ones were glutamic acid,
arginine, and aspartic acid (Table 3). Furthermore, eight min-
erals and three nucleotides were observed in the following
proportions: 77.2%o0 K, 21.3%00 Na, 5.8%00 Ca, 16.8%00 Mg,
0.7%o00 Fe, 0.6%o00 Zn, 0.06%o00 Mn, 0.1%00 Cr, 70000 mg/kg
guanylic acid (GMP), 460.2 mg/kg uridylic acid (UMP), and
1142.1 mg/kg adenylic acid (AMP) (Table 4). Regarding the
heavy metals, Pb, Hg, As, and Cd were not detected, and
Cu was detected at a concentration of less than 20 parts per

Compounds Contents (%)
Aspartic acid (Asp) 2.86
L-Threonine (Thr) 1.53
Serine (Ser) 1.51
Glutamic acid (Glu) 4.44
Glycine (Gly) 2.25
Alanine (Ala) 2.34
Valine (Val) 1.66
DL-Methionine (Met) 1.01
Isoleucine (Iso) 1.23
Leucine (Leu) 2.42
Tyrosine (Tyr) 1.05
Phenylalanine (Phe) 1.38
Lysine (Lys) 23
Histidine (His) 0.89
Arginine (Arg) 3.19
Proline (Pro) 1.37

AC: A. cinnamomea mycelia.

TABLE 4: Percentage composition of nucleotides and minerals
(including heavy metals) in AC.

Compounds Contents
(%00)
Kalium (K) 7716
Natrium (Na) 21.29
Calcium (Ca) 5.82
Magnesium (Mg) 16.75
Ferrum (Fe) 0.67
Zinc (Zn) 0.62
Selenium (Se) ND®
Manganese (Mn) 0.06
Chromium (Cr) 0.10
(mg/kg)

Cuprum (Cu) 6.63
Lead (Pb) ND®
Mercury (Hg) ND®
Arsenic (As) ND®
Cadmium (Cd) ND®
Guanylic acid (GMP) 70000
Uridylic acid (UMP) 460.2
Adenylic acid (AMP) 1142.1

AC: A. cinnamomea mycelia.

©ND: not detected (the detection limit was 5 mg/kg).
OND: not detected (the detection limit was 2 mg/kg).
©ND: not detected (the detection limit was 3 mg/kg).
©ND: not detected (the detection limit was 1 mg/kg).

million, which is much lower than the official safety limits for
humans (Table 4).

3.2. Hepatoprotective Effects of AC. During the 2-week treat-
ment period, the bodyweight of the no-alcohol control mice
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TaBLE 5: Effects of two-week AC treatment on the bodyweight of mice with acute alcohol-induced liver injury.
Days CTRL Model il (mg/ke) AC (mg/kg)
63 75 225 675

Ist day 25.06 £ 0.51 25.87 +£0.38 25.09 £ 0.39 25.90 £ 0.43 25.69 +0.29 26.30 £0.19
4th day 29.57 £0.53 27.55 +0.81 28.43 +£0.61 29.77 £ 0.56 29.34 £ 0.52 28.31 £0.63
7th day 33.00 £ 0.58 27.77 + 0.63% 29.04 £ 1.31 28.98 £0.70 29.85 + 0.64" 29.06 £ 0.59
10th day 33.90 + 0.50 26.14 + 0.94% 28.11 +1.00 29.15 + 1.14" 30.11 +0.78™" 29.00 + 0.99"
13th day 36.11 £ 0.36 27.22 + 0.88" 29.53 + 0.95 31.06 + 1.027 29.94 + 0.76" 29.40 £ 0.91

The data were analyzed using a one-way ANOVA and they are expressed as means SEMs (1 = 10). “P < 0.05, P < 0.01, an

d**Pp < 0.001 in a comparison

with the no-alcohol control group; “P < 0.05 and ** P < 0.01 in a comparison with the alcohol-only control group. AC: A. cinnamomea mycelia; Sil: silymarin.
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FI1GURE 1: Two-week AC and Sil treatment reduced the levels of (a) ALT and (b) AST in the serum of mice with acute alcohol-induced liver
injury. The data were analyzed using a one-way ANOVA and they are expressed as means SEMs (1 = 10). “P < 0.05 in a comparison with the
no-alcohol control group; “P < 0.05 in a comparison with the alcohol-only control group. AC: A. cinnamomea mycelia; Sil: silymarin; ALT:
alanine aminotransferase; AST: aspartate aminotransferase; ANOVA: analysis of variance; SEM: standard error of the mean.

increased by 44.1% (Table 5). In contrast, 2 weeks of alcohol
consumption caused a 24.6% decrease in the bodyweight of
the alcohol-only control mice, which began on the seventh
day (P < 0.001; Table 5). Unlike the mice in the Sil-treated
group, those in the AC-treated groups had bodyweight
increases of up to 10% (beginning on the tenth day) compared
to those in the alcohol-only control group (P < 0.05; Table 5).

The levels of ALT and AST activity in the serum,
which are biochemical markers for assessing early-stage liver
injuries, were examined to explore the effect of AC on
acute alcohol-induced liver injury [34]. Compared to the no-
alcohol control mice, the alcohol-only mice had strikingly
increased levels of ALT and AST (P < 0.05; Figure 1), which
were suppressed back to their normal levels by AC treatment
at doses of 225 mg/kg and 675 mg/kg (P < 0.05; Figure 1).

3.3. Antioxidative Effects of AC. ROS and NO levels can be
used as markers of peroxidation and inflammation [9]. To
assess the effects of AC on acute alcohol-induced hepatic
oxidative stress, the levels of ROS and NO and the activities
of SOD and GSH-Px were assessed. Extremely high ROS and
NO levels and low SOD and GSH-Px activities were noted in

the liver samples of mice with alcohol-induced hepatotoxicity
(P < 0.05; Figure 2). Treatment with AC reversed these
pathological changes and it even improved the levels of
ROS, NO, GSH-Px activity, and SOD activity in the livers of
the alcohol-only mice compared to those of the no-alcohol
control mice (P < 0.05; Figure 2). In comparison, Sil only had
beneficial effects on the levels of NO, GSH-Px activity, and
SOD activity (not ROS) in the livers of alcohol-exposed mice
(P < 0.05; Figure 2). These results demonstrated that AC may
protect against alcohol-induced hepatic oxidative stress.

3.4. Effects of AC on Inflammatory Cytokines. To prove
whether AC has anti-inflammatory effects, the levels of two
important cytokines, IL-10 and TNF-«, in the serum and liver
samples were assessed.

Acute alcohol exposure induced a dramatic increase in
TNF-« levels in the serum and liver samples, and these
increased levels were significantly suppressed by 2 weeks
of treatment with AC (P < 0.05; Figures 3(a) and 3(b)).
However, Sil only suppressed the increased levels of TNF-«
in the liver samples and not in the serum samples (P < 0.05;
Figure 3(b)).
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FIGURE 2: Two-week AC and Sil treatments affected the levels of (a) ROS, (b) NO, (c) GSH-Px, and (d) SOD in the livers of mice with acute
alcohol-induced liver injury. The data were analyzed using a one-way ANOVA and they are expressed as means SEMs (n = 10). “P < 0.05,
#p <0.01,and "™ P < 0.00lina comparison with the no-alcohol control group; * P < 0.05, **P < 0.01,and *** P < 0.001 in a comparison with
the alcohol-only control group. AC: A. cinnamomea mycelia; Sil: silymarin; ANOVA: analysis of variance; GSH-Px: glutathione peroxidase;
NO: nitric oxide; ROS: reactive oxygen species; SOD: superoxide dismutase; SEM: standard error of the mean.

Acute alcohol exposure significantly suppressed the levels
of IL-10 in both the serum and liver samples (P < 0.05;
Figures 3(c) and 3(d)). Treatment with AC increased the
IL-10 levels in a dose-dependent manner in the serum and
liver samples of mice with alcohol-induced liver damage
compared with the alcohol-only control group, at doses
ranging from 75 mg/kg to 675 mg/kg (P < 0.05; Figures 3(c)
and 3(d)). However, treatment with Sil for 2 weeks failed
to influence the IL-10 levels in the alcohol-exposed mice
(Figures 3(c) and 3(d)).

3.5. Effect of AC on Histopathological Changes and Alcohol-
Induced Apoptosis. H&E stain is the most fundamental and
universal method for the histologic and pathologic exami-
nation [35]. Compared with control mice, alcohol-induced

typical pathological characteristics in liver including necrosis,
inflammatory infiltration of lymphocytes, and an increased
number of fat droplets were noted (Figure 4(a)). In contrast,
AC and Sil exhibited significant liver protection indicated by
the reduced occurrence rate of necrosis, inflammatory infil-
tration, and fat droplets in liver of treated mice (Figure 4(a)).

TUNEL assay is performed to evaluate cell apoptosis
condition in liver tissues. Large apoptotic cells with high
intensity green fluorescence were noted in liver of alcohol-
exposed mice (Figure 4(b)). Compared with model group,
low cell apoptosis rate was observed in liver of AC- and Sil-
treated mice (Figure 4(b)).

3.6. Effects of AC on the Activation of Akt and NF-«xB. NF-
«B activation is involved in the positive regulation of TNF-«
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FIGURE 3: Two-week AC and Sil treatment (a and b) reduced the levels of TNF-« and (c and d) increased the levels of IL-10 in the serum
and liver of mice with acute alcohol-induced liver injury. The data were analyzed using a one-way ANOVA and they are expressed as means
SEMs (n = 10). P < 0.05 and P < 0.01 in a comparison with the no-alcohol control group; *P < 0.05, **P < 0.01, and ***P < 0.001 in
a comparison with the alcohol-only control group. AC: A. cinnamomea mycelia; Sil: silymarin; ANOVA: analysis of variance; SEM: standard
error of the mean; IL-10: interleukin-10; TNF-a: tumor necrosis factor-a.

stimuli, and Akt is an important upstream activator in the
inflammatory response involving NF-«B and the generation
of ROS [36]. The phosphorylation of both NF-xB and Akt
was remarkably increased in mice with alcohol-induced
liver damage compared to the no-alcohol mice (P < 0.01;
Figure 5). Unlike Sil, AC at doses from 75 mg/kg to 675 mg/kg
resulted in a significant reduction in the expression of both
phosphor-Akt and phosphor-NF-«B in the livers of the
alcohol-exposed mice (P < 0.05; Figure 5).

3.7 Effects of AC on the Expression of Caspases. Oxidative
stress is known to activate caspases which, in turn, cause cell
damage [37]. Thus, to understand the mechanisms under-
lying the protective effect of AC against alcohol-induced
oxidative stress in the liver, we assessed the expression of
cleaved caspases-3, -8, and -9 in the liver samples. The

expression of each of the three cleaved caspases was greatly
increased in the livers of the alcohol-only mice compared to
those of the no-alcohol mice (P < 0.01; Figure 6). Sil only
reduced the expressions of cleaved caspases-3 (not cleaved
caspases-8 and -9) in the alcohol-exposed mice (P < 0.05;
Figure 6). Unlike Sil, treating with all doses of AC, there
was significant depression in protein expression of cleaved
caspase-3, -8, and -9 (P < 0.05; Figure 6). The effect of AC
on caspases may be involved in its hepatoprotective effects
against oxidative stress.

4. Discussion

We confirmed the hepatoprotective effects of AC in mice
with acute alcohol-induced hepatotoxicity and clarified the
underlying mechanisms of action, which are associated with
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FIGURE 4: (a) Histopathological analysis in liver shown by H&E staining (scale bar: 100 ym; magnification: 40x). (b) Apoptosis rate detection
shown by TUNEL-positive cells with green fluorescence (scale bar: 100 ym; magnification: 20x). AC: A. cinnamomea mycelia; Sil: silymarin;
H&E: Hematoxylin and eosin; TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling.

the modulation of oxidative stress signaling. In contrast to
other putative hepatoprotective agents (such as Sil), which
are often extracted from plants, A. cinnamomea is an edible
fungus that contains pharmacologically active ingredients
[38]. In this study, 25 types of fatty acid, 16 types of amino
acid, 3 types of nucleotide, and 8 types of mineral were
detected in AC obtained from submerged fermentation.
Terpenoids, such as oleanolic acid, can increase the
glutathione content of the liver, suppress lipid peroxidation,
eliminate oxygen free radicals, and stimulate endogenous
liver regeneration [39]. Flavonoids have protective effects

against nonalcoholic steatohepatitis [40]. Our ongoing exper-
iments focus on the hepatoprotective effects of purified
terpenoids and flavonoids in alcohol-exposed mouse models
similar to the one used in this study. The levels of the fatty
acids oleic acid and translinoleic acid, which help to soften
blood vessels and cannot be synthesized by the human body,
were very high in the AC [29]. Furthermore, eicosapen-
taenoic acid, which was also detected in the AC, can reduce
inflammatory immune responses and cure autoimmune dis-
eases [41]. Together, these findings suggest that AC contains
multiple active ingredients that can target various processes
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FIGURE 5: Two-week AC and Sil treatment suppressed the levels
of phosphor-NF-xB and phosphor-Akt in the livers of mice with
acute alcohol-induced liver injury. The data on quantified protein
expression were normalized to the levels of GAPDH. The data
were analyzed using a one-way ANOVA and they are expressed
as means SEMs (n = 10). P < 0.01 and P < 0.001 in a
comparison with the no-alcohol control group; *P < 0.05and ** P <
0.01 in a comparison with the alcohol-only control group. AC: A.
cinnamomea mycelia; Sil: silymarin; Akt: protein kinase B; ANOVA:
analysis of variance; SEM: standard error of the mean; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; NF-xB: nuclear factor-
KB.

in the liver and can thereby prevent alcohol-induced liver
damage. The presence of multiple active ingredients in AC
may explain the fact that there was no dose-dependent
response in our experiment. The absence of a dose-dependent
response is a common feature of pharmaceutically active
natural products [42].

The safety of A. cinnamomea has been verified by its
use as a traditional functional food over several centuries.
According to our data, many nonheavy metals were detected
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FIGURE 6: Two-week AC and Sil treatments suppressed the expres-
sion of cleaved caspase-3, -8, and -9 in the livers of mice with
acute alcohol-induced liver injury. The data on quantified protein
expression were normalized to the levels of GAPDH. The data were
analyzed using a one-way ANOVA and they are expressed as means
SEMs (n = 10). P < 0.01 in a comparison with the no-alcohol
control group; “P < 0.05 and **P < 0.01 in a comparison with
the alcohol-only control group. AC: A. cinnamomea mycelia; Sil:
silymarin; ANOVA: analysis of variance; SEM: standard error of the
mean; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

in AC. However, the heavy metals Pb, Hg, As, and Cd were
not detected and Cu was present at a concentration of less
than 20 parts per million, which further indicates the safety
of AC. Encouragingly, in our study, the AC had no effect on
the behavior of the mice (data not shown).

ALD is one of the most serious complications of heavy
drinking. Liver serves as the main target organ of alcohol
metabolism. Alcohol can cause several types of liver dam-
age, including alcoholic hepatic steatosis, alcoholic hepatitis,
fibrosis, and cirrhosis [43]. Severe liver damage occurred as
a result of 2 weeks of alcohol administration, which was
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highlighted by large increases in the levels of AST and ALT
activity, prooxidation enzymes, inflammatory cytokines, and
caspases. These increased levels were all greatly decreased
by AC. Additionally, the observed necrosis accumulation,
inflammatory infiltration, fatty droplets formation, and cell
apoptosis in liver of model mice provided clear evidence for
alcohol-induced liver damage. The hepatoprotective effects
of AC against alcohol-induced damage have been directly
certified by reducing necrosis, inflammatory infiltration, fatty
droplets formation, and apoptosis rate in liver.

Oxidative stress is a crucial causal factor of acute alcohol-
induced liver injury. This is especially the case when the liver
has lower levels of antioxidant protection to cope with the
generation of ROS [44], which react with macromolecules
including deoxyribonucleic acid (DNA), proteins, and the
components of cellular membranes [45]. NO, another factor
that is involved in oxidative stress, induces the formation of
hydroxyl radicals, which are involved in alcohol-induced liver
damage [46]. Targeting oxidative stress may prevent alcohol-
induced liver injury.

AC not only suppressed the overproduction of ROS and
NO, but also enhanced the activities of SOD and GSH-Px. The
restoration of SOD and GSH-Px activity ameliorates alcohol-
induced hepatotoxicity by reducing oxidative stress. A high
level of SOD activity in liver cells diminishes oxygen free
radicals and thereby reduces alcohol-induced hepatotoxicity
[47]. Our data on a mouse model of alcohol-induced liver
damage suggest that the antioxidative activities of AC are
involved in its hepatoprotective effect.

Evidence has indicated that alcohol ingestion activates
the innate immune system by changing the levels of inflam-
matory cytokines [48]. As a representative inflammatory
cytokine with pleiotropic functions, TNF-« is closely asso-
ciated with the progression of many inflammatory disorders
[49]. Alcohol stimulates the production of TNF-«, and IL-10,
a potent anti-inflammatory cytokine, can inhibit the produc-
tion of TNF-« [50]. Mice injected with high doses of TNF
can develop hepatocellular dysfunction with an elevation of
serum levels of ALT and AST [51]. Previous studies have
shown that oxidative stress leads to chronic inflammation
[52]. However, during an inflammatory reaction, an increased
oxygen uptake at the site of injury leads to a “respiratory
burst” which, in turn, leads to an increased production
and accumulation of ROS [53]. The generation of ROS is
inhibited by TNF-«, which mediates a mild uncoupling of the
mitochondrial respiratory chain in liver cells. The modulation
of inflammatory cytokines in a mouse model of alcohol-
induced liver damage by antioxidation factors therefore plays
an important role in AC-mediated hepatoprotection.

The data revealed that AC strongly inhibits the phospho-
rylation of NF-«B by inhibiting the phosphorylation of Akt,
which controls NF-xB activation via the activation of the IxB
kinase complex [54]. NF-xB, a central transcription mediator,
regulates the generation of inflammatory cytokines. The
suppression of NF-«B activation greatly decreases the levels
of proinflammatory cytokines [55]. According to previous
findings, ROS serves as a secondary messenger molecule
between NF-«xB activation and TNF production [56]. TNE-
« can influence cell activity by activating caspase-8 and -10

Oxidative Medicine and Cellular Longevity

[57]. Moreover, ROS activates caspase-3, -8, and -9, which
are cysteine-dependent proteases that mediate cell death [58].
Caspase-9 directly influences caspase-3 activation, usually
by interacting with caspase-8 [58]. All the data suggest that
the regulation of Akt/NF-«B signaling (which is normally
induced by oxidative stress) plays a central role in the
hepatoprotective effect of AC against acute alcohol-induced
liver damage.

In conclusion, AC, a nutritious natural product, has
significant hepatoprotective effects on acute alcohol-induced
hepatotoxicity in mice. It does this by regulating the levels of
AST and ALT activity, oxidation-related enzymes, inflamma-
tory cytokines, caspases; it may therefore influence Akt/NF-
kB signaling. Although the study may not provide sufficient
evidence on the hepatoprotective effects of AC to support the
use of AC as a medicine, it does provide evidence to support
the use of AC as a functional natural product that can protect
against ALD.
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Accumulating data reveal that garlic has beneficial effects against chronic liver disease. We previously reported that diallyl trisulfide
(DATS), the primary organosulfur compound in garlic, reduced fibrosis and attenuated oxidative stress in rat fibrotic liver. The
present study was aimed at elucidating the underlying mechanisms. The primary rat hepatic stellate cells (HSCs) were cultured and
stimulated with hydrogen peroxide (H,0,) for inducing HSC activation under oxidative stress. We examined the effects of DATS
on the profibrogenic properties and oxidative stress in H,O,-treated HSCs. The results showed that DATS suppressed and reduced
fibrotic marker expression in HSCs. DATS arrested cell cycle at G2/M checkpoint associated with downregulating cyclin Bl and
cyclin-dependent kinase 1, induced caspase-dependent apoptosis, and reduced migration in HSCs. Moreover, intracellular levels
of reactive oxygen species and lipid peroxide were decreased by DATS, but intracellular levels of glutathione were increased in
HSCs. Furthermore, DATS significantly elevated hydrogen sulfide (H,S) levels within HSCs, but iodoacetamide (IAM) reduced
H,S levels and significantly abrogated DATS production of H,S within HSCs. IAM also abolished all the inhibitory effects of
DATS on the profibrogenic properties and oxidative stress in HSCs. Altogether, we demonstrated an H,S-associated mechanism
underlying DATS inhibition of profibrogenic properties and alleviation of oxidative stress in HSCs. Modulation of H, S production
may represent a therapeutic remedy for liver fibrosis.

1. Introduction

Hepatic fibrosis represents an overactive wound healing
process secondary to a variety of chronic liver injuries.
During fibrogenesis, excessive connective tissue accumulates
in the liver and results in the distortion of hepatic archi-
tecture [1]. Chronic liver injury activates and transforms
quiescent hepatic stellate cells (HSCs) from vitamin A-
storing pericytes to myofibroblast-like cells. Once activated,
HSCs become profibrogenic through acquiring proliferative,

contractile, and proinflammatory properties as the primary
cellular source of extracellular matrix (ECM) components in
the liver [2]. Clinical and basic data suggest that oxidative
stress critically participates in the progression of fibrosis
and acts as mediators of molecular and cellular events
implicated in liver fibrosis. Generation of reactive oxygen
species (ROS) plays an important role in HSC activation
and initiation of hepatic fibrogenesis [3]. Culture of HSCs
treated with oxidative stress-related molecules can mimic the
HSC activation caused by oxidative stress in liver fibrosis [4].
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This cellular model is commonly established for investigat-
ing the mechanisms of HSC activation and evaluating the
effects of antifibrotic candidates. However, currently there
are few breakthroughs in the therapeutic intervention of
hepatic fibrosis. Identification of antifibrogenic agents that
are innocuous is urgently needed.

Garlic has been recognized for prevention and treatment
of various diseases by many different cultures throughout
history. Recent studies support the effects of garlic and its
functional ingredients in a wide range of applications, includ-
ing anticancer, antithrombotic, antiatherosclerotic, antidia-
betic, and antioxidant properties [5]. It is characterized that
diallyl trisulfide (DATS), a major organosulfur compound in
garlic, is responsible for the pharmacological efficacy of garlic
[6]. We previously demonstrated that DATS reduced carbon
tetrachloride (CCl,)-caused liver injury and fibrogenesis in
rats, which was associated with inhibition of HSC activation
and attenuation of hepatic oxidative stress [7]. However,
the molecular mechanisms underlying DATS’s antifibrotic
activity are not fully understood. Interestingly, emerging data
indicate that drugs that target hydrogen sulfide (H,S) or
generate safe levels of H,S in vivo may be therapeutic options
for chronic liver diseases [8]. It is given that DATS is an
exogenous donor of H,S and the liver has a high hepatic
capacity for H,S metabolism [9]. We hypothesized that DATS
exerted its antifibrotic effects associated with generation of
H,S. Experiments were performed to verify this hypothesis.

2. Materials and Methods

2.1. Reagents and Antibodies. The following compounds were
used in this study: DATS (purity > 97%; Shenzhen Minn
Bolin Biotechnology Co., Ltd., Shenzhen, China), iodoac-
etamide (IAM; Nanjing Dingguo Changsheng Biotechnol-
ogy Co., Ltd., Nanjing, China), and mitomycin (Sigma, St
Louis, MO, USA). They were dissolved in dimethylsulfoxide
(DMSO) for experiments. DMSO at a concentration of
0.02% (w/v) was set as a vehicle control throughout the
studies. Analytical grade 30% hydrogen peroxide (H,O,;
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)
was diluted with deionized water to indicated concentrations
for experiments. The following primary antibodies were used
in this study: a-SMA, «1(I) procollagen, and fibronectin
(Epitomics, San Francisco, CA, USA); TGF-SRI, TGF-SRI],
PDGF-fR, EGF-R, and Bcl-2 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA); cyclin A, cyclin Bl, CDK1, CDK2, Bax,
pro-caspase-9, cleaved-caspase-9, pro-caspase-8, cleaved-
caspase-8, pro-caspase-7, cleaved-caspase-7, pro-caspase-3,
cleaved-caspase-3, full-length PARP-1, cleaved-PARP-1, and
B-Actin (Cell Signaling Technology, Danvers, MA, USA).

2.2. Cell Culture. Primary rat HSCs were obtained from
Jiangyin CHI Scientific, Inc. (Wuxi, China). HSCs were cul-
tured in Dulbecco’s modified eagle medium (DMEM; Invit-
rogen, Grand Island, NY, USA) with 10% fetal bovine serum
(FBS; Wisent Biotechnology Co., Ltd., Nanjing, China), 1%
antibiotics, and grown in a 5% CO, humidified atmosphere
at 37°C. Cell morphology was assessed under an inverted
microscope (Leica, Germany).
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2.3. Cytotoxicity Assay. HSCs were seeded in 24-well plates
and cultured for 24 h. HSCs were then treated with DMSO
or DATS at indicated concentrations for 24 h. Lactate dehy-
drogenase (LDH) activity in culture medium was deter-
mined using LDH cytotoxicity assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the
protocol. Results were from triplicate experiments.

2.4. Cell Viability Assay. HSCs were seeded in 96-well
plates and cultured for 24 h. HSCs were then treated with
H,0, and/or DATS at indicated concentrations for 24 h.
The medium was replaced with 100 L phosphate buffered
saline (PBS) containing 0.5 mg/mL 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) and cells were
maintained at 37°C for 4 h. Then, the crystals were dissolved
with 200 uL DMSO. The spectrophotometric absorbance
was measured with a SPECTRAmax™ microplate spec-
trophotometer (Molecular Devices, Sunnyvale, CA, USA) at
490 nm. Results were from triplicate experiments.

2.5. Enzyme-Linked Immunosorbent Assay (ELISA) for H,S.
HSCs were seeded in 6-well plates and cultured for 24 h.
HSCs were then treated with DATS and/or IAM at indicated
concentrations for 24 h. Cells were then lysated with RIPA
buffer. Intracellular H,S concentrations were determined
using an ELISA kit purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China) according to the
protocol. Experiments were performed in triplicate.

2.6. Cell Cycle Analyses. HSCs were seeded in 6-well plates
and cultured for 24 h. HSCs were then treated with various
reagents at indicated concentrations for 24 h and harvested
and fixed. Cell cycle was analyzed using cellular DNA flow
cytometric kits (Nanjing KeyGen Biotech Co., Ltd., Nanjing,
China) according to the protocol. Percentages of cells within
cell cycle compartments were determined by flow cytometry
(FACSCalibur; BD, Franklin Lakes, NJ, USA). Results were
from triplicate experiments.

2.7. Apoptosis Analyses. HSCs were seeded in 6-well plates
and cultured for 24 h. HSCs were then treated with various
reagents at indicated concentrations for 24 h. Morphology
of apoptotic HSCs was evaluated using Hoechst staining
kits (Nanjing KeyGen Biotechnology Co., Ltd., Nanjing,
China) according to the protocol. Photographs were taken
under a fluorescence microscope (Nikon, Tokyo, Japan). In
certain experiments, the apoptotic rates were determined
by flow cytometry using Annexin V-FITC apoptosis assay
kits (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China)
according to the protocol. Apoptotic cells were defined as
the cells situated in the right two quadrants of each plot
and the percentages were determined by flow cytometry
(FACSCalibur; BD, Franklin Lakes, NJ, USA). Results were
from triplicate experiments.

2.8. Wound Healing Assay. HSCs were seeded in 6-well plates
and cultured in DMEM with 10% FBS. Once the cells attached
properly, they were treated with mitomycin at 4 ug/mL for
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3h. One linear wound was scraped in each well with a
sterile pipette tip, and cells were washed with PBS to remove
the unattached cells. Then cells were treated with various
reagents at indicated concentrations. Images were taken at
12 h after wound induction at the same field under an inverted
microscope (Leica, Germany). Results were from triplicate
experiments.

2.9. Boyden Chamber Assay. HSCs were seeded to the upper
wells of polycarbonate membrane transwell inserts (8 um
pore-size; Corning, USA) and cultured in DMEM with
10% FBS, and meanwhile they were treated with various
reagents at indicated concentrations. The lower chambers
were filled with complete medium and H,O, at 5uM. After
12h incubation, the polycarbonated filter was removed and
the migrated cells on the lower surface were stained with
crystal violet. The number of migrated cells at five random
fields for each well was counted and normalized to control.
Results were from triplicate experiments.

2.10. Measurement of ROS. Analysis of intracellular ROS
was determined using dichlorofluorescein diacetate (DCFH-
DA) probe (Shanghai Genmed Co., Ltd., Shanghai, China).
DCFH-DA is an oxidation-sensitive nonfluorescent precur-
sor dye that can be oxidized by H,O,, other ROS, and low
molecule weight peroxides to fluorescent DCFH. HSCs were
seeded in 6-well plates and cultured for 24 h. HSCs were
then treated with various reagents at indicated concentrations
for 24 h. In certain experiments, cells were washed with PBS
and incubated with DCFH-DA solutions (10 #M) for 20 min.
Micrographs were taken under a fluorescence microscope
(Nikon, Tokyo, Japan). The excitation and emission wave-
lengths were set at 488 and 525nm, respectively. In cer-
tain experiments, cells were detached by trypsinization and
suspended in DCFH-DA solution (10 uM) for 20 min. The
intensity of cellular fluorescence intensity was determined by
flow cytometry (FACSCalibur; BD, Franklin Lakes, NJ, USA).
Results were from triplicate experiments.

2.11. Measurement of Lipid Peroxide (LPO). HSCs were
seeded in 6-well plates and cultured for 24 h. HSCs were
then treated with various reagents at indicated concentrations
for 24h and were lysated with RIPA buffer. Intracellular
LPO levels were determined using kits purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China)
according to the protocol. Experiments were performed in
triplicate.

2.12. Measurement of Glutathione (GSH). HSCs were seeded
in 6-well plates and cultured for 24 h. HSCs were then treated
with various reagents at indicated concentrations for 24 h and
were lysated with RIPA buffer. Intracellular GSH levels were
determined using kits purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China) according to the
protocol. Experiments were performed in triplicate.

2.13. Western Blot Analyses. HSCs were treated with various
reagents at indicated concentrations for 24h. Whole cell

protein preparation, detection, and band visualization were
performed as we previously described [7]. 3-Actin was used
as an invariant control for equal loading of total proteins.
Representative blots were from three independent experi-
ments.

2.14. Statistical Analyses. Data were presented as mean +
SD and analyzed using SPSS 16.0 software. Histograms were
created using GraphPad Prism 5 software (San Diego, CA,
USA). The significance of difference was determined by one-
way ANOVA with the post hoc Dunnett’s test. Values of P <
0.05 were considered to be statistically significant.

3. Results

3.1. DATS Inhibits Viability and Reduces Fibrotic Protein
Expression Associated with H,S in HSCs. We initially eval-
uated potential cytotoxicity of DATS on HSCs using LDH
assay, showing that DATS at 20 uM or higher concentrations
had significant cytotoxic effects on HSCs (Figure 1(a)). We
thus investigated DATS effects at nontoxic doses subse-
quently. We herein used H,O, to stimulate HSC activation
mimicking oxidative stress, because H,O, is the most stable
ROS and diffuses readily in and out of cells [10]. DATS
at doses of 0.1-10 M inhibited cell viability concentration-
dependently in H,O,-stimulated HSCs (Figure 1(b)). More-
over, DATS reduced the expression of fibrotic marker pro-
teins a-smooth muscle actin (a-SMA), «1(I) procollagen,
and fibronectin and downregulated the type I and II recep-
tors for transforming growth factor- (TGF-BRI and TGF-
BRII), platelet-derived growth factor- 8 receptor (PDGF-R),
and epidermal growth factor receptor (EGF-R) in H,O,-
stimulated HSCs (Figure 1(c)). We hypothesized that DATS
exerted its effects associated with production of H,S. The
compound IAM has been demonstrated to block both the
exofacial and intracellular thiols resulting in elimination of
garlic-induced H,S production [11]. Here, IAM at concen-
tration range within 100 uM did not cause morphological
alterations in HSCs, and accordingly we selected 100 yM
IAM for subsequent experiments (Figure 1(d)). We found that
DATS concentration-dependently increased the H,S content
in HSCs and that IAM at 100 uM significantly abrogated
DATS elevation of H,S production and reduced the base
level of H,S in HSCs (Figure 1(e)), highlighting IAM as a
potent blocker of DATS generation of H,S. Furthermore,
IAM effectively rescued DATS downregulation of fibrotic
marker molecules in H,O,-stimulated HSCs (Figure 1(f)).
Taken together, these data suggested that H,S was involved
in DATS suppression of the expression of fibrotic proteins in
activated HSCs.

3.2. DATS Induces Cell Cycle Arrest Associated with H,S
in HSCs. We next examined DATS effects on cell fate of
HSCs. DATS arrested cell cycle at G2/M checkpoint in H,O,-
stimulated HSCs (Figure 2(a)). Addition of IAM abrogated
DATS-induced G2/M arrest (Figure 2(b)). Cyclin A, cyclin
Bl, cyclin-dependent kinase (CDK) 1, and CDK2 are four
critical regulators at G2/M checkpoint responsible for driving
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FIGURE 1: DATS inhibits viability and reduces fibrotic protein expression associated with H,S in HSCs. (a) LDH release assay. Significance:
**P < 0.01 versus DMSO and *** P < 0.001 versus DMSO. (b) MTT assay. Significance: “P < 0.05 versus DMSO, *P < 0.05 versus DMSO +
H,0,,and ** P < 0.01 versus DMSO + H,0,. (c) Western blot analyses of profibrotic marker proteins. (d) Morphology evaluation with light
microscope (200x magnification). (e) ELISA for H,S concentration. Significance: *P < 0.05 versus DMSO, **P < 0.01 versus DMSO, and
*P < 0.05 versus DATS 10 M. (f) Western blot analyses of profibrotic marker proteins.

cells into the mitosis process [12]. DATS decreased the expres-
sion of cyclin Bl and CDK]1, while cyclin A and CDK2 were
not apparently affected by DATS (Figure 2(c)). Moreover,
DATS inhibition of cyclin Bl and CDKI was abolished by
IAM (Figure 2(d)). These data collectively indicated that H,S
was involved in DATS modulation of cell cycle regulators and
G2/M checkpoint arrest in HSCs.

3.3. DATS Stimulates Apoptosis Associated with H,S in
HSCs. We subsequently examined DATS effects on HSC
apoptosis. HSCs treated with DATS exhibited signifi-
cant DNA condensation and fragmentation with brilliant
blue staining (Figure 3(a)), and DATS increased apop-
totic rates concentration-dependently in H,O,-treated HSCs
(Figure 3(b)). However, the increase in apoptotic rate by
DATS was abolished by IAM (Figure 3(c)). Furthermore,
the antiapoptotic protein Bcl-2 was diminished by DATS;
the proapoptotic molecule Bax was increased by DATS
(Figure 3(d)). DATS also activated the caspase cascade
in H,O,-stimulated HSCs, because the cleaved forms of
caspase-9, caspase-8, caspase-7, and caspase-3, and PARP-
1 were all increased by DATS (Figure 3(d)). However,
DATS effects on these molecules were abrogated by IAM
(Figure 3(e)). Altogether, these findings indicated that H,S
was involved in DATS induction of caspase-mediated apop-
tosis in HSCs.

3.4. DATS Inhibits Migration Associated with H,S in HSCs.
We next examined DATS effects on migration in HSCs. DATS
inhibited the lateral migration of H,O,-activated HSCs
(Figure 4(a)). However, IAM abrogated DATS’s inhibitory
effects on HSC lateral migration (Figure 4(b)). To con-
firm the results, we performed transwell migration assay
to evaluate the vertical migration of HSCs, showing that
H,0,-stimulated vertical migration was suppressed by DATS

(Figure 4(c)). Similarly, DATS effects were also significantly
compensated by IAM (Figure 4(d)). Collectively, these data
indicated that DATS inhibition of cell migration was associ-
ated with H,S in HSCs.

3.5. DATS Alleviates Oxidative Stress Associated with H,S
in HSCs. We finally determined DATS effects on oxida-
tive stress in HSCs. Fluorescence microscope analyses and
flow cytometry assessments consistently demonstrated that
H,0O,-treated HSCs had significantly high intracellular levels
of ROS, but DATS decreased ROS production (Figures
5(a) and 5(b)). However, IAM significantly rescued DATS-
caused reduction in ROS levels in H,O,-stimulated HSCs
(Figure 5(c)). Furthermore, DATS decreased the intracellular
levels of LPO and increased the intracellular levels of GSH
in H,O,-stimulated HSCs (Figure 5(d)). However, DATS
inhibition of LPO and elevation of GSH were significantly
compensated by IAM (Figure 5(e)). Altogether, these results
suggested that DATS attenuated oxidative stress in HSCs,
which was relevant to H,S.

4. Discussion

Many studies demonstrated that garlic extracts elicited ther-
apeutic effects against liver fibrosis. Garlic extracts restored
liver histology and accelerated ECM degradation, resulting
in regression of liver fibrosis in CCl,-intoxicated rats [13].
Administration of aqueous garlic extracts alleviated hepatic
oxidative injury and reduced collagen content in bile duct
ligation-induced fibrosis in rats [14]. However, these inves-
tigations did not identify the specific functional ingredients
responsible for the antifibrotic efficacy of garlic. Our previous
data showed that DATS attenuated collagen deposition,
inhibited HSC activation, and ameliorated oxidative stress
in rat fibrotic liver, strengthening the therapeutic value of
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regulatory proteins.

garlic for liver fibrosis [7]. Elucidation of the underlying
mechanisms would be essentially important for developing
DATS as a promising antifibrotic candidate.

Our current experiments could provide consistent sup-
port for the prior in vivo data. We found that DATS inhibited
HSC activation in culture, which confirmed that HSCs
could be target cells for DATS, because DATS was able to
inhibit nearly all aspects of HSC activation. To explore the
underlying mechanisms, we concentrated on the potential
biotransformation of DATS. A 2007 study firstly described
the real-time kinetics of H,S production of DATS within
cells, showing that DATS with allyl moieties and three sulfur
atoms reacted with exofacial membrane thiols and cross
the cell membrane to react with GSH to produce H,S,
which was a thiol-dependent manner for DATS to produce

H,S [11]. Thereafter, increasing evidence reveals that the
beneficial effects of garlic-derived organic polysulfides are
mediated by production of H,S. Herein, we thus strongly
speculated that H,S contributed to DATS inhibition of HSC
activation. As expected, DATS could significantly increase
H,S levels concentration-dependently in HSCs in current
study. Moreover, we reasoned that IAM could be a proper
blocker of DATS production of H,S, because their thiol-
dependent mechanisms of action were exactly matching.
Consistently, we here observed that IAM not only abolished
DATS elevation of H,S production, but also reduced basal
H,S synthesis in HSCs. Accordingly, we used IAM to testify
the role of H,S in DATS inhibition of HSC activation
properties. The obtained results clearly demonstrated that
this H,S manipulation significantly weakened DAT'S effects.
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We identified the H,S as a molecular link implicated in
DATS’s antifibrotic activity. Actually, the role of H,S in
hepatology has been studied increasingly during recent years.
Malfunction of hepatic H,S metabolism may be involved in
many chronic liver diseases, including hepatic fibrosis and
cirrhosis [15]. Exogenous H,S could reduce hepatotoxicity,
liver cirrhosis, and portal hypertension through multiple
functions including antioxidation, anti-inflammation, cyto-
protection, and antifibrosis [16]. Our current data were
consistent with these observations and provided evidence
that DATS could be transformed to be H, S that mediated the
potent hepatoprotective and antifibrotic effects in HSCs.

We demonstrated that H,S was involved in DATS effects
on many aspects of HSC activation, including fibrotic marker

expression, cell cycle, apoptosis, migration, and the status
of oxidative stress. Consistent with our data, recent inves-
tigations showed that sodium hydrosulfide, a well-known
inorganic H,S-releasing molecule, suppressed proliferation
and induced Gl phase cell cycle arrest in HSCs [17] and
attenuated collagen expression in rats with CCl,-induced
hepatic fibrosis [18]. These findings collectively suggested H,S
as a signaling molecule regulating the pathophysiology of
HSCs. Actually, H,S promotes a number of cellular signals
that regulate metabolism, proliferation, and apoptosis in
various types of cells. For example, exogenous treatment with
H,S led to growth inhibition with cyclin D1 downregulation
in rat smooth muscle cells [19] and stimulated apoptosis by
downregulation of Bcl-2 and Bcl-xL in portal vein smooth
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muscle cells [20]. These observations were recaptured in
HSCs by our present study and potentiated the role of H,S
as a gaseous signaling molecule with a DNA damaging func-
tion. Interestingly, there was evidence that administration of
sodium hydrosulfide significantly inhibited hepatocyte apop-
tosis in hepatic ischemia reperfusion-induced injury in rats,
suggesting a hepatoprotective role for H,S in vivo [21]. How-
ever, it should be noted that this study examined apoptosis
molecules in whole liver tissues rather than in single type of
cells. This may raise a possibility that the proapoptotic effects
of H,S on HSCs could be masked due to the overwhelming
amount of hepatocytes in the liver. It could also be assumed
that the different effects of H, S on apoptosis were cell-specific
and disease-specific. Furthermore, we found that DATS
inhibited HSC migration associated with H,S. Consistently,
recent studies showed that DATS suppressed migration and
invasion in human colon cancer cells [22] and breast cancer
cells [23]. Another important issue is that increasing evidence
elucidates the fundamental role of HSC in liver immunology;,
because HSCs represents a versatile source of many soluble
immunological active factors and may act as an antigen
presenting cell [24]. Understanding the role of HSCs as
central regulators of liver immunology may lead to novel
therapeutic strategies for chronic liver diseases. Interestingly,
H,S has multiple and complex cellular signaling roles in
relation to immunological modulation under certain patho-
physiological conditions [25]. However, studies addressing

how H,S regulates HSC immunology during hepatic fibrosis
are not seen, which could be an attractive field in hepatology.

We herein evaluated DATS effects in an oxidative stress-
induced HSC activation model, because signs of oxidative
stress are concomitant or precede HSC activation and col-
lagen deposition [3]. We also suggested a role for H,S in
regulation of oxidative stress in HSCs. H,S could increase
intracellular GSH concentrations and suppress oxidative
stress in mitochondria [26]. H,S could also protect murine
liver against ischemia reperfusion injury through upregula-
tion of intracellular antioxidant pathways [27]. The antiox-
idant effects of H,S have recently been examined through
use of H,S-releasing derivative ACS67, which was found to
inhibit ROS formation and NADH oxidation in endothelial
cells [28]. In current study, H,S also contributed to DATS
attenuation of oxidative stress in HSCs. However, whether
H,S exerted its antioxidant effects by virtue of its undoubted
reducing activity or by its activation of endogenous defense
systems merits further investigation. Furthermore, it is neces-
sary to use an additional HSC line and another blocker of H,S
generation to make the results more credible. There is also a
need to carry out in vivo studies using certain H, S generation
blocker to validate the H,S-dependent mechanism underly-
ing the antifibrotic effects of DATS, which is ongoing in our
laboratory.

In summary, DATS inhibited the profibrogenic properties
and alleviated oxidative stress in HSCs. These effects were
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associated with production of H,S within cells. Our data
elucidated, at least partially, the mechanisms underlying
DATS’s antifibrotic activity and indicated a therapeutic role
of targeting H, S for treatment of liver fibrosis.
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Physical activity has emerged as a powerful intervention that promotes healthy aging by maintaining the functional capacity
of critical organ systems. Here, by combining functional and proteomics analyses, we examined how hepatic phenotypes might
respond to exercise treatment in aged rats. 16 male aged (20 months old) SD rats were divided into exercise and parallel control
groups at random; the exercise group had 8 weeks of treadmill training with medium intensity. Whole protein samples of the liver
were extracted from both groups and separated by two-dimensional gel electrophoresis. Alternatively objective protein spots with
>2-fold difference in expression were selected for enzymological extraction and MS/MS identification. Results show increased
activity of the manganese superoxide dismutase and elevated glutathione levels in the livers of exercise-treated animals, but
malondialdehyde contents obviously decreased in the liver of the exercise group. Proteomics-based identification of differentially
expressed proteins provided an integrated view of the metabolic adaptations occurring in the liver proteome during exercise,
which significantly altered the expression of several proteins involved in key liver metabolic pathways including mitochondrial
sulfur, glycolysis, methionine, and protein metabolism. These findings indicate that exercise may be beneficial to aged rats through

modulation of hepatic protein expression profiles.

1. Introduction

Sedentary habits are associated with low levels of physical
fitness and a high risk of mortality [1], whereas physical
activity has emerged as a powerful intervention that promotes
successful aging by maintaining general physical fitness [2].
However, the physiological mechanisms underlying physical
activity-induced physical fitness are only partly understood.

Exercise-induced oxygen consumption increases associ-
ated with energy metabolism adaptation might be involved
in physical fitness [3]. The first direct evidence of this was
provided by Davies et al. [4] through the demonstration
that high-intensity exercise enhances reactive oxygen species
(ROS) production. Although high concentrations of ROS
can damage proteins, lipids, and nucleic acids, further evi-
dence suggests that exercise promotes the formation of ROS,

which participate in redox regulation. In particular, moderate
concentrations of ROS function as regulatory mediators to
reestablish “redox homeostasis” in signaling processes [5, 6].
In this context, exercise-induced ROS may be involved in the
establishment of physical fitness [7].

Although the potential effects of muscular ROS have
been explored in depth, the role and related mechanisms
of ROS in the hepatic adaptation induced by exercise have
not been extensively studied [8]. Several recent findings
have resulted in physical activity being prescribed as part
of the overall strategy (or therapy) to reduce the risk of
senescence-associated liver metabolic syndrome. The poten-
tial mechanisms of this protective role might involve the
enhancement of hepatic insulin sensitivity and the activities
of antioxidant enzymes, the attenuation of lipid accumulation
in the liver, and subsequent prevention of hyperglycemia,
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hypercholesterolemia, and liver diseases (such as nonalco-
holic steatohepatitis or cirrhosis) [9]. In addition, ROS are
direct triggers of liver insulin resistance [10] and inflamma-
tion [11]. In contrast, however, evidence from rats indicates
that regular exercise can attenuate hepatic oxidative stress
[12]. Nonetheless, further research is needed to evaluate
the detailed mechanism of ROS in the hepatic adaptation
induced by exercise.

Given the multitude of changes that occur in each
organ during exercise, genetic and epigenetic studies might
be able to elucidate the biology underlying the individual
response to exercise [13]. 2D gel tandem mass spectrometry-
based proteomic methods are valuable tools for quantifying
differences in protein abundance between different physical
conditions or treatments [14]. Current proteomic methods
allow the identification of several thousand proteins from
microgram quantities of proteins in skeletal muscle, car-
diomyocytes [15], adipose tissue [16], and liver [7, 17, 18]. In
addition, proteomics analysis has previously been performed
by several groups to determine how liver proteome profiles
differ between exercise-trained and untrained individuals
[18], which might provide information that could be of benefit
in combating the effects of postmenopause or of nonalco-
holic fatty liver disease-related loss of liver function includ-
ing metabolic syndrome by promoting redox homeostasis.
However, insight into the adaptive response of liver tissue
proteome signatures during aging under a variety of regular
exercise challenges is still required [19]. In the current study,
we focused our attention specifically on the putative pheno-
typic/metabolic adaptations in the liver of aged rats that were
induced by eight weeks of medium-intensity exercise.

2. Material and Methods

2.1. Subjects. Intotal, 16 male adult Sprague-Dawley (SD) rats
(Rattus norvegicus, Guangdong Medical Laboratory Animal
Center (GDMLAC), Guangdong, China) with similar body
weights (range of 340-260 g), aged 18 months at the begin-
ning of the training period, were randomly distributed into
two groups: treadmill exercise (n = 8) (EXE) and sedentary
control (n = 8) (CON). The animals were fed standard
laboratory chow and water ad libitum while housed (3-5
per cage) in a temperature-controlled room (22°C) with 12h
dark/light cycles. All animal protocols were approved by the
local Experimental Animal Use Committee.

2.2. Endurance Training. The animal exercise protocol was
as follows: the training intensity was progressively increased.
For the first 4 weeks, the speed of the treadmill and duration
of the training sessions were gradually increased from a speed
of 10 m/min for 10 min to a running speed of 15m/min for
60 min by the end of week 4. For the next 4 weeks, a 5min
warm-up session at a speed of 10 m/min was followed by
the 60 min training session at a speed of 15m/min [20].
This training protocol was developed based on previous
experience training in rodents [21], but minor modifications
were applied according to another training protocol [22]. The
intensity and duration were chosen based on previous reports
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from the groups of Song and Bejma in which a similar speed
of 15m/min and a similar parameter of 60 min/bout were
applied, which resulted in a series of positive changes such
as increased activity of antioxidant enzymes in the aging liver
[21, 23]. The 8-week exercise program of treadmill running
at 0° incline was chosen based on previous reports from
the Siu group [22]. Training animals and control animals
were sacrificed 6 h after the last training session. The liver
tissues were quickly removed and frozen immediately in
liquid nitrogen and stored at —80°C until further analysis.

2.3. Assay of Malondialdehyde (MDA) and Glutathione (GSH)
Contents as well as Superoxide Dismutase (SOD) Activity
in the Livers of Old Rats. For biochemical analyses of in
vivo MDA, GSH, and SOD activity, 20 mg of liver tissue
was homogenized on ice in phosphate-buffered saline and
centrifuged for 10 min at 12,000 xg at 4°C. The supernatant
was collected and analyzed. MDA level, GSH content, and
SOD activity were determined using commercial assay kits
produced by Nanjing Jiancheng Bioengineering Institute,
China. Protein concentrations were determined using a BCA
protein assay kit (Nanjing Jiancheng Biochemistry Co.) as
described by the manufacturer.

2.4. Proteomics Analysis

2.4.1. Sample Preparation for Two-Dimensional Gel Elec-
trophoresis (2DGE). We selected 8 “EXE” and 8 “CON” rats
for proteomics analysis. From these animals, 50 mg of liver
was homogenized in 500 L of sample buffer [(7 M urea, 2 M
thiourea, 4% (w/v) dimethyl[3 propyl] azaniumyl propane-
l-sulfonate (CHAPS), 1% (v/v) immobilized pH gradient
(IPG) buffer pH 3-10 NL) (Amersham Biosciences, Piscat-
away, NJ, USA), 40 mM dithiothreitol (DTT), and Protease
Inhibitor Cocktail Complete (Roche, Mannheim, Germany)]
and allowed to stand at room temperature for 1 h, after which
the homogenate was then centrifuged at 40,000 xg for 60 min
at 4°C. Subsequently, the supernatant was removed and
the protein concentration was measured using the Bradford
protein assay. Homogenates were stored at —70°C for later
use. 2-DE was performed using a 24 cm (nonlinear, pH 3.0-
10.0) IPG gel strip, according to Sun et al. [24]. Spot detec-
tion, gel matching, and interclass analysis were performed
using PDQuest 8.0 software (Amersham Biosciences, USA)
[24].

2.4.2. In-Gel Tryptic Digestion and Matrix-Assisted Laser
Desorption/Ionization-Time of Flight Mass Spectrometry
(MALDI-TOF MS/MS). In-gel digestion and protein iden-
tification were performed as described by Perkins et al. [25].
Candidate spots were excised from the stained gel, destained
with 0.1M ammonium bicarbonate in 50% acetonitrile
(Sigma-Aldrich, St. Louis, MO, USA), and dried using a
SpeedVac SC110 (Savant Instruments, Holbrook, NY, USA).
The gels were then rehydrated and incubated in trypsin solu-
tion (Promega, Madison, WI, USA) overnight at 37°C, and
the peptide mixtures were then analyzed using MALDI-TOF
MS/MS (Applied Biosystems, Foster City, CA, USA) [25].
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FIGURE 1: Body weight and ratio of liver weight to whole body weight. Body weight (a), liver weight (b), and liver/body weight (c). Values
represent the mean + SEM; n = 8 per group. * P < 0.05 versus the control group.

2.4.3. Database Searching. Proteins were identified by pep-
tide mass fingerprinting with the search engine programs
MASCOT [25]. The criteria for positive identification of
proteins were according to Perkins et al. [25] and were set
as follows: (i) at least four matching peptide masses, (ii)
50 ppm or better mass accuracy, and (iii) matching of the
molecular weights (Mr) and isoelectric points (pI) of the
identified proteins to the estimated values obtained from
image analysis.

2.5. Statistical Analysis. Statistical analysis was performed
using predictive analytics software statistics 16.0 (SPSS Inc.,
Chicago, IL, USA). Comparisons across the experimental
groups were performed using Student’s t-test. For the anal-
yses, the significance level was set at 5% (P < 0.05). Data are
presented in the figures as the mean + standard error of the
mean (SEM).

3. Results

3.1. Liver Weights and Liver Weight/Body Weight Ratios
between Sedentary and Exercised Aged Rats. The ratio of
the weight of the liver to the whole animal body weight was

determined. As shown in Figure 1, no difference in body
weight was observed between exercised (EXE) and sedentary
control (CON) groups. However, liver weight and liver
weight/body weight ratio were higher for the livers of EXE
animals than for those of the CON group (P < 0.05).

3.2. Effects of Treadmill Training on the Oxidative Status of
the Livers of Aged Rats. Changes in the levels of hepatic
MDA and GSH contents as well as in MnSOD activity in
response to 8-week moderate-intensity treadmill training
were analyzed. As shown in Figure 2, after 8 weeks of
treadmill training, MnSOD activity, hepatic GSH level, and
GSH/oxidized glutathione (GSSH) ratio in the EXE group
were significantly higher in comparison to the CON group
(P < 0.05, Figure 2), whereas the hepatic MDA and GSSH
levels were decreased (P < 0.01, Figure 2).

3.3. Proteomics Comparison of Hepatic Expression Profiles
between Sedentary and Exercised Aged Rats. The hepatic pro-
tein profiles are shown in Figure 3. Following gel image analy-
sis, differentially expressed spots were selected and identified
using MALDI-TOF MS when the normalized spot intensities
showed differences of at least 2-fold between the groups. The
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versus the control group.

12 proteins identified as differentially expressed are listed in
Table 1. The experimental ratios of the Mr and pIs matched
those of the theoretical data, suggesting that the identification
of proteins by our proteomic method was reliable.

4. Discussion

The liver is the primary organ required for processing
of nutrients, hormones, and drugs; therefore, to evaluate

exercise-dependent antiaging effects and adaptive alterations
in the proteome of the livers of aged rats after 8 weeks of
moderate-intensity training exercise, total liver tissue extracts
from sedentary aged rats (22 months, control) and aged rats
that were provided exercise training were resolved by 2DGE.
2DGE with medium-range IPGs (pH 3-10) revealed 3839
protein spots in the liver that were matched among all rats.
Among these protein spots, 35 were found to be differentially
expressed in the liver between sedentary and exercised rats, of
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which 12 were identified by MALDI-TOF MS/MS (Figure 3).
From these proteins, we elucidated that age-related hepatic
proteome changes were effectively reversed through exercise,
which might be beneficial to combat health conditions related
to age-related abnormal liver morphology through regulation
of mitochondrial energy metabolism, proteolytic systems,
detoxification, and quality control of cellular and cytoskeletal
proteins.

Among the identified proteins, FAS activity is believed
to be a determinant of the maximal capacity of the liver
to synthesize fatty acids by de novo lipogenesis. Advanced
age has been associated with upregulation of FAS expression
and enzymatic activity, which in turn has been found to be
an underlying contributor to many age-related conditions
including hepatic steatosis [26] and necroinflammation [27].
Aging is also associated with variable degrees of fibrosis in
the liver. Our results showed that moderate-intensity training
exercise decreased the abundance of FAS protein, a marker of
hepatic fibrosis.

SAFBI has been shown to be important in numerous
cellular processes including cell growth, stress response, and
apoptosis [28]. Studies performed by the Gelman group have

shown that SAFBI can repress the transcriptional activity of
various other nuclear receptors including estrogen receptor
[29], heat shock factor 1 [30], and p53 [31]. Additional
studies identified that SAFBI regulates the expression of xan-
thine oxidoreductase (XOR) [32], peroxisome proliferator-
activator receptor (PPAR) gamma [33], and sterol regula-
tory element-binding protein- (SREBP-) lc [33]. SREBP-
Ic and PPAR gamma are transcription factors that control
the expression of hepatic genes involved in fatty acid and
triglyceride synthesis during overnutrition to facilitate the
conversion of glucose to fatty acids and triglycerides for the
storage of the excess energy [34]. Additionally, in this context,
it should be noted that SAFBI was found to be downregulated
by exercise, which is probably related to a decrease in
lipogenesis as suggested by decreased abundance of the FAS
protein. Furthermore, Lee et al. [35] showed that SAFBI
is also involved in the later stages of apoptosis, in which
it is possibly associated with endonuclease-mediated DNA
cleavage. These data clearly suggest that downregulation of
SAFBI in the liver might play an important role in age-related
fatty acid metabolism, apoptosis, and oxidative stress, which
are the primary causes of fatty liver disease.
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TaBLE 1: Proteins differentially expressed in aged rat livers after exercise training, determined using MALDI-TOF MS/MS.

Spot GI Sequence Measured Mr MOWSE Protein identification Fold

number number Cov. (%) (kDa)/pI® score” change

A2 8394158 7 275101/5.96 197 Fatty acid synthase (FAS) —-2.08
Ribonuclease/angiogenin inhibitor 1

A8 132573 21 51653/4.67 77 (RNASEI) -2.04

A9 158186651 20 47440/6.16 347 a-Enolase (ENO1) -2.30
Hydroxyprostaglandin dehydrogenase 3

Al0 19924087 22 37517/6.67 76 (118-HSD1) 2.64

Al2 734703982 10 112398/5.99 52 Scaffold attachment factor B (SAFB) -3.13

A13 149056650 38 28234/6.78 81 Ethylmalonic encephalopathy protein 1 ~2.20
(ETHE1)

Al6 54019419 28 25502/4.85 215 Proteasome subunit beta type-6 (PSMB6) +2.85

B2 80861401 10 48828/6.08 204 T-kininogen +2.32

B5 730311 18 61650/6.30 149 Glucose phosphomutase (PGM) +2.60

B6 205057 39 48828/5.83 204 Keratin 8 (K8) +2.94

BS 27157805 16 44240/5.61 139 S-Adenosylmethionine synthetase isoform +2.55
type-1 (SAMs)

B10 59808182 12 39052/6.10 146 Haptoglobin (HP) +2.14

*Theoretical pI and Mr derived from NCBInr and Swiss Prot/TrEML databases.
bScore is —10 x log(P), where P is the probability that the observed match is a random event, based on the NCBInr database using the MASCOT searching

program as MALDI-TOF MS/MS data (http://www.matrixscience.com/).

In a previous study, perturbations in the energy
metabolism of aged livers were indicated by the downregu-
lation of several glycolytic enzymes [36]. Moreover, Rothwell
and Sayce found that enhancement of glycolysis via PGM
can protect cells from oxidative stress, thus preventing
senescence [37]. The classical function of PGM is to link
glycolysis and glycogen metabolism by interconverting
glucose-1-phosphate and glucose-6-phosphate. PGM has
been shown to be expressed ubiquitously; however, high
levels of expression are observed in the heart, skeletal
muscle, kidney, liver, and lungs [37]. The activity of PGM is
under hormonal control and may play a physiological role
in glucose metabolism and physical activity [38]. Notably,
proteomics analysis has revealed decreased expression of
PGM in elderly women [39]. Recent evidence indicates
that downregulation of PGM is associated with hepatocyte
failure in cirrhotic hepatocytes, especially at the late stages of
cirrhosis [40]. In addition, Preisler et al. [41] implied that the
liver might be affected by PGM deficiency and that reduced
liver glucose levels might contribute to the low blood glucose
levels observed during exercise in this condition. In this
regard, polymorphism in PGM has been reported to be useful
as a genetic biomarker for alcoholic cirrhosis [42], ischemic
heart disease [43], and obesity disorders [44, 45]. The results
of the current study show that training exercise increased the
protein content of PGM in the livers of old rats, which likely
contributed to the improved glycolytic metabolism of these
animals, despite their advanced cirrhosis.

Notably, a-enolasel (ENOI1), a glycolytic enzyme that
catalyzes the conversion of 2-phosphoglycerate to phospho-
enolpyruvate, was found to be downregulated in the liver of
old rats after moderate-intensity training exercise, as shown
in Figure 3. ENOL is highly expressed in liver tissue and in

the cytoplasm of hyperplastic bile ducts [46]. In addition to its
key contribution in the regulation of glycolysis and the gener-
ation of ATP, ENO1 also plays a crucial role in growth control,
hypoxia tolerance, and allergic responses [47]. Notably, a
previous study had used an immunoproteomics approach to
identify and characterize ENOI as an autoantigen in liver
fibrosis [48]. Although it is unclear whether ENOI plays an
active role during the formation of liver fibrosis, it has also
been reported that ENOL is transcriptionally regulated by the
c-Jun NH2-terminal kinase (JNK) signaling pathway, which
is frequently activated in liver fibrosis [49]. Furthermore,
ENOI1 might act as an oxidative stress-related mediator
to modulate the tissue and cellular events responsible for
the progression of liver fibrosis [50]. Our results show a
decreased protein content of ENOLI at 8 weeks after moderate-
intensity training exercise in aged rats, in parallel with an
increase in MnSOD activity and in the hepatic GSH level
and GSH/GSSH ratio (Figure 2), which likely contributes to
improved liver fibrosis and liver function. However, whether
or not the improvement of liver function mediated by training
exercise is associated with modulation of ENOL in the livers
of aged rats requires further study.

A previous study demonstrated that 113-HSD1 catalyzed
the intracellular regeneration of active glucocorticoids, pro-
moting insulin resistance in the liver [51], and elevated
mRNA levels for 113-HSDL in the liver were associated with
aging [52]. Fatty liver occurs in mice that overexpress 11f3-
HSDI1 as a result of increases in gluconeogenesis, fatty acid
synthesis, and plasma insulin levels [53]. Thus, the age-
dependent increase in the mRNA level of 118-HSD1 s likely to
induce insulin secretion and cause hyperinsulinemia. Recent
evidence indicates that exercise protects against the elevations
in glucocorticoids associated with the development of insulin
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resistance by decreased adrenal sensitivity to the 113-HSD1
content in the livers of diabetic fatty rats [54]. Consistent with
these findings, aged rats that exhibited higher hippocampal
corticosterone levels also showed increased 113-HSD1 protein
expression as well as increased levels of the enzyme that
catalyzes glucocorticoid formation and greater hippocampal
glucocorticoid receptor (GR) activation, whereas exercise as
a therapeutic intervention significantly reduced total hip-
pocampal GR and 113-HSDI expression in these animals [55].
Similarly, the results of the current study show that 113-HSD1
protein expression significantly decreased after 8 weeks of
aerobic exercise; as discussed above, this decrease in 11f3-
HSD1 expression is believed to play an important role in
mitigating age-related fatty acid metabolism, gluconeogene-
sis, and hyperinsulinemia, which is a main cause of insulin
resistance in the liver.

The liver is an important organ for H,S production
and clearance, and hepatic H,S metabolism affects multiple
metabolic processes. In contrast, malfunction of hepatic
H,S metabolism might be involved in the pathogenesis of
many liver diseases such as hepatic fibrosis and cirrhosis
[56]. The mitochondrial dioxygenase gene ETHEI encodes
a mitochondrial enzyme involved in sulfide detoxification,
which uses molecular O, and water to oxidize the mobile
persulfide from quinone oxidoreductase to form sulfite,
which in turn is involved in sulfur metabolism and takes part
in the pathway in which H, S is oxidized to thiosulfate in three
steps [57]. Although the basal endogenous concentration of
H,S has been found to have a hepatoprotective effect [58],
inhibition of this pathway prevents binding of H, S to quinone
oxidoreductase and enables the accumulation of H,S and
thiosulfate, which induces oxidative stress and hepatotoxicity
(e.g., by inhibiting the respiratory chain and decreasing
cellular NAD*/NADH) in the liver during aging [59]. Thus,
the decreased levels of ETHE] in the rats fed a high-fat
diet might allow the occurrence of higher concentrations of
H,S, which might mitigate some of the risks of high blood
pressure and oxidative stress associated with obesity and
aging [60]. However, ETHEI is also an antiapoptotic protein
that increases the deacetylase activity of p53 in association
with histone deacetylase 1, leading to the suppression of
apoptosis [61].

S-Adenosylmethionine (SAMe) is an important methyl
donor in various methyltransferase reactions that occur in
many lipid metabolic pathways. SAMs catalyzes the synthesis
of SAMe from methionine in the presence of ATP, which
is the major pathway in mammals for the metabolism of
methionine [62]. Previous studies have indicated that a
marked loss of SAMs was accompanied by a reduction
of the concentration of SAMe in cirrhosis [62] and that
treatment with SAMe increased hepatic GSH levels and
increased survival in patients with less advanced alcoholic
liver cirrhosis [63]. Our data therefore support that SAMs
upregulates SAMe via exercise, which in turn increases the
levels of hepatic GSH (Figure 2) with a concomitant decline
in FAS [64] and in K8 [65] (discussed below), especially in
the liver of aged rats.

RNHI belongs to the leucine-rich repeats (LRR) motif
protein superfamily [66] and is a tight-binding cytosolic

inhibitor of the RNase A family with both ribonucleolytic and
angiogenic activities that are essential for cell survival [67].
In addition, RNHI is a known regulator of vascularization
and a mediator of oxidative stress. Knockdown of RNHI has
been shown to significantly decrease cell survival under stress
conditions, accompanied with an increase in cell apoptosis.
The reported antioxidant [68] and redox homeostatic [69]
effects might also contribute to the regulatory function of
RNHI in cell survival. These results suggest that overexpres-
sion of RNHI has antioxidant effects that protect against
hepatic damage and apoptosis induced by H,O, in mice [68].
In this context, it should be noted that RNHI1 was observed
to be upregulated by exercise in the current study, which
is likely related to the increase in antioxidant activity and
antiapoptosis effects as suggested by the increase in MnSOD
activity and the levels of hepatic GSH (Figure 2).

Tight regulation of proteostasis is essential for maintain-
ing cellular homeostasis in postmitotic tissues [70]. Advanced
age is an intrinsic process that results in alterations of
tissue protein homoeostasis. These degenerative changes are
intimately associated with abnormal protein aggregation and
impaired protein degradation pathways. Direct interventions
to modulate protein quality control mechanisms might there-
fore improve health and potentially increase lifespan. Pro-
teasomes can be regarded as the major proteolytic enzymes
responsible for the degradation of the majority of cellular
proteins [71]. PSMB6 is a member of the 20S proteasomal
subunit family, which forms the proteolytic core of the
26S proteasome [71]. Beta subunits are characterized as
containing the active sites of proteases, whereas the subunits
serve as docking domains for the regulatory particles and
form a gate that blocks unregulated access of substrates
to the central pore. The age-associated decrease in the
activity of the 26S proteasomes, which are responsible for
the degradation of ubiquitinated proteins, is in accordance
with previous findings that high-molecular-weight ubiquitin-
protein conjugates accumulate in various tissues over time
[70].

In this context, it is interesting to note that, in addition
to the increase in the activity of antioxidant enzymes known
to occur in the liver of aged rats as a result of training
exercise, the upregulation of proteasomes might also play
a significant role in improved metabolism by reducing the
amount of damaged proteins in the liver. Raddk et al. [72]
previously showed that regular moderate exercise initiated
at advanced age and continued for two months in BDFI1
mice resulted in significant upregulation of the activity of
antioxidant enzymes and 26S proteasomes in the brain. Our
findings are also in accordance with previous reports that
exercise training mitigated to a substantial degree of oxidative
stress caused by advanced age, with a concomitant increase in
proteasomal peptidase activities in the brain.

K8, a cytoprotective stress protein, belongs to the keratin
family of cytoskeletal intermediate filament proteins that
play a central role in protecting hepatocytes from apoptosis;
accordingly, K8 mutations predispose their carriers to liver
cirrhosis [73]. Emerging evidence also indicates that K8
protects cells from nonmechanical injury by cellular survival
kinases and cell cycle progression [74]. Subsequent studies



have suggested that keratins modulate apoptosis induced by
FAS [73] and tumor necrosis factor [75]. In cirrhotic livers, K8
hyperphosphorylation was previously shown to occur prefer-
entially in hepatic nodule cells adjacent to bridging fibrosis
and was associated with increased stress kinase activation,
oxidative injury, and susceptibility to undergo apoptosis [65].
Furthermore, according to Kucukoglu et al. [76], a high-fat
diet triggers aggregate formation and the development of
liver oxidative injury in susceptible individuals through the
misfolding and cross-linking of excess K8. The possibility that
the improvement in liver fibrosis and fatty liver mediated by
exercise is associated with modulation of K8 in the livers of
aged rats requires further study.

HP is produced as an acute-phase reactant during liver
fibrosis (LF), and it possesses anti-inflammatory and antiox-
idative properties [77], preventing liver damage. Thus, HP
might be a potential molecular target for early LF diagnostics
and therapeutic applications [78]. In contrast, lack of HP
attenuates the hepatomegaly/steatosis often associated with
obesity. When animals were stressed by acute exercise or by
a high-fat diet in a previous study, oxidative stress, muscle
atrophy, and force drop were exacerbated in HP-knockout
mice [79]. Conversely, recent data demonstrated that the
increased HP levels in the serum in response to traumatic
brain injury were derived from the liver and that IL-6 is
an important mediator of this induction [80]. T-kininogen
has also been demonstrated to be a cysteine proteinase
inhibitor present in rat plasma [81]. In a previous report,
preliminary evidence suggested that the degree of reduction
in plasma T-kininogen levels was directly related to the
severity of impaired liver function [81]. Recent results showed
that aged rats present reduced expression of T-kininogen
and HP and increased hepatic injury in response to an
inflammatory insult [82]. Therefore, the upregulation of HP
and T-kininogen following training exercise observed in
this study might be the consequence of decreased levels of
markers of inflammation and oxidative stress (Figure 2) in
the livers of aged rats.

This study has several limitations. First, the changes
in protein levels were not confirmed by western blot.
Second, comprehensive data were not obtained regarding
the phenotype of the aging liver, such as the presence
of liver tissue histology, hepatocyte apoptosis, intrahepatic
lipid accumulation, or cirrhosis. Third, we only measured
levels of primary antioxidative enzymes (MnSOD and GSH),
secondary antioxidative enzymes such as glutathione-S-
transferase (GST) and glucose 6-phosphate dehydrogenase,
and molecules such as glutathione.

In summary, we succeeded in objectively identifying 12
proteins that exhibited adaptive changes in their expression
associated with extended exercise in the livers of aged
rats. Identification and detailed analysis of the impacted
proteins indicated that exercise training significantly altered
the expression of several proteins involved in key liver
metabolic pathways including sulfur, glycolysis, and methio-
nine metabolism as well as general protein metabolism in
conjunction with the modulation of overall hepatic protein
expression profiles. These proteins are potential disease state-
and intervention-specific biomarkers. Further research on

Oxidative Medicine and Cellular Longevity

these specific proteins is needed to uncover possible pathways
involved in the beneficial effects of exercise on metabolic
adaptations in the liver of aged rats.
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Oxidative stress plays a major role in acute and chronic liver injury. In hepatocytes, oxidative stress frequently triggers antioxidant
response by activating nuclear erythroid 2-related factor 2 (Nrf2), a transcription factor, which upregulates various cytoprotective
genes. Thus, Nrf2 is considered a potential therapeutic target to halt liver injury. Several studies indicate that activation of Nrf2
signaling pathway ameliorates liver injury. The hepatoprotective potential of naturally occurring compounds has been investigated
in various models of liver injuries. In this review, we comprehensively appraise various phytochemicals that have been assessed for
their potential to halt acute and chronic liver injury by enhancing the activation of Nrf2 and have the potential for use in humans.

1. Introduction

Liver has an extraordinary capacity to detoxify compounds
that have potential to induce liver injury. As a consequence,
the liver is also vulnerable to injury. Although liver injury is
a major cause of morbidity and mortality, medical therapies
to prevent hepatocyte loss or protect hepatocytes are limited.
One example is N-acetylcysteine (NAC), which is used for
the treatment of acetaminophen- (APAP-) induced liver
injury to promote recovery and reduce the need for liver
transplantation. Hence, it is imperative to identify better
medical therapies that are hepatoprotective and have minimal
side effects.

Naturally occurring compounds have long been used as
potential hepatoprotective agents. Drafts such as Ayurveda
and traditional Japanese, Chinese, and Kampo (traditional
Chinese medicine but adapted to the Japanese culture)
medicine recommended the use of formulations of specific
plants and fruits in the treatment of liver diseases [1-4]. In
recent years, technological advances led to the isolation of
active phytochemicals, which are now available as potential
therapeutic agents [5, 6].

Oxidative stress is a major factor in the mechanism
underlying liver diseases. It contributes to the initiation as
well as progression of liver injury [7]. Factors such as alcohol,
drugs, heavy metals, and high-fat diet are now identified
as inducers of hepatic oxidative stress [8]. In liver injury,
hepatocytes, the key parenchymal cells, suffer oxidative stress
the most. In response to oxidative stress, Kupffer cells pro-
duce a variety of cytokines which contribute to hepatocyte
apoptosis [9]. Oxidative stress also induces proliferation of
stellate cells and collagen synthesis, thus promoting fibrosis
and cirrhosis. In response to overwhelming oxidative stress,
there is a significant use of antioxidant proteins, along with
an increase in lipid peroxidation. However, to maintain redox
homeostasis, hepatocytes have a sophisticated antioxidant
system comprising antioxidant proteins, enzymes, and tran-
scription factors to combat oxidative stress. Hence, regulation
of hepatic oxidative stress can play a critical role in the
treatment of various liver diseases.

Nuclear erythroid 2-related factor 2 (Nrf2), a transcrip-
tion factor of the cap'n'collar basic leucine zipper family [10],
is a key regulator of oxidative stress in numerous cell types
including hepatocytes [11-16]. Nrf2 is primarily regulated
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by Kelch-like ECH-associated protein 1 (Keapl), a substrate
adaptor for a cul3-containing E3 ubiquitin ligase [17]. In the
absence of oxidative stress, Nrf2 is located in the cytoplasm
where it interacts with Keapl and is rapidly degraded by
the ubiquitin-proteasome pathway [18, 19]. However, under
oxidative stress, phosphorylation of Nrf2 leads to its dissoci-
ation from Keapl and subsequent translocation to the nucleus
[14, 15, 19]. Herein, it binds to antioxidant response element
(ARE) sequences and, in partnership with other nuclear
proteins, enhances the transcription of ARE-responsive genes
such as hemeoxygenase-1 (HO-1), NAD(P)H:quinone oxi-
doreductase 1 (NQOL1), glutathione-S-transferases (GST),
glutamate-cysteine ligase modifier subunit (GCLM), glu-
tathione peroxidase (GPX), and glutamate-cysteine ligase
catalytic subunit (GCLC) to mount strong antioxidant and
cytoprotective responses [20, 21].

Numerous studies have shown that natural products
regulate oxidative stress in the liver by modulating Nrf2-
ARE pathway to render hepatoprotective effect. This review
discusses the importance of Nrf2-ARE in regulating liver
injury and the role of natural product based activators (phy-
tochemicals) of Nrf2-ARE pathway in treating liver injury
(Table 1).

2. Nrf2 Signaling in
Acetaminophen-Induced Hepatotoxicity

APAP is one of the most widely used over-the-counter
analgesics. APAP is safe when taken at therapeutic doses but
causes severe liver injury when ingested in higher-than-rec-
ommended doses. Acute liver failure due to APAP over-
dose is associated with high mortality [22]. In the United
States, the incidence of APAP overdose is over 100,000
cases each year [23]. When ingested in therapeutic doses,
APAP is mainly metabolized by sulfation and glucuronida-
tion, leaving only a small fraction to be metabolized by
cytochrome p4502E1 (CYP2EL) [24]. However, upon over-
dose, glucuronidation and sulfation pathways get saturated
leading to APAP’s metabolism by CYP2EIL, resulting in
generation of N-acetyl-p-benzoquinone imine (NAPQI), a
toxic intermediate metabolite capable of inducing oxidative
stress. NAPQI depletes hepatic glutathione (GSH) content
and binds to cellular proteins, with subsequent activation
of c-Jun N-terminal kinase (JNK). JNK activation results in
overproduction of reactive oxygen species (ROS) and reactive
nitrogen species (RNS) resulting in mitochondrial dysfunc-
tion and hepatocyte death [25-27]. Within 60 minutes of
administration of APAP in mice, there is an increase in
Nrf2 nuclear translocation in hepatocytes with concomitant
increase in the expression of several Nrf2 target genes [28, 29].
Studies using Nrf2-knockout mice showed that even lower
doses of APAP could induce mortality due to suppressed GSH
synthesis pathway [30]. Contrary to this, hepatocyte-specific
deletion of Keapl activates Nrf2 and confers resistance against
APAP toxicity [31]. Interestingly, in Nrf2-knockout mice,
the elimination of APAP metabolites is also decreased as a
result of reduced expression of multidrug resistance proteins
(MRPs) [32]. And, in Keapl-knockout mice, MRP expression
isincreased, which enhanced efflux of APAP metabolites [29].
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These observations indicate that, in APAP-induced hepato-
toxicity, Nrf2 modulates injury not only by regulating antiox-
idant response but also by modulating APAP elimination.

Protein tyrosine phosphorylation is pivotal in cell sur-
vival. In this context, the balance between tyrosine kinases
and phosphatases determines cell fate. One of the pro-
tein tyrosine phosphatases, protein tyrosine phosphatase 1B
(PTP1B), is widely expressed and inactivates many tyrosine
kinase family members by dephosphorylation. During APAP
toxicity in mice, PTP1B expression is significantly increased.
PTPIB deficient mouse hepatocytes are protected against
APAP-induced GSH depletion and oxidative stress by pro-
longed Nrf2 nuclear accumulation [33].

Various classes of phytochemicals have been shown to
activate Nrf2 pathway and reduce APAP toxicity (Table 1).
Sauchinone, a polyphenol, reduces the impact of APAP
overdose by enhancing Nrf2 phosphorylation via protein
kinase C-§ (PKCJ) and decreasing interaction amongst Nrf2
and Keapl [34]. Salvianolic acid B reduces APAP-induced
liver injury via phosphoinositide-3-kinase- (PI3K-) and PKC-
mediated Nrf2 activation, resulting in enhanced HO-1 and
GCLC expressions [35]. Sulforaphane (an isothiocyanate
found in cruciferous vegetables, namely, cauliflower, broccoli,
kale, cole crops, cabbage, collards, brussels sprouts, and mus-
tard) and oleanolic acid (a triterpenoid found in olives) both
reduce APAP-induced oxidative stress and liver injury via
Nrf2 and related antioxidant gene activation [36, 37]. A recent
study from our laboratory evaluated the hepatoprotective
potential of withaferin A, an active ingredient of Withania
somnifera. We observed that withaferin A treatment 1 h after
APAP intoxication activates Nrf2 responsive genes such as
NQOI1 and GCLC to reduce oxidative stress and subsequent
liver injury [38]. An in vitro study, using rat hepatocytes,
reported that ginsenoside Rg3 (a ginseng saponin) upreg-
ulates antioxidant genes (GCLC, GCLM) and basolateral
MRPs via Nrf2 activation [39].

Currently, NAC is the only FDA-approved antidote for
APAP hepatotoxicity and is most effective within 8-10 h after
APAP overdose. Various studies that utilized phytochemicals
to reduce APAP toxicity provide a strong proof of concept
that naturally existing activators of Nrf2 can be used to reduce
APAP-induced hepatotoxicity. However, these studies have to
be interpreted carefully. Many studies have used a preventive
experimental strategy, where the phytochemical was admin-
istered before inducing APAP overdose, or simultaneously,
both unlikely clinical scenarios; patients seek care after APAP
overdose. Moreover, such strategies suggest that phytochem-
icals may interfere with APAP metabolism by suppressing
CYP2EI activity and preventing generation of NAPQI, thus
making the interpretation of these studies difficult [40, 41].
In our recent work, we employed an experimental strategy
that was clinically relevant, that is, administering WA 1 h after
APAP overdose, which provides sufficient time for APAP’s
metabolism into NAPQI and generation of protein adducts
to adequately mimic clinical APAP hepatotoxicity in humans
[38, 42]. Therefore, additional studies that not only employ
clinically relevant strategies but also use a combination
of Nrf2 activators and NAC to combat APAP toxicity are
warranted.
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TABLE 1: Various Nrf2 activator phytochemicals and their role in liver injury.

Experimental procedure (injury

Phytochemicals Effective doses Outcomes References
model)
Acetaminophen toxicity
Ginsenoside Rg3 3 pg/mlL Rat hepatocytes treated with Repletign of GSH content .and enhanced 39]
200 uM NAPQI expression of Mrp expression
- Mice injected with 330 gmol/k; Enhanced antioxidant response to reduce
Oleanolic acid 90 mg/kg APAP iIJ’ltO the right fen[/lloral /Vegin hepatocyte necrosis ’ [37]

Antioxidant response and phase IT enzyme

Mice treated with single dose of induction via activation of PI3K/Akt and [35]

Salvianolic acid B 25 and 50 mg/kg

300 mg/kg APAP (i.g) PKC signaling to reduce liver injury
. Mice treated with single dose of Induction of antioxidant genes to reduce
Sauch 8 8 34
auchmone 30 mgrkg 500 mg/kg APAP (i.p.) hepatocyte necrosis (34]
. . . Reduction of ROS generation, GSH
Oleanolic acid 5mg/kg Mice treated with s.lngle dose of depletion, and lipid peroxidation coupled [36]
300 mg/kg APAP (i.p.) . . .
with upregulation of antioxidant genes
. . Mice treated with single dose of Reduced hepatocyte injury by reducing GSH
Withaferin A 38
fhaterin 40mg/kg 250 mg/kg APAP (i.p.) depletion [38]
Inflammatory injury
S Mice treated with single dose of Reduced LPS/GalN-induced NF-«xB
Ell d 43
agicad 510, and 20 mg/kg 800 mg/kg Gal + 50 ug/kg LPS (i.p.) activation and increased antioxidant genes [43]
. N Reduced LPS/GalN-induced NF-xB
Linalool 10,20, and Mice treated with single dose of activation and induction of cytoprotective [44]

40 mg/kg 800 mg/kg Gal + 50 ug/kg LPS (i.p.) genes

Mice treated with single dose of Reduced liver injury by activating

M 'f . . . . B EYE] 45
angiferin 5,10,and 20 mg/kg ¢ mg/kg Gal + 50 ug/kg LPS (ip.) antioxidant pathway and inhibiting NLRP3 [45]
inflammasome activation
. o Decreased liver injury by activating
. 15, 30, and Mice treated with single dose of
Oroxylin A > 2 g L A 46
roxylin 60 mg/kg 800 mgfkg Gal + 50 pgfkg LPS (i.p) antioxidant genes and inhibiting TLR4 [46]

signaling-mediated inflammation

Chemical toxicity
Hepalclc7 cells treated with 250 uM  HO-1 induction via the PI3K/Akt signaling

Tungt dic acid 47
Hngtangmacicact > and 20 uM t-BHP pathway to reduce hepatocyte death [47]
. 20 uM in cells, HepG2 celﬁls treated Wth 10. mM Induction of antioxidant response via
Antcin C 100 me/ke in mice AAPH mice treated with single her £INK1/2 and PI3K/AKt activiti (48]
G '€ dose of 80 mg/kg AAPH (i.p.) increase o a activities
o Mouse hepatocytes treated with . .
Butein and phloretin 3%5 ptl\;lkln.VItr‘o, 0.5 mM t-BHP, rats treated with E}J}preglﬁgﬁg 2of I—il(l)—l and GCLC expression [49]
mg/ie n vivo single dose of 1 mL/kg CCl, (i.p.) rous pathway
. . Upregulation of Nrf2, GSTa, and NQOL1
Carthamus red 10 and 20 mg/kg g/ll;cf /Ee%ecdl VY(I)tI}ilvte‘t)(i)ligiS;tsu?'f: 1:1) expressions associated with decreased [50]
Chae "’ hepatocyte injury and ALT levels
. Mice treated with single dose of Nrf2-mediated HO-1 induction and
C 51
Hrenmin 200mg/kg 20 mg/kg DEN (i.p.) amelioration of hepatocyte injury [51]
Induction of antioxidant and detoxifying
. . Rats treated with single dose of enzyme activities and suppressing of
Diallyl disulfid & Y PPressing 52,53
rty cisuice 50 and 100 mgfkg 2mL/kg CCl, (i.g.) inflammatory cytokines production by [ )
reducing NF-«B activation
. . Rats treated with 2 mL/kg of 50% Reduced liver fibrosis by augmented
G de Rgl 54
Hmsenosice Tg 20 and 40 mg/kg CCl, (s.c.) twice a week for 8 weeks —antioxidant systems [54]
e Mice treated with 6.4 g/kg CCl Enhanced antioxidant genes expression to
Glycyrrhet d e 8 P 55
yeyrrietinic act 25 and 50 mg/kg (s.c.) for 30 days reduce hepatocyte injury [55]
. ERK-mediated nuclear translocation of Nrf2
Hesperidin 40 and 80 uM LO-2 cells treated with 150 uM to induce HO-1 gene expression and [56]

t-BHP L.
antioxidant response




reduce cholestatic liver injury
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TaBLE 1: Continued.
Phytochemicals Effective doses Exp(;rli)m ental procedure (injury Qutcomes References
mode
I HepG2 cells treated with 200 uM Upregulation of antioxidant enzyme
I t 57
soorientin > pg/ml t-BHP expression through PI3K/Akt pathway 571
Rats treated with 2 mL/kg . .
Naringenin 50 mg/kg CCl,-olive oil mixture (1:1) on days Increase. ' I\.Ir.fz and HO-1 expression to (58]
. reduce liver injury
2and 5 (i.p.)
o ERK phosphorylation-mediated induction
10 ﬁ ll\l/fifoi (;r;:l’iitro 200 uM t-BHP treatment to HepG2  of antioxidant pathway to protect
Oxyresveratrol Y . cells, ice treated with single dose of ~ hepatocytes against oxidative stress, [59]
30 mg/kg for in . ; .
. 0.5mL/kg CCl, (i.p.) mitochondrial damage, and resultant cell
vivo study
death
Augmentation of cellular antioxidant
Puerarin 100 uM 500 4M t-BHP treatment to defenses through Nrf2-dependent HO-1 [60]
Hepalclc7 and HepG2 cells . S
induction via PI3K pathway
Primary rat hepatocytes treated Reduced hepatocyte death by improving
R trol 61
esveratro S0 and 75 uM with 500 M t-BHP antioxidant status [61]
Induction of ERK/Nrf2 signaling to enhance
Schisandrin B 15 4M AML12. cells treated with 20 uM glutathione-mediated ant1f)x1dant response [62]
menadione for 1h to protect hepatocytes against
menadione-induced apoptosis
Metal toxicity
. Induction of antioxidant genes and
Curcumin 200 mg/kg Exposure Of mice to NaAsO, enhanced methylation and elimination of [63]
(100 mg/L) in drinking water .
arsenic
Lutein 40 mg/kg Mice treated with 4 mg/kg As,O; Re(%uc.ed liver injury by induction of (64]
(i.g.) antioxidant response
. Mice treated with single dose of Induction of antioxidant response to reduce
S-Allylcyst & P 65
yleystete 100 mg/kg 17 mg/kg K, Cr, 0, (s.c.) liver injury [65]
Alcohol toxicity
Lucidone 1,5, and 10 pg/mL HepG2 cells treated with 100 mM Induction of HO-1 via Nrf% signaling [66]
ethanol pathway to enhance antioxidant response
. ERK- and p38-mediated Nrf2 nuclear
Quercetin 100 uM Pflmary human hepatocytes treated translocation and subsequent induction of [67, 68]
with 100 mM ethanol .
HO-1 activity
. Preventing hepatotoxicity by inducing p62
Quercetin 50 uM E,g;i;f lls treated with 100 mM expression and induction of antioxidant [69]
response
Mice treated with 3 ¢/ke ethanol Decreased hepatocyte lipid accumulation
Sulforaphane 50 mg/kg - and injury without altering CYP2EI1 [70]
(30%) for 5 days (i.g.) .
expression
Nonalcoholic steatohepatitis
Baicalein 10 mg/kg Rats fed with MCD diet for 8 weeks Reduction n .mﬂammatlon and oxidative (71]
hepatocyte injury
Reduced hepatocyte lipid accumulation and
Curcumin 50 mg/kg Rats fed with HFD for 6 weeks improved insulin resistance and (72]
anti-inflammatory and antioxidant effects
10. 20. and HL-7702 cells treated with 0.6 mM ~ AMPK-mediated induction of Nrf2 pathway
Gastrodin T of OA for 24 h, mice fed with HFD  to enhance expression of antioxidant (73]
50 mg/kg
for 10 weeks enzymes
Mice fed with HFD for the next 6 Reduction in hepatocyte injury by induction
Lycopene 15mg/kg weeks following a single dose of of antioxidant pathway along with a (74]
30 mg/kg DEN injection decrease in CY2EI expression
Cholestatic liver injury
Oleanolic acid 20 mg/kg Mice treated with 125 mg/kg LCA Upregulation of .Mr.p2, M?p3, and Mrp4 to (75]
(i.p.) reduce cholestatic liver injury
Oleanolic acid 20 mg/kg Bile duct ligation in mice Induction of Mrps and FXR antagonism to 76]
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TaBLE 1: Continued.
Phytochemicals  Effective doses fnxf(;;i)m ental procedure (injury Outcomes References
- Rats treated with 50 mg/kg ANIT Enhanced GSH synthesis by activating Nrf2

P 1l g/Kg Y’ Y 8 8

acomifiorn 200mg/kg for 4 days (i.g.) through PI3K/Akt-dependent pathway (8]

. . Decreased hepatocyte lipid accumulation
Sulforaphane 50 mg/kg Mice treated with 3 g/kg ethanol and injury without altering CYP2E1 [70]
(30%) for 5 days (i.g.) .
expression

Sulforaphane 25mg/kg Bile duct ligation in mice Antifibrotic response by inhibition of [77]

TGF-f/Smad signaling pathway

AAPH: 2,2'-azobis(2-amidinopropane) dihydrochloride; MCD: methionine and choline deficient; CCl,: carbon tetrachloride; DEN: dimethylnitrosamine;
HED: high-fat diet; Gal: galactosamine; LPS: lipopolysaccharide; OA: oleic acid; NAPQI: N-acetylbenzoquinoneimine; i.p.: intraperitoneal; s.c.: subcutaneous;
i.g.: intragastric; t-BHP: tert-butyl hydroperoxide; APAP: acetaminophen; LCA: lithocholic acid; ANIT: alpha-naphthylisothiocyanate; Nrf2: nuclear factor
(erythroid-derived 2)-like 2; JNK1/2: c-Jun N-terminal kinases 1/2; PI3K/AKT: phosphoinositide 3-kinase/protein kinase B; HO-1: heme oxygenase-1; GCLC:
glutamate-cysteine ligase catalytic subunit; ALT: alanine transaminase; GST: glutathione S-transferase; NQO1L: NAD(P)H quinone dehydrogenase ; AMPK: 5'
AMP-activated protein kinase; GSH: glutathione; CYP2EIL: cytochrome P450 2E1; NLRP3: NLR family pyrin domain containing 3; Mrp: multidrug resistance-
associated protein; TLR4: Toll-like receptor 4; Keapl: Kelch-like ECH-associated protein 1.

3. Acute Inflammatory Liver Injury and Nrf2

Inflammation-mediated repeated liver injury may progress
to chronic fibrosis and cirrhosis. Studies in various mod-
els of liver injury have shown that Nrf2 plays a role in
inflammation-induced liver injury. Lack of an active Nrf2
signaling pathway results in severe inflammation-induced
oxidative stress. Concanavalin A (ConA) treatment to mice
activates and recruits T-lymphocytes and causes severe
inflammation and hepatocyte apoptosis [78, 79]. Follow-
ing intravenous injection of ConA, Nrf2-KO mice develop
increased liver injury compared to WT mice. Hepatocyte-
specific conditional Keapl-null mice and WT mice pretreated
with three daily doses of CDDO-Im, a Nrf2 activator, had sig-
nificantly reduced ConA-induced injury compared to Nrf2-
KO mice. Similarly, in response to LPS/galactosamine treat-
ment, Nrf2-null mice had increased liver injury compared
to WT mice, and, predictably, hepatocyte-specific Keapl-KO
mice were protected [80]. These results highlight the impor-
tance of Nrf2-mediated regulation of cytokine-dependent
hepatocyte apoptosis [81]. In another study, investigators used
a short interfering RNA (siRNA) against Keapl to assess
the role of Nrf2 in liver injury; mice were injected with
Keapl- or luciferase (control)-siRNA-containing liposomes
via the tail vein and, after 48 hours, with ConA. Silencing
of hepatic Keapl attenuated ConA-induced inflammation-
associated liver damage [82].

Mangiferin and oroxylin A, the naturally occurring
flavonoids, reduce LPS/galactosamine-induced liver injury in
mice by reducing oxidative stress and inflammation. Mangi-
ferin enhanced Nrf2/HO-1 signaling and inhibited NLR fam-
ily, pyrin domain containing 3 (NLRP3) inflammasome [45].
Oroxylin A activated Nrf2 signaling and inhibited Toll-like
receptor 4 (TLR4) signaling [46]. Linalool, a major volatile
component of essential oils in several aromatic plant species,
and ellagic acid (EA), a naturally occurring plant phenol
found in certain fruits, nuts, and vegetables, have been shown
to possess anti-inflammatory and antioxidant properties.
Both of these phytochemicals reduced LPS/galactosamine-
induced hepatocyte apoptosis by activating hepatocyte

Nrf2-mediated antioxidant response and inflammation by
suppressing NF-kB pathway in the liver [43, 44]. These phy-
tochemicals, which reduce both oxidative stress and inflam-
mation, are potential agents for the treatment of fulminant
hepatitis in humans.

4. Role of Nrf2 in Chemical-Induced
Liver Injury

Carbon tetrachloride (CCl,) is a potent hepatotoxin known
to cause centrilobular hepatic necrosis in rodent models of
liver fibrosis. Acute administration of CCl, at higher doses
causes severe hepatocyte necrosis, while chronic administra-
tion at lower doses is used to induce hepatic fibrosis [40].
However, this model is often criticized because it affects the
central zone of the hepatic acinus and some nonmetabolized
intermediates of CCl, can induce lung and kidney injury
[83]. In hepatocytes, cytochrome P450 metabolizes CCl,
to trichloromethyl free radicals (CCl;* and/or CCl;00"),
which subsequently leads to generation of ROS ("O,", H,0,,
and "OH) [84]. Chemical hepatotoxins such as bromoben-
zene, CCl,, and furosemide trigger hepatic Nrf2 nuclear
translocation and Nrf2-regulated gene expression [85]. In
Nrf2-deficient mice, repair of liver injury after a single
treatment with CCl, was severely delayed [86]. Similarly,
after 1-bromopropane exposure, compared to WT mice,
Nrf2-knockout mice had increased liver injury with reduced
antioxidant response [87].

Lee and colleagues studied the efficacy of diallyl disulfide
(DADS), a secondary component derived from garlic, in
amelioration of CCl,-induced acute liver injury. Pretreatment
with DADS (50 and 100 mg/kg/day) significantly activated
Nrf2 expression and antioxidant and phase II enzymes to
reduce liver injury [52, 53]. Oxyresveratrol (OXY), an antiox-
idant present in mulberry fruits and twigs, ameliorated tert-
butyl hydroperoxide- (t-BHP-) and CCl,-induced hepatotox-
icity by reducing oxidative stress possibly via extracellular
signal-regulated kinase- (ERK-) mediated Nrf2 activation in
hepatocytes [59]. Other flavonoids such as carthamus red
and naringenin also activate Nrf2 signaling to reduce CCl,



injury in rats [50, 58]. Glycyrrhetinic acid, a triterpenoid, and
ginsenoside Rgl, a phytoestrogen, ameliorated CCl,-induced
liver fibrosis via nuclear Nrf2 translocation and upregulation
of antioxidant enzymes to reduce oxidative stress [54, 55].

Several other compounds such as 2,2 -azobis(2-amidino-
propane) dihydrochloride (AAPH), menadione (MEN), and
carboxymethyllysine (CML) induce free radical-induced
damage, and each of them is a potent inducer of hepatotoxic-
ity. Phytocompounds such as antcin C [48], dimerumic acid
[88], and schisandrin B [62] have been shown to ameliorate
AAPH-, CML-, and MEN-induced liver injury, respectively.
Dimethylnitrosamine (DMN) is a semivolatile organic chem-
ical produced as a byproduct of industrial processes and
is also known to cause oxidative liver injury. In DMN-
administered rats, oral administration of curcumin enhanced
nuclear translocation and ARE binding of Nrf2, producing
robust antioxidant response thereby reducing hepatotoxicity
[51].

In laboratories, t-BHP is a commonly used inducer of
oxidative stress in vitro [53, 89, 90]. In hepatocytes, t-BHP
is metabolized by CYP450 into free radical intermediates
such as t-butoxyl and ¢-methyl radicals [91], which induce
lipid peroxidation and glutathione (GSH) depletion resulting
in organelle damage and cell death [92]. Hence, t-BHP-
induced hepatotoxicity model is widely used for evaluating
merits of Nrf2-ARE signaling in hepatocytes. Various plant
flavonoids possess excellent antioxidant potential and confer
hepatoprotection. Flavonoids such as hesperidin, butein, and
phloretin reduce t-BHP toxicity in hepatocytes via ERK
phosphorylation [49, 56], whereas another member of the
same class, isoorientin, induces Nrf2 activation via PI3K/Akt
pathway [57]. Additionally, phenolics such as 3-caffeoyl, 4-
dihydrocaffeoyl quinic acid, and resveratrol ameliorate t-
BHP-induced hepatocyte oxidative stress via Nrf2 induction
[47, 61]. Another phytoestrogen, puerarin, reduces t-BHP-
induced oxidative stress in Hepalclc7 cells via PI3K/Akt
pathway [60]. These findings underscore the importance
of phytochemicals-mediated regulation of Nrf2 activity in
diverse models of hepatocyte toxicity, but many of these
results need to be validated in animal models of liver injury.

5. Metal Toxicity and Nrf2

Heavy metals, such as cadmium (Cd), chromium (Cr),
copper (Cu), lead (Pb), and mercury (Hg), pose health
concerns via exposure through water, food, or environmental
waste [93]. In experimental models, these heavy metals cause
severe oxidative stress and hepatotoxicity. Since these metals
induce ROS, it is conceivable that they might induce Nrf2
activation in hepatocytes. A study using Nrf2-KO, Keapl-KO,
and hepatocyte-specific Keapl-knockout mice showed that
Cd caused extensive liver damage in Nrf2-null mice, whereas
Keapl-KO and Keapl-HKO mice were resistant to injury [94].

Arsenic (a metalloid) is a known pollutant for drinking
water and has provoked public health concern worldwide.
Arsenic modulates Nrf2 signaling in vivo and in vitro [46, 95,
96]. Lutein (a carotenoid) and curcumin (a diarylheptanoid)
have been shown to reduce arsenic toxicity via Nrf2 activa-
tion and subsequent antioxidant gene expression [63, 64].
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Additionally, in mice, curcumin promoted methylation of
arsenic and accelerated its excretion [63].

Several studies demonstrated that Cr(VI) induces hepato-
toxicity by increasing ROS generation [97, 98]. In Hepalclc7
cells, Cr(VI) induces ROS production and in turn triggers
activation of Nrf2 pathway [99]. Garlic and its derivative S-
allylcysteine (SAC) reduced Cr(VI)-induced hepatotoxicity
[65].

In this industrialization era, metal toxicity is a growing
concern, and Nrf2 presents a potential target that can be
explored to discover novel hepatoprotective agents. These
studies suggest that the use of phytochemicals may be helpful
in negating the hepatotoxic effects of heavy metals.

6. Nrf2 and Alcoholic Liver Injury

Chronic alcohol consumption is known to result in liver
injury-associated deaths [100]. Alcohol abuse leads to
increased production of ROS, depletion of hepatocytes
antioxidant levels, and enhanced oxidative stress [101, 102].
However, it also leads to an increase in Nrf2 mRNA and
protein in the livers [103]. Gong and Cederbaum speculated
that the increase in Nrf2 expression was dependent on
ethanol-mediated induction of CYP2EL. Compared to WT
mice, ethanol-administered Nrf2-KO mice had depletion
of total and mitochondrial GSH in their livers resulting
in increased liver failure and mortality, while ethanol-fed
Keapl-HKO mice were protected [104]. Keapl knockdown in
mice, which induces Nrf2 activation, also blunted ethanol-
mediated increase in serum triglycerides and hepatic free
fatty acids [105].

Quercetin (a plant flavonoid), a known antioxidant and
free radical scavenger, reduces ethanol toxicity in hepatocytes
which is Nrf2-mediated. Quercetin upregulates HO-1 via
the MAPK/Nrf2 pathway to confer hepatoprotection [67,
68]. A recent study showed that quercetin interacts with
Keapl and blocks its binding to Nrf2 [69]. Sulforaphane (an
isothiocyanate) is a known activator of Nrf2 pathway. Zhou
et al. showed that sulforaphane induces Nrf2 activation to
reduce lipid accumulation and oxidative stress in hepatocytes,
an effect independent of CYP2E1 [70]. Lucidone (a naturally
occurring cyclopentenedione in Lindera sp.) reduces ethanol-
induced oxidative stress in HepG2 cells [66] by inducing
Nrf2-mediated antioxidant response via profound upregula-
tion of HO-1.

Despite its known detrimental effects, alcohol remains
a major cause of liver injury. These observations from
preclinical studies indicate that targeting Nrf2 has merits in
treating alcoholic liver injury. These natural Nrf2 activators
need to be studied in clinical settings to determine the impact
on alcohol abuse-mediated liver injury burden.

7. Nrf2 and Nonalcoholic Steatohepatitis

Nonalcoholic fatty liver disease (NAFLD) is becoming the
most common cause of chronic liver disease [106, 107]. In
NAFLD, multiple mechanisms operate simultaneously which
results in hepatocyte apoptosis, inflammation, and fibrosis,



Oxidative Medicine and Cellular Longevity

that is, nonalcoholic steatohepatitis (NASH) [107, 108]. In
NASH, excessive lipid accumulation and subsequent gener-
ation of ROS from impaired mitochondrial respiratory chain
result in GSH depletion [109, 110]. It is interesting to note that
two research groups showed in mice that high-fat diet (HFD)
can increase or decrease hepatic Nrf2 [111]. However, upon
HFD feeding, Nrf2-null mice suffered from severe liver injury
compared to wild-type mice [112]. Livers of methionine-
choline deficient diet- (MCD-) fed Nrf2-knockout mice
had higher levels of oxidative stress, iron accumulation,
fibrosis, and inflammation than wild-type mice [113-115]. It
is suggested that Nrf2 activation protects against NAFLD and
NASH also via controlling inflammation [115]. The overall
merits of Nrf2-mediated prevention of oxidative damage and
progression of NAFLD imply its potential use in patients
suffering from NASH.

Studies have shown the beneficial role of phytochemicals
in treating NASH in preclinical and clinical settings [116-
118]. Lycopene (a carotenoid derived from tomato) is shown
to reduce HFD-induced steatohepatitis in rats [119]. Wang et
al. showed that lycopene-induced inhibition of NASH and
hepatocarcinogenesis in rats is partially due to induction
of Nrf2 and HO-1 genes [74]. Gastrodin (GSTD, a natural
compound isolated from Gastrodia elata BI, a traditional
Chinese herbal medicine) ameliorates oxidative stress and
proinflammatory response in cellular and animal models of
NAFLD. GSTD-induced AMPK activation phosphorylates
Nrf2, which in turn enhances its nuclear translocation and
expression of antioxidant genes (HO-1 and SOD1) [73]. In
rats, baicalein (a flavonoid) has been shown to ameliorate
MCD-diet-induced NASH by activating multiple pathways
including Nrf2-ARE pathway [71]. Similar results have been
reported in studies with curcumin where Nrf2 activation
ameliorated hepatotoxicity and reduced NASH [72]. Scien-
tific data available till date indicate that the role of natural
compounds in Nrf2 activation and alleviation of NASH in
experimental models warrants additional human studies.
Owing to the multifactorial nature of NASH, a combination
of Nrf2 activator and lipid-lowering drugs may translate into
an effective therapeutic strategy.

8. Nrf2 and Cholestatic Liver Injury

Cholestasis, a reduction in bile flow, results in a dramatic
increase in both liver and serum bile acid concentrations
leading to acute liver toxicity, proliferation of bile ducts, and
eventually cirrhosis [120]. Bile duct ligated- (BDL-) Nrf2-
deficient mice showed reduced elimination of bile acids
and higher intrahepatic accumulation of toxic bile acids
leading to GSH depletion and injury [121, 122]. BDL-Keapl-
KO mice had sustained activation of Nrf2 and increased
expression of MRP efflux transporters, detoxifying enzymes,
and antioxidant genes [121, 123]. Interestingly, following BDL,
Nrf2-KO mice developed into a cholestatic phenotype but
liver injury was not different from WT mice undergoing BDL,
suggesting that Nrf2 plays a role in the regulation of bile
acid homeostasis in the liver [121]. Nrf2-KO mice treated
with lithocholic acid (LCA, a toxic bile acid) compared

to wild-type mice had severe multifocal liver necrosis and
increased inflammation and serum ALT levels [124].

Ursodeoxycholic acid (UDCA), a secondary bile acid, is
reported to be hepatoprotective [125, 126]. UDCA treatment
of WT mice significantly increased nuclear Nrf2 expression
and that of hepatic Mrp2, Mrp3, and Mrp4 [127]. In patients
with biliary cirrhosis, UDCA treatment enhanced hepatic
Nrf2 expression with an upregulated hepatic thioredoxin
and thioredoxin reductase 1 expression [128]. These studies
indicate a role of Nrf2 and its activation as a viable target in
treating cholestatic liver injury.

Oleanolic acid (OA), a natural triterpenoid, has been
shown to reduce LCA- and BDL-induced cholestatic injury in
mice [75, 76]. Protection of both of these models is thought
to be due to Nrf2-mediated upregulation of Mrps. However,
high doses of OA induce cholestatic liver injury in mice
by downregulation of hepatic transporters and disruption
of bile acid uptake and metabolism [129]. Sulforaphane also
reduces cholestasis injury in mice by hepatocyte Nrf2 acti-
vation [77]. Alpha-naphthylisothiocyanate (ANIT) is used to
induce hepatotoxicity in animal models, which mimics drug-
induced cholestatic hepatic injury in humans [130]. Chen et
al. demonstrated that paeoniflorin (a monoterpene glycoside)
ameliorates ANIT-induced cholestasis in rats by activating
Nrf2 via PI3K/Akt pathway [8]. Since Nrf2 regulates both
antioxidant genes and multidrug resistance-associated pro-
teins, it has great implication in treating cholestasis.

9. In Vitro Nrf2-ARE Pathway
Activation by Phytochemicals

Various hepatocyte cell lines and primary hepatocytes have
been used to demonstrate mechanisms of phytochemicals-
induced Nrf2 activation. A handful of phytochemicals have
been reported to activate Nrf2 signaling in hepatocytes and
related cell lines even in the absence of exogenous oxidative
stress stimuli. For example, compared to vehicle, phyto-
chemicals such as isothiocyanate (6-methylthiohexyl isothio-
cyanate), capsaicinoids (capsaicin), terpenoids (carnosol and
maslinic acid), polyphenols (eckol, quercetin, and phlore-
tamide), chalconoids (xanthohumol), and flavonoids (epi-
catechin) induce Nrf2 activation in hepatocytes [131-139].
Although these studies comprehensively demonstrate the
ability of phytochemicals to induce Nrf2 activation in hepato-
cytes, one of the merits of these compounds under conditions
of oxidative stress, both in vitro and in vivo, is the prevailing
lacunae, which leaves many questions unanswered.

10. Cytotoxicity of Phytochemicals

Consumption of herbal mixtures or bioactive molecules
can lead to adverse events as well as hepatotoxicity [140].
Phytochemicals found naturally in many plants, fruits, and
vegetables are generally believed to be devoid of major
side effects [140]. However, safety studies are lacking and
many phytochemicals that are marketed as food supplements
have already been shown to have adverse effects. Polyphe-
nols and flavonoids, which are popular for their beneficial



effects, have been reported to induce adverse events. For
example, consumption of polyphenols inhibits nonheme iron
absorption and may lead to iron depletion [141]. At higher
doses, flavonoids have been reported to act as mutagens,
prooxidants, and inhibitors of key enzymes involved in
hormone metabolism [142]. Oleanolic acid, which is a known
inducer of Nrf2 pathway, has been shown to cause cholestasis
at higher doses [129, 143].

Medical literature is littered with various reports of
herb-induced hepatotoxicity [144, 145]. For example, black
cohosh used for menopausal symptoms can lead to liver
failure. We refer the reader to recent articles [146-149]. Safety
studies for most phytochemicals discussed here are lacking.
The FDA is not authorized to review dietary supplement
products for safety and effectiveness before they are mar-
keted (http://www.fda.gov). Hence, there is a big gap in the
knowledge regarding the safety profile of phytochemicals and
toxicity studies will be needed before they are considered safe
for human usage.

11. Concluding Remarks

Almost all modes of liver injury are associated with increased
oxidative stress and an overwhelmed antioxidant defense
system. Since Nrf2 activation is associated with the enhance-
ment of endogenous antioxidant system, it can be an ideal
therapeutic target for reducing oxidative stress. Nrf2-ARE
pathway boosts hepatocyte antioxidant defense system but
may not be able to reduce pathogenesis of liver injury. Hence,
a synchronal use of natural Nrf2 activators in combination
with other pharmacological agents can be a potential mul-
tipronged approach to reduce liver injury. The search for
treatments for liver injury is ongoing and potential candidates
include whole herbal extracts as well as purified phytochem-
icals. The literature on preclinical use of phytochemicals to
treat various modes of liver injury is ever-growing. However,
very few phytochemicals have been tested in clinical settings.
Some of the key limitations in this regard are (1) poor choice
of experimental models and their clinical relevance, (2) lack
of a specific identified mechanism of action, and (3) lack of
comprehensive time point data for better interpretation of
preclinical findings. These limitations have resulted in weak-
ened significance of these compounds as hepatoprotective
agents. Therefore, further studies are needed to explore the
full potential of these compounds.
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n-3 polyunsaturated fatty acids (PUFAs) are beneficial for numerous models of liver diseases. The probable protective effects of n-3
PUFA against carbon-tetrachloride- (CCl,-) induced acute liver injury were evaluated in a fat-1 transgenic mouse that synthesizes
endogenous n-3 from n-6 PUFA. Fat-I mice and their WT littermates were fed a modified AIN93 diet containing 10% corn oil
and were injected intraperitoneally with a single dose of CCl, or vehicle. CCl, challenge caused severe liver injury in WT mice,
as indicated by serum parameters and histopathological changes, which were remarkably ameliorated in fat-1 mice. Endogenous
n-3 PUFA decreased the elevation of oxidative stress induced by CCl, challenge, which might be attributed to the activation of
Nrf2/keapl pathway. Additionally, endogenous n-3 PUFA reduces hepatocyte apoptosis via suppressing MAPK pathway. These
findings indicate that n-3 PUFA has potent protective effects against acute liver injury induced by CCl, in mice, suggesting that n-3
PUFA can be used for the prevention and treatment of liver injury.

1. Introduction

Liver is a vital organ that has extensive synthetic, metabolic,
and detoxifying functions [1]. This tissue is also a main
target that is subject to acute or chronic injury induced by a
variety of drugs or xenobiotics, such as alcohol, heavy metals,
and carbon tetrachloride (CCl,) [2]. CCl,, an analogue of
human hepatotoxin, has been widely used in in vitro and in
vivo models to induce liver injury [3]. CCl, is oxidized by
cytochrome P4502E1 (CYP2E]) in the liver to generate the
highly reactive species, such as trichloromethyl (*CCl,) and
peroxy trichloromethyl ("OOCCI,) radicals [4], which can
trigger oxidative stress, lipid peroxidation, and hepatocyte
apoptosis, leading ultimately to hepatotoxicity [5].

Oxidative stress is mainly responsible for the pathogene-
sis of CCl,-induced liver injury, which can disturb the redox
homeostasis and elevate the excessive production of reac-
tive oxygen species (ROS) [6]. Antioxidant defense system,

including nonenzymatic antioxidants and enzymatic antiox-
idants, contributes to protecting the liver against oxidative
stress in living organisms. The expressions of these antioxida-
tive enzymes are regulated by a redox-sensitive transcription
factor, nuclear factor-erythroid 2-related factor-2 (Nrf2), and
its downstream proteins, including heme oxygenase-1 (HO-
1), glutamate cysteine ligase (GCL), and NAD(P)H:quinone
oxidoreductase-1 (NQOI1) [7, 8]. Oxidative stress also elevates
cytochrome C in the cytoplasm which is released from
the mitochondria, which induces the activation of caspase
cascades, eventually leading to hepatocyte apoptosis.
Growing evidence indicates that n-3 polyunsaturated
fatty acids (PUFAs), mainly «-linolenic acid (ALA), eicos-
apentaenoic acid (EPA), and docosahexaenoic acid (DHA),
exhibit profoundly therapeutic efficacy in several models
of liver disease, including nonalcoholic liver disease [9],
parenteral nutrition-associated liver disease [10], alcohol-
induced liver injury [11], hepatic steatosis [12, 13], and
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D-galactosamine/lipopolysaccharide-induced hepatitis [14].
However, the impacts of n-3 PUFA on CCl,-induced liver
injury have not been sufficiently addressed. The fat-I trans-
genic mouse was genetically modified to express a fat-1 gene
that encodes n-3 PUFA desaturase [15, 16]. This enzyme can
endogenously convert n-6 PUFA to n-3 PUFA in mammals,
leading to higher n-3 PUFA level in tissues from fat-I mice,
compared to the wild-type (WT) littermates when fed the
same diet rich in n-6 PUFA. Thus, fat-1 mice are a well-
established animal model to investigate the role of n-3 PUFA
in CCl -induced liver injury. Therefore, the aims of current
study are to evaluate the probable effects of n-3 PUFA against
CCl,-induced acute liver injury and to elucidate the potential
molecular mechanisms underlying this action.

2. Materials and Methods

2.1. Animals and Treatments. Fat-1 transgenic mice with a
genetic background of C57BL/6 were provided by Dr. Jing
X. Kang’s lab at Massachusetts General Hospital (Boston,
MA, USA). Male heterozygous fat-1 mice were crossed with
C57BL/6 female mice to yield heterozygous fat-1 and WT
offspring. The fat-I phenotype of each offspring was identified
by the analysis of total lipids from mouse tail by using gas
chromatography-mass spectrometry (GC-MS). The female
fat-1-positive and WT littermates were maintained in a spe-
cific pathogen-free room at the Experimental Animal Center,
Guangdong Pharmaceutical University. Mice were fed an n-
6 PUFA-rich but n-3 PUFA-deficient diet (a modified AIN93
containing 10% corn oil), which contains 20% protein, 58%
carbohydrate, and 22% fat (TROPHIC Animal Feed High-
Tech Co., Ltd., Nantong, China). Mice (10-12 weeks old) were
divided into three groups (n = 10), that is, WT control,
WT/CCly, and fat-1/CCl, groups. The mice in CCl, challenge
groups were injected intraperitoneally with 10 mL/kg CCl,
(0.2%, dissolved in olive oil) [17], while WT controls received
an equal volume olive oil (i.p.). After 24 h of CCl, or vehicle
treatment, all mice were anesthetized by an injection (i.p.,
100 mg/kg) with sodium pentobarbital. Blood samples and
liver tissues were immediately collected. The animal exper-
imental protocols (ICMS-AEC-2015-028) were performed
according to the Guide to Animal Use and Care of the Uni-
versity of Macau and were approved by the ethics committee.

2.2. Analysis of Fatty Acid Composition in the Liver. Fatty
acid profile was analyzed according to a simplified method
by using GC-MS, as described previously [18, 19]. In brief,
approximately 10 mg of liver tissue was ground in liquid nitro-
gen and methylated with 1.5mL of 14% boron trifluoride-
methanol reagent (Sigma-Aldrich) and 1.5 mL of hexane at
100°C for 1h. After cooling, fatty acid methyl esters (FAME)
were extracted in upper hexane layer. GC-MS analysis was
conducted on a Thermo Fisher Scientific ISQ Series Sin-
gle Quadrupole GC-MS system equipped with a TriPlus
RSH™ autosampler (Thermo Fisher, Waltham, MA, USA).
Separation of FAME was achieved on an Omegawax™ 250
fused silica capillary column (30 m x 0.25mm i.d., 0.25 ym
film thickness, Supelco, Bellefonte, PA). The optimum oven

Oxidative Medicine and Cellular Longevity

temperature program was as follows: it was initially set at
180°C for 3 min, ramped to 206°C at 2°C/min, held at 206°C
for 25 min, ramped to 240°C at 10°C/min, and held at 240°C
for 5min. Peaks in the chromatogram were identified by
comparing their retention times and mass spectrums with
GLC-461 reference standard (Nu-Chek Prep, Elysian, MN,
USA) containing 32 FAME.

2.3. Measurement of Serum Aminotransferase Levels. Activi-
ties of serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were colorimetrically examined by
using their commercial kits (Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China).

2.4. Determination of Oxidative Stress Parameters in the Liver.
Partial liver tissues were weighed and homogenized with cold
radioimmunoprecipitation assay (RIPA) buffer (Beyotime
Institute of Biotechnology, Nanjing, China) to prepare 10%
liver homogenate. After centrifugation, the supernatant was
subjected to measure the levels of malondialdehyde (MDA),
reduced glutathione (GSH), and oxidized glutathione (GSSG)
and the activities of catalase (CAT), glutathione peroxidase
(GSH-Px), glutathione reductase (GR), and superoxide dis-
mutase (SOD) in the liver, by the corresponding kits (Nanjing
Jiancheng Bioengineering Institute). Total proteins in the
homogenate were quantified using Pierce™ BCA Kit (Thermo
Fisher). Values were normalized against hepatic total protein
content.

2.5. Histopathological Analysis. Histopathological changes of
the liver were observed by hematoxylin and eosin (H&E)
staining [20]. The liver tissue from the same lobe in each
mouse was fixed in 10% formalin overnight, dehydrated
in alcohol with different concentrations, and embedded in
paraffin. The liver sections (5um thickness) were stained
with H&E using a standard protocol. The histopathological
changes of each mouse were examined and photographed by
an Olympus CX-31 light microscope (Olympus Corp., Tokyo,
Japan).

2.6. TUNEL Assay. To evaluate apoptotic cells in the liver
tissue, a terminal deoxynucleotidyl transferase-mediated
deoxyuridine 5-triphosphate (dUTP) nick end labeling
(TUNEL) assay was conducted by using ApopTag® Plus In
Situ Apoptosis Fluorescein Detection Kit (57111, EMD Milli-
pore Corporation, Billerica, MA, USA). In brief, liver cryostat
section (8 uM) was fixed in 1% paraformaldehyde and washed
with PBS three times. Then, the section was incubated with
green fluorescein labeled dUTP solution at 37°C for 1h. The
section was counterstained with DAPI and examined using
an Olympus BX63 fluorescence microscope (Tokyo, Japan).

2.7. Immunofluorescence Assay. Immunofluorescence analy-
sis of hepatic Nrf2 was conducted as described previously
[15]. Briefly, the cryostat section of liver tissue (8 uM) was
fixed in cooled acetone for 10 min at 4°C and then washed
with PBS. After blocking the endogenous peroxidase with 5%
goat serum for 20 min, the liver section was incubated with
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TaBLE 1: The primer sequences used in quantitative reverse transcription PCR analysis.

Gene Full name GenBank accession number Primer sequences (forward/reverse)
! !
HO-I Heme oxygenase-1 NM. 010442 ,5 -AAGCCGAGAATGCTGAGTTCA-3 ,
5 -GCCGTGTAGATATGGTACAAGGA-3
Glutamate cysteine ligase 5'-GGGGTGACGAGGTGGAGTA-3'
GCLe catalytic subunit NM-010295 ! !
5-GTTGGGGTTTGTCCTCTCCC-3
Glutamate cysteine ligase 5'-AGGAGCTTCGGGACTGTATCC-3'
GCLM modifier subunit NM-008129 ! !
5 -GGGACATGGTGCATTCCAAAA-3
! !
NQOI Quinone oxidoreductase-1 NM_008706 > -AGGATGGGAGGTACTCGAATC:3
5'-AGGCGTCCTTCCTTATATGCTA-3'
GADPH Glyceraldehyde-3-phosphate NM_008085 5" TGGATTTGGACGCATTGGTC-3'

dehydrogenase

5" TTTGCACTGGTACGTGTTGAT-3'

1:100 rabbit anti-mouse Nrf2 antibody (Santa Cruz Biotech-
nology, Dallas, USA) at 4°C overnight and then incubated
with 1:1000 Alexa Fluor® 568-labeled secondary antibody
(Life Technologies, Carlsbad, CA, USA) in the dark at room
temperature for 1h. Nuclei were counterstained with DAPI
for 10 min. The fluorescence was observed and photographed
by an Olympus BX63 fluorescent microscope (Olympus).

2.8. RT-PCR Assay. Total RNA from the same lobe of liver tis-
sue was extracted by a commercial RNAiso Plus kit according
to the manufacturer’s protocol (Takara, Tokyo, Japan). cDNA
was synthesized by reverse transcription and amplified by
PCR with the primers shown in Table 1 using PrimeScript RT
Reagent kit (Takara). The sequence of primers was designed
from the PrimerBank and synthesized by Invitrogen Life
Technologies (Shanghai, China). PCR products were sepa-
rated by agarose gel electrophoresis, stained with ethidium
bromide, and visualized under UV light.

2.9. Western Blotting Assay. Total protein, cytosolic protein
(exclusively for Nrf2), and nuclear protein (exclusively for
Nrf2) from liver tissues were prepared. Total proteins were
isolated from liver tissue by RIPA buffer with 1% phos-
phatase and protease inhibitors (Beyotime). The extraction
and isolation of nuclear and cytosolic proteins were con-
ducted by a Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime). Protein concentration was quantified by using a
Pierce BCA Kit (Thermo Fisher). An aliquot of 20 ug total
protein was loaded and separated on 10-15% SDS-PAGE
and then, subsequently, electrophoretically transferred onto a
polyvinylidene fluoride (PVDF) membrane. The transferred
membrane was incubated with primary antibodies at 4°C
overnight (Table 2) and then incubated with the correspond-
ing secondary antibodies (1:1000) at room temperature for
1h. The band was visualized by ECL Detection Reagent (GE
Healthcare BioSciences, NJ, USA) in a FluorChem Imaging
system (Cell Biosciences, Santa Clara, CA, USA).

2.10. Statistical Analysis. Data are presented as mean + stan-
dard deviation (SD). To test the difference between groups,
one-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test was performed by using GraphPad Prism 6.0

software (San Diego, CA, USA). Statistical significance was
accepted at the level of p < 0.05.

3. Results

3.1 Fatty Acid Composition in Liver Tissues. To measure the
effect of fat-1 expression on hepatic fatty acid profile, liver
tissues from fat-1 and WT mice were determined by GC-
MS. Because fat-1 gene can encode n-3 PUFA desaturase
that allows converting n-6 PUFA to n-3 PUFA in fat-I
mice, compared with WT/CCl, group, liver tissues from
fat-1/CCl, group exhibited higher amounts of n-3 PUFA,
including ALA (18:3n-3), EPA (20:5n-3), and DHA (22:6n-
3), and lower levels of n-6 PUFA, mainly linoleic acid (LA,
18:2n-6) and arachidonic acid (AA, 20:4n-6), leading to a
remarkable increase in total n-3 PUFA and decreases in total
n-6 PUFA and n-6/n-3 ratio (Table 3). The level of total
saturated fatty acids (SFA) in fat-1/CCl, mice was significantly
higher, and the level of total monounsaturated fatty acids
(MUPFAs) tended to be lower. These results demonstrated that
the expression of fat-1 gene greatly elevated n-3 PUFA levels
in the liver, although both groups were fed the identical diet.

CCl, exposure also greatly altered the fatty acid compo-
sition in the liver. Compared to WT control, the WT/CCl,
group showed decreased levels in SFA, mainly 14:0, 16:0, and
18:0, and increased levels in MUFA, mainly 16:1 and 18:1,
leading to increased ratios of 16:1/16:0 and 18:1/18:0, the fatty
acid desaturation index. These findings also suggest that CCl,
challenge may increase the activity or expression of stearoyl-
CoA desaturase-1 (SCD-1).

3.2. Endogenous n-3 PUFA Ameliorates the Features of
Acute CCl,-Induced Liver Injury. Liver injury was evaluated
by serum enzyme activities and hepatic histopathological
changes. ALT and AST are released into the blood once the
structural integrity of the hepatocyte was damaged; their lev-
els are the most commonly used markers of liver injury [21].
As shown in Figure 1(a), after acute CCl, challenge, the serum
levels of ALT and AST in WT/CCl, group increased 63 and 71
times, respectively, over those in WT group. However, these
elevations were significantly blunted in fat-1/CCl, group. The
histological changes in the liver were evaluated by H&E stain-
ing (Figure 1(b)). WT group exhibited normal architecture
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TABLE 2: Primary antibodies used in immunoblot analysis.

Primary antibody Full name Source Dilution Company

Bax BCL2-associated X protein Rabbit 1:1000 Cell Signaling Technology
Bcl-2 B-cell lymphoma-2 Rabbit 1:1000 Cell Signaling Technology
Caspase-3 Cysteinyl aspartate specific proteinase-3 Rabbit 1:1000 Cell Signaling Technology
Caspase-9 Cysteinyl aspartate specific proteinase-9 Rabbit 1:1000 Cell Signaling Technology
CYP2E1 Cytochrome P4502E1 Rabbit 1:500 Abcam

Cyto-C Cytochrome C Rabbit 1:1000 Cell Signaling Technology
ERK Extracellular signal-regulated protein kinase Rabbit 1:1000 Cell Signaling Technology
GADPH Glyceraldehyde-3-phosphate dehydrogenase Rabbit 1:1000 Cell Signaling Technology
GCLC Glutamate cysteine ligase catalytic subunit Rabbit 1:1000 Abcam

GCLM Glutamate cysteine ligase modifier subunit Rabbit 1:500 Santa Cruz Biotechnology
HO-1 Heme oxygenase-1 Rabbit 1:1000 Abcam

JNK c-Jun N-terminal kinase Rabbit 1:1000 Cell Signaling Technology
Keapl Kelch-like ECH-associated protein-1 Rabbit 1:1000 Cell Signaling Technology
Lamin B Lamin B Rabbit 1:500 Cell Signaling Technology
Nrf2 Nuclear factor erythroid 2-related factor-2 Rabbit 1:1000 Santa Cruz Biotechnology
NQO1 NAD(P)H:quinone oxidoreductase-1 Rabbit 1:1000 Santa Cruz Biotechnology
p38 p38 mitogen-activated protein kinase Rabbit 1:1000 Cell Signaling Technology
p62 Nucleoporin p62 Rabbit 1:1000 Cell Signaling Technology
p-ERK Phosphorylated extracellular signal-regulated protein kinase Rabbit 1:1000 Cell Signaling Technology
p-JNK Phosphorylated c-Jun N-terminal kinase Rabbit 1:1000 Cell Signaling Technology
p-p38 Phosphorylated p38 mitogen-activated protein kinase Rabbit 1:1000 Cell Signaling Technology

with clear nuclear distribution. CCl, induced histological
changes including severely disrupted hepatic architecture and
extensive hepatocellular necrosis around the blood vessels in
WT/CCIl, group, which was reduced in fat-1/CCl, group.

3.3. Endogenous n-3 PUFA Reduces CCl,-Induced Oxidative
Stress in the Liver. Oxidative stress is characterized as a redox
imbalance between prooxidants and endogenous antioxi-
dants, including nonenzymatic antioxidants (e.g., GSH) and
enzymatic antioxidants (e.g., SOD, CAT, and GSH-Px) [22].
MDA is an end product of lipid peroxidation (LPO) and
has been widely used as a marker of oxidative stress [22].
As shown in Table 4, CCl, exposure induced a remarkable
increase of hepatic MDA production by 87.7% (2.52 + 0.34
versus 4.73 + 0.52, p < 0.01), and a remarkable decrease
in hepatic lipid peroxidation was observed in fat-1/CCl,
group. Conversely, CCl, challenge depleted endogenous
enzymatic and nonenzymatic antioxidants which can protect
hepatocytes against oxidative stress, as it is indicated that
the activities of SOD, CAT, and GSH-Px and GSH level
in WT/CCl, group were significantly reduced to 70.5%,
55.7%, 59.0%, and 68.4% of those of WT group, respectively.
This depletion of endogenous antioxidants was markedly
ameliorated in fat-1/CCl, group. As a radical scavenger, GSH
can be oxidized to GSSG under oxidative stress. GSSG is also
reduced back to GSH by glutathione reductase (GR). Hence,
GSH/GSSG has been also used as a marker of oxidative stress
[23]. CCl, exposure significantly increased the GSSG level
and decreased GR activity in the liver, leading to a great
decrease in GSH/GSSG ratio; these changes were remarkably
ameliorated in fat-1 mice.

3.4. Endogenous n-3 PUFA Upregulates Antioxidant Enzymes
via Nuclear Translocation of Nrf2. To understand the under-
lying molecular mechanisms for the protective effects of
endogenous n-3 PUFA against oxidative stress triggered by
CCl,, the activation of Nrf2, a main transcription factor
regulating antioxidant responses in the liver, was examined
by immunofluorescence assay and immunoblot analysis. As
shown in Figure 2(a), the significant nuclear translocation
of Nrf2 was detected in fat-1/CCl, group, compared to
WT/CCl, group, which was in accordance with the results
of immunoblot analysis. Endogenous n-3 PUFA in fat-I
mice greatly decreased the protein expression of Nrf2 in
the cytoplasm but increased Nrf2 expression in the nucleus,
without changing the level of total Nrf2 expression in the liver
(Figure 2(b)). In addition, the Kelch-like ECH-associated
protein-1 (Keapl), a repressor protein, and p62, a substrate
adaptor sequestosome-1 protein that competes with Nrf2 for
binding to Keapl, were examined in the liver by western
blot. As shown in Figure 2(c), the lower protein expression
of Keapl and higher expression of p62 were detected in fat-
1/CCl, mice compared to WT/CCl, group.

Nrf2-regulated genes, such as HO-1, GCLC, GCLM,
and NQOI, were also examined. As shown in Figure 3,
both mRNA and protein levels of HO-1, GCLC, GCLM,
and NQOI in the liver were obviously upregulated in fat-
1/CCl, group compared to WT/CCl, group. Interestingly,
CCl, challenge notably promoted nuclear translocation of
Nrf2, elevated Nrf2 expression in the nucleus, and increased
the expression of its downstream genes (Figures 2 and 3),
which were consistent with the previous studies [3, 4]. A
most plausible explanation is the adaptive cytoprotective
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TABLE 3: Fatty acid composition (%) of liver tissues.
Fatty acids % of total fatty acids

Common name Symbol WT WT/CCl, Fat-1/CCl,
Lauric acid 12:0 0.27 + 0.22 0.23+0.15 0.26 £ 0.22
Myristic acid 14:0 0.84 +0.28 0.60 £ 0.13" 0.76 + 0.11**
Palmitic acid 16:0 285+43 244+ 1.6 267 +3.8
Palmitoleic acid 16:1 1.16 + 0.43 1.59 + 0.42° 1.32 + 0.38"*
Stearic acid 18:0 23.0 + 7.4 145 + 2.9 195+ 5.4
Oleic acid 18:1 15.1+ 5.0 20.8 + 2.3% 177 + 3.1
Linolenic acid 18:2,6 171+ 5.6 24.6 + 2.3% 213 + 4.2°
y-Linolenic acid 18:3,6 0.41 + 0.20 0.35+ 0.10 0.28 + 0.16
a-Linolenic acid 18:3,3 0.27 + 0.05 0.22 + 0.05 0.36 + 0.07**
Arachidic acid 20:0 0.45 + 0.18 0.23 + 0.08™ 0.41+ 0.12**
Eicosenoic acid 20:1 0.26 + 0.06 0.26 £ 0.03 0.25 + 0.05
Dihomo-y-linoleic acid 20:3,6 0.43 + 0.14 0.60 + 0.10* 0.43 + 0.08"*
Arachidonic acid 20:4,6 9.08 +1.48 8.21+1.86 473 + 1.29**
Eicosapentaenoic acid 20:5,3 0.03 + 0.02 0.04 + 0.03 0.42 + 0.16™"
Behenic acid 22:0 0.17 + 0.05 0.15 + 0.05 0.17 + 0.01
Erucic acid 22:1 0.20 + 0.06 018 + 0.11 0.29 + 0.08"
Docosadienoic acid 22:2,6 0.25 + 0.10 0.10 + 0.11% 0.02 + 0.01*
Docosatetraenoic acid 22:4,6 0.28 + 0.16 0.45 + 0.12% 0.22 + 0.10**
Docosapentaenoic acid 22:5,3 0.04 + 0.03 0.07 £ 0.06 0.15+0.21
Lignoceric acid 24:0 0.02 £ 0.01 0.02 £ 0.02 0.01+0.01
Docosahexaenoic acid 22:6,3 1.67 + 0.39 1.94 + 0.33 416+ 1.17°"
Nervonic acid 24:1 0.09 + 0.04 0.20 + 0.09" 0.13 + 0.09
SFAs 53.5+11.9 404 + 4.1% 481+ 9.1**
MUFAs 16.9+5.5 231+ 2.7 19.8 + 3.6"
n-3 PUFAs 2.04 +0.38 230 £0.33 51+ 1.4**
n-6 PUFAs 275+ 6.5 343+2.8 270 + 5.6
Total PUFAs 29.6 +6.8 36.6 £ 3.0 322+6.8
n-6/n-3 PUFAs 13.4 £ 15 151+17 5.40 + 0.75*
16:1/16:0 0.04 £ 0.02 0.07 + 0.02" 0.05 + 0.02
18:1/18:0 0.80 £ 0.52 1.51 + 0.42% 1.01+ 0.41**

Values are expressed as the means + SD (n = 10); *p < 0.05and #p < 0.01 versus WT group; “P < 0.05and **P < 0.01 versus WT/CCl, group. SFA:
saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid.

reaction of organisms in response to oxidative stimuli. These
results demonstrate that the protection of endogenous n-3
PUFA against CCl,-induced liver damage is correlated with
ameliorating oxidative stress in the liver via activating Nrf2
and upregulating its downstream genes.

3.5. Endogenous n-3 PUFA Reduces Hepatocyte Apoptosis via
Regulating MAPK Signal Pathway. As cell apoptosis directly
reflects the extent of liver injury caused by CCl,, a TUNEL
assay was conducted to estimate the regulation of cell apop-
tosis by endogenous n-3 PUFA. As shown in Figure 4(a), after
24 h of CCl, challenge, the number of TUNEL-positive cells
in the liver section was significantly increased over the WT
control group. In fat-1/CCl, group, this increase in apoptotic
cells was significantly decreased. In addition, during the
CCl,-induced liver injury, there was a cascade of apoptosis-
related molecular events [24, 25]. After CCl, challenge, the
protein expressions of the proapoptotic proteins, including

cytochrome C, caspase-3, caspase-9, and Bax, were obviously
increased in liver tissues from WT mice, while the levels
of the antiapoptotic factor Bcl-2 was significantly decreased.
In agreement with the reduction of TUNEL-positive cells,
compared with WT/CCl, mice, the fat-1/CCl, mice showed
decreased levels of the aforementioned proapoptotic proteins
and increased level of Bax in the liver, as indicated by
western blot analyses (Figure 4(b)). These results indicate
that endogenous n-3 PUFA effectively prevents CCl,-induced
DNA fragmentation.

To understand the underlying molecular mechanisms for
the inhibitory effects of endogenous n-3 PUFA on CCl,-
induced hepatocyte apoptosis, ERK, JNK, and p38, the major
components in mitogen-activated protein kinase (MAPK)
pathways, which are critical regulators of cell proliferation
and death in response to diverse stresses, were examined by
immunoblotting. Oxidative stress in the liver activates MAPK
after CCl, challenge and results in activation of JNK, p38, and
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FIGURE 1: Endogenous n-3 PUFA alleviates CCl,-induced acute liver injury in fat-1 mice. (a) Plasma levels of alanine aspartate transaminase
(AST) and aminotransferase (ALT). (b) Representative hematoxylin and eosin (H&E) staining of liver tissue sections (magnification: 400x).
Values represent the means + SD (1 = 10); “**p < 0.001 versus WT group; ** P < 0.01 versus WT/CCl, group.

TABLE 4: Effects of endogenous omega-3 fatty acids on oxidative stress parameters in the liver.

Parameters WT WT/CCl, Fat-1/CCl,
MDA (nmol/mg protein) 252+ 0.34 473 + 0.52% 3.99 + 0.54**
SOD (U/mg protein) 303.8 +33.8 214.3 + 32.8" 261.8 + 44.2**
CAT (U/mg protein) 135+19 752 + 2.26" 9.97 + 2.10*
GSH-Px (U/mg protein) 975.6 + 317.2 565.4 + 199.1% 7701 + 283.4**
GR (U/g protein) 10.6 +1.7 622+ 1.77% 792+ 1.72*
GSH (mg/g protein) 1.6 +18 7.96 + 0.89" 9.27 + 1.93*"
GSSG (mg/g protein) 1.26 + 0.36 2.29 + 0.56™ 172 + 0.40°
GSH/GSSG (fold) 9.72 +2.27 3.62 + 0.89% 5.46 + 0.94**

Data are expressed as mean + SD (n = 10). “p < 0.05 and ™ p < 0.01 versus WT group; * P < 0.05 and ** P < 0.01 versus WT/CCl, group.

ERK [25]. As shown in Figure 4(c), CCl, exposure obviously
increased the phosphorylated protein levels of JNK, p38, and
ERK1/2, without changing their total expressions in liver
tissues from WT mice. These increases in phosphorylated
kinases were all downregulated by endogenous n-3 PUFA in
fat-1 mice. Thus, protective effects of endogenous n-3 PUFA
against CCl,-induced hepatocyte apoptosis are associated
with suppressing MAPK pathways.

4, Discussion

In this study, we used fat-1 transgenic mice to investigate
the role of endogenous n-3 PUFA in CCl,-caused acute
liver damage. We demonstrate that CCl, challenge caused
severe liver injury in WT mice, as illustrated by markedly
elevated serum activities of AST and ALT, oxidative stress,
and hepatocyte apoptosis. Those pathological alterations
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FIGURE 2: Endogenous n-3 PUFA induces nuclear translocation of Nrf2. (a) Immunofluorescence staining of Nrf2. (b) Western blot analysis
of Nrf2 in the nucleus and cytoplasm. (c) Western blot analysis of total Nrf2, keapl, and p62 in liver tissue.
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FIGURE 3: Endogenous n-3 PUFA upregulates mRNA (a) and protein (b) expressions of Nrf2 target genes, including HO-1, GCLC, GCLM,

and NQOL.

were remarkably relieved in fat-I mice after CCl, challenge,
which was associated with activating Nrf2 and regulating
MAPK signal pathway.

The fat-1 transgenic mice have been widely used as a novel
tool for investigating the benefits of long chain n-3 PUFAs
and the mechanisms underlying their actions [26]. Fat-I
transgenic mice, carrying a fat-1 gene from C. elegans, encode
a desaturase that can convert n-3 to n-6 PUFA, resulting in
abundant n-3 PUFA, without changing total PUFA in their
organs and tissues (Table 3). Fat-1 mice and WT littermates
endogenously generate distinct fatty acid profiles in the liver
while feeding them the same diet rich in n-6 PUFA. Thus,
several variables arising from different diets, such as flavor,
oxidation degree, and unwanted components of fat used,
may be well avoided [15]. As expected, in this study, liver
tissues from fat-1/CCl, group exhibited higher amounts of
n-3 PUFA, particularly EPA and DHA, and lower level of
n-6 PUFA, leading to a remarkable increase in total n-3
PUFA in the liver, compared to WT/CCl, group. As a well-
characterized animal model, the fat-I mice were studied to
examine the impacts of endogenous n-3 PUFA on CCl,-
induced acute liver injury.

Oxidative stress is critical during the pathogenesis of
CCl,-induced acute liver injury [27]. CCl, challenge pro-
duces highly reactive species and increases cellular pro-
duction of ROS and MDA, leading to oxidative stress in
tissues, especially the liver where it is primarily metabolized
[6]. Additionally, CCl,-induced oxidative stress also depletes
antioxidant defense system, including endogenous nonenzy-
matic (e.g., GSH) and enzymatic (e.g., SOD, CAT, GSH-Px,
and GR) antioxidants. GSH has been considered to be the
first line of defense against free radicals. It was documented
that GSH is an important antioxidant in eliminating toxic
free radicals and reactive toxic CCl, metabolites [28, 29].
The sulthydryl residues of GSH molecule are easily oxidized
to GSSG, which can be reduced back to GSH by GR [30].
Thus, GSH/GSSG ratio serves as a reliable marker to evaluate
the redox status and potential of oxidative stress [30]. In our
study, CCl,challenge increased hepatic MDA and GSSG and

the ratio of GSH/GSSG and depleted GSH, SOD, CAT, GSH-
Px, and GR in livers of WT mice, which was ameliorated in
fat-1mice after CCl, treatment (Table 4). To examine how n-3
PUFA improves the antioxidant defense system, the nuclear
translocation of Nrf2 and the expressions of Nrf2 target
genes in the liver were evaluated. Nrf2 acts as a transcription
factor which plays a key role in regulating the expression
of antioxidant proteins in response to oxidative stress [31].
Under physiological condition, Nrf2 is attached to Keapl, a
specific repressor, in the cytoplasm, which promotes Nrf2
degradation by the ubiquitin proteasome pathway [32]. In
the presence of ROS, Nrf2 degradation ceases, while stabi-
lized Nrf2 translocates into the nucleus, which triggers the
expression of a series of antioxidants, including HO-1, GCLC,
GCLM, and NQOJI, through antioxidant response element
(ARE). HO-1 is a strong antioxidant with antiapoptotic and
anti-inflammatory effects in the liver. GCLC and GCLM are
key rate-limiting enzymes in GSH biosynthesis [33]. p62 is
a substrate adaptor sequestosome-1 protein that modulates
the Nrf2-Keapl signaling pathway by competing with Nrf2
for binding to Keapl. In this study, the significant nuclear
translocation of Nrf2 was observed in fat-1/CCl, group, as
evidenced by immunofluorescence assay and immunoblot
analysis (Figure 2). Additionally, fat-1/CCl, mice showed
lower protein expression of Keapl and higher expressions
of p62, HO-1, GCLC, GCLM, and NQOIL in the liver, when
compared to WT/CCl, mice (Figure 3). These results suggest
that the protective effects of endogenous n-3 PUFA against
CCl,-caused acute liver damage might be attributable to
reducing oxidative stress via the activation of Nrf2-keapl
pathway.

The induction of hepatocyte apoptosis has been well
studied in acute liver injury induced by CCl, exposure
[34]. Our data demonstrated that CCl, challenge markedly
induced hepatocyte apoptosis in WT mice (Figure 4(a)),
which was significantly reduced in fat-1 mice after CCl, expo-
sure. The mitochondrial apoptotic pathway was considered
to be involved in various types of cellular stress [35]. Oxida-
tive stress causes elevated cytochrome C in the cytoplasm
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FIGURE 4: Endogenous n-3 PUFA protects against CCl,-induced hepatocyte apoptosis in fat-I mice via regulating MAPK signaling pathway.
(a) Representative images of TUNEL stained liver sections (magnification: 200x): green fluorescence indicates the positive cells, and cellular
nucleus is labeled by staining DAPI with blue fluorescence. (b) Western blot analysis of apoptosis-related proteins, including cytochrome C,
caspase-3, caspase-9, Bcl-2, and Bax. (c) Western blot analysis of total and phosphorylated protein expression of JNK, p38, and ERK.
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FIGURE 5: A schematic diagram of the potential mechanisms that underlie the protective effects of n-3 PUFA against CCl,-induced acute liver

injury.

which is released from the mitochondria, which consequently
induces the activation of caspase cascades, including caspase-
3 and caspase-9. The mitochondrial apoptotic pathway is
also regulated by several apoptosis-related factors, such as
Bax and Bcl-2 [36]. The ratio of proapoptotic protein Bax to
antiapoptotic protein Bcl-2 is critical for cell death or survival.
Increased Bax/Bcl-2 ratio leads to cytochrome C release,
caspase-3 activation, and eventually apoptosis [37]. Our data
revealed that endogenous n-3 PUFA significantly inhibited
the upregulation of cytochromeC, caspase-3, caspase-9, and
Bax and normalized the downregulation of Bcl-2 expression
induced by CCl, (Figure 4(b)), which was well consistent with
TUNEL staining results.

The MAPK family members, including JNK, p38, and
JNK, are crucial for the regulation of cell proliferation,
differentiation, apoptosis, and cellular responses to oxidative
stress [38, 39]. Activated MAPKSs can inactivate Bcl-2 by
phosphorylation, activate caspase-9, and regulate the release
of cytochrome C from the mitochondria [40]. Previous
studies revealed that suppressing protein expressions of the
phosphorylated MAPK members contributed to the inhibi-
tion of CCl,-induced apoptosis [38, 39]. In this study, the
upregulation of phosphorylated JNK, p38, and JNK induced
by CCl, challenge was attenuated in the livers of fat-1 mice.
These findings suggest that reducing hepatocyte apoptosis
via suppressing MAPK pathway might also contribute to

the inhibitory function of n-3 PUFA on CCl,-induced liver
injury.

In conclusion, endogenous n-3 PUFA effectively ame-
liorated CCl,-induced acute liver injury, and this protective
effect might be associated with ameliorating oxidative stress
via Nrf2 activation and reducing apoptosis via suppression
of MAPK pathway, as illustrated in Figure 5. Our findings
suggest that dietary supplement with n-3 PUFA may be
beneficial for the prevention of liver injury.
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Nonalcoholic steatohepatitis is one of the leading causes of liver disease. Dietary factors determine the clinical presentation of
steatohepatitis and can influence the progression of related diseases. Cholesterol has emerged as a critical player in the disease and
hence consumption of cholesterol-enriched diets can lead to a progressive form of the disease. The aim was to investigate the impact
of liver cholesterol overload on the progression of the obstructive cholestasis in mice subjected to bile duct ligation surgery. Mice
were fed with a high cholesterol diet for two days and then were subjected to surgery procedure; histological, biochemical, and
molecular analyses were conducted to address the effect of cholesterol in liver damage. Mice under the diet were more susceptible
to damage. Results show that cholesterol fed mice exhibited increased apoptosis and oxidative stress as well as reduction in cell
proliferation. Mortality following surgery was higher in HC fed mice. Liver cholesterol impairs the repair of liver during obstructive
cholestasis and aggravates the disease with early fatal consequences; these effects were strongly associated with oxidative stress.

1. Introduction is the primary cause of nonalcoholic fatty liver disease

(NAFLD), the commonest disease that affects liver function.
Obesity is an epidemic problem; it has become a global It is highly prevalent and results from excessive fat accumu-
health concern affecting rich and poor countries [1]. Obesity ~ lation, particularly free fatty acids, triglycerides (TG), and
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cholesterol [2], inducing a wide range of biochemical and
clinical consequences leading to sensitization to damage and
running to progressive disease stages such as nonalcoholic
steatohepatitis (NASH), and fibrosis [3]. While the two-hit
hypothesis posits that fat accumulation is key for progressive
NAFLD, some of our studies have suggested that the kind of
lipid rather than the amount of fat determines the susceptibil-
ity to secondary hits, including inflammatory cytokines such
as the TNF-« family [4].

Although cholesterol is a critical component of mem-
brane bilayers, its accumulation disrupts membrane fluidity
or dynamics and promotes cellular dysfunction that could
lead to disease progression [5]. The liver plays key role in
the maintenance of cholesterol homeostasis, whose levels are
determined by de novo synthesis and supply from the diet
by serum lipoproteins [6]. Increased cholesterol deposition
in the liver, in particular its accumulation in mitochondria,
has emerged as one of the main toxic lipids in NAFLD
due to cholesterol dependent mitochondrial dysfunction and
sensitization to oxidative stress and inflammatory cytokines
secondary to mitochondrial GSH depletion [4, 7-9]. The sen-
sitization to the damage mediated by cholesterol overload can
occur independently of nutritional oversupply as ob/ob mice
and Niemann-Pick type Cl- (NPCl-) lacking mice exhibit
increased mitochondrial cholesterol accumulation and sensi-
tization to inflammatory cytokines-mediated oxidative stress
and cell death [4]. In line with these findings, there has
been evidence that cholesterol intake increases the risk and
severity of NAFLD and that patients with NASH have a higher
expression of StARD], a cholesterol transporting protein that
regulates mitochondrial cholesterol homeostasis [8, 10, 11].

Despite this knowledge, the role of hepatic cholesterol
accumulation in cholestatic liver disease has not been thor-
oughly examined. Hepatic accumulation of bile acids due
to impairment in bile flow is central to the pathogenesis of
cholestasis liver disease and leads to hepatic injury and, in
severe cases, organ failure [12]. Bile acids’ accumulation exerts
noxious cellular events, ranging from oxidative stress and
inflammation to apoptosis and necrosis [13, 14], leading to
acute liver toxicity, proliferation of bile ducts, and fibrosis that
eventually progresses to cirrhosis and liver failure. Moreover,
it has been reported that patients with NAFLD exhibit
alterations in bile acids homeostasis [15], suggesting that
hepatic steatosis may determine the clinical presentation of
cholestatic liver disease.

In the present work we addressed the impact of liver
cholesterol overload in the BDL model of obstructive
cholestasis. Our data show that nutritional hepatic cholesterol

accumulation sensitizes to BDL-mediated liver injury and
death.

2. Material and Methods

2.1. Animal Models. C57BL/6 male mice (8-10 weeks old)
were purchased from Jackson Laboratory (Bar Harbor,
Maine, USA) and were maintained in pathogen-free condi-
tions with controlled temperature and humidity on a 12h
light-dark cycle in the animal care facility at the Universidad
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Auténoma Metropolitana and the Medical School of Uni-
versitat de Barcelona. The experimental protocols used were
approved and performed in accordance with the Animal Care
Committee of the University of Barcelona.

2.2. Experimental Design. Forty C57BL/6 mice were sepa-
rated into two diet groups; the first one was fed with a high
cholesterol (HC) (2% cholesterol, 0.5% sodium cholate) diet
for two days as previously reported [4, 16]; the second group
was fed with control standard Chow diet for the same period
of time. Animals received water ad libitum. Afterwards, each
group was subject to bile duct ligation (BDL) surgery or
control Sham procedure. Five mice per time were sacrificed
at days 1, 2, and 3, after surgery as depicted in Supplementary
Figure 1(A) of the Supplementary Material available online
at http://dx.doi.org/10.1155/2016/9895176. Five Sham animals
were sacrificed only at day three. Liver tissue and serum
were recovered for analysis. Six extra animals were used to
figure out the effect of sodium cholate alone; we used a
diet supplemented with 0.5% of the salt for 2 and 30 days
(three mice per time) and liver gross inspection and AST and
ALT serum activities were also determined (Supplementary
Figures 1(B) and 1(C)).

2.3. Bile Duct Ligation Surgery. Surgery was performed under
aseptic conditions. Anesthesia was induced with 2% isoflu-
rane (Abbott Laboratories #B506) and 2-liter/min oxygen
flow for a mouse of 25 g body weight. After median laparo-
tomy, the common bile duct was ligated close to the liver
hilus, below the bifurcation with 4-0 silk suture (Ethicon),
to impede bile flow. The gallbladder was left intact. The
abdominal muscle was sutured with a 5-0 surgical silk suture
and the wound was closed with surgical staples. Control mice
underwent a Sham surgery without BDL. All animals were
allowed to wake up on a heating pad, and analgesia was given
to all animals.

2.4. Determination of Liver Function Tests. Blood samples
were obtained from the portal vein under isoflurane anesthe-
sia before sacrifice. Serum levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and alkaline phos-
phatase (ALP) were determined by the automated method
using Reflovet Plus (Roche, Mannheim, Germany).

2.5. Histology and Immunohistochemical Studies. Liver tis-
sue was fixed in 10% formalin/phosphate-buffered saline,
dehydrated in alcohols, incubated in xylene, and embedded
in paraffin. Paraffin molds containing liver sections were
cut into 5pum sections and mounted on HistoGrip-coated
slides. H&E was performed following standard procedures.
Apoptosis was addressed by TUNEL detection kit (Trevigen
Inc.) according to the manufacturer’s protocol. Oil Red O
(ORO) solution was used to detect neutral lipids in tissue.
For the immunohistochemistry of Ki67, paraffin sections
were antigen unmasked with citrate buffer. Endogenous
peroxidases were blocked with 3% H,O,; afterward slides
were incubated with primary antibody overnight in a wet
chamber at 4°C. After rinsing with PBS 1x, the slides were
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incubated with a biotinylated antibody for 45min in a wet
chamber and developed with the ABC kit with peroxidase
substrate (DAB) and peroxidase buffer. After rinsing with
tap water, slides were counterstained with hematoxylin. For
filipin staining, frozen sections were fixed for 1h at room
temperature with formalin 10%, washed with PBS, and
incubated with 0.2 mg/mL filipin over night at 4°C protected
from light. After 3 final washes in PBS, tissues were mounted
and confocal images (Carl Zeiss, LSM 780 multiphoton, Jena,
Germany) were collected using UV excitation.

2.6. Cholesterol Determination. Ten mg of liver tissue or
200 uL of serum was saponified with alcoholic KOH in a
60°C heating block for 15 min. After the mixture had cooled,
2mL of hexane and 600 uL of distilled water were added
and shaken to ensure complete mixing. Appropriate aliquots
of the hexane layer were evaporated under nitrogen and
used for cholesterol measurement with O-phthalaldehyde
reagent (Sigma-Aldrich) dissolved in acetic acid; after that
sulfuric acid was added and then read at 550 nm in the
spectrophotometer.

2.7. Triglycerides Determination. Triglyceride (TG) content
was determined using the triglycerides determination kit
(Sigma-Aldrich, San Louis, MO) following the manufacture’s
instructions.

2.8. Western Blot. Western blotting was performed follow-
ing the protocol previously reported by Clavijo-Cornejo
et al. [17]. Briefly, total proteins were isolated from liver
homogenate with T-PER (Pierce) extraction reagents, sup-
plemented with protease and phosphatase cocktail inhibitors
(Roche Inc.). One hundred ug of total protein was sep-
arated on precast 4-20% gels (Invitrogen), transferred to
polyvinylidene difluoride membranes (PVDE, Invitrogen),
and probed with different antibodies as shown in Supplemen-
tary Figure 2. Membranes were incubated with anti-mouse
or anti-rabbit horseradish peroxidase-conjugated secondary
antibody depending on the origin of the primary anti-
body. Immunoreactive bands were identified with ECL-Plus
Western blotting detection reagents (GE Healthcare). Equal
loading was demonstrated by probing the same membranes
with actin antibody (Sigma-Aldrich).

2.9. Caspase 3 Activity. Tissue was lysed in reaction buffer
and incubated for 30 min on ice. For each reaction, caspase
3 synthetic fluorogenic tetrapeptide substrate (Ac-DEVD-
AMC) was added (BD Pharmingen) and then the tissue lysate;
after that samples were incubated for one hour. The amount of
AMC released was measured by fluorometry at an excitation
wavelength of 380 nm and an emission wavelength of 420 nm.

2.10. In Situ ROS Determination. Animals were sacrificed
in parallel exclusively for in situ ROS determination. Fresh
tissue was rapidly sectioned, frozen in liquid nitrogen,
and embedded in optimum cutting temperature compound
(OCT, Sakura Finetek, Torrance, CA); subsequently, 8 um
frozen sections were obtained in a cryostat (Leica CM-
30508, Heerbrugg, Switzerland) at —20°C and the slides were

immediately incubated for 15min, in the dark, at room
temperature with either DCFH (5uM), a cell-permeable
nonfluorescent probe that is deesterified intracellularly and
converted to the highly fluorescent 2’,7'-dichlorofluorescein
upon oxidation by ROS, particularly peroxides (H,O,), or
with dihydroethidium(DHE, 50 uM) for determination of
superoxide anion radical (O,") detecting ethidium fluores-
cence. Samples were covered and observed using a confocal
microscope at excitation and emission wavelengths of 480
and 520 nm, respectively, for DCFH and 485 and 570 nm,
respectively, for DHE-derived ethidium fluorescence, as pre-
viously we reported [18].

2.11. Glutathione (GSH) Measurements. GSH levels in tissue
homogenates were analyzed by HPLC as previously we
reported [18].

2.12. Bilirubins Determination. Bilirubins content was
assayed by using Bilirubin Jendrassik-Grof FS kit (DiaSys
Inc.) following the manufacturer’s instructions.

2.13. Statistical Analysis. Data are presented as mean + SEM
for at least four different animals, and each experiment was
carried out in triplicate. Comparisons between groups were
performed using the ANOVA test followed by a post hoc
Bonferroni test.

Additional materials and methods can be found in Sup-
plementary Material.

3. Results

3.1. A High Cholesterol Diet Induces Liver Steatosis. To address
the role of cholesterol hepatic overloading in BDL-mediated
liver injury, we fed mice with a diet enriched in cholesterol
(HC), as previously described [4, 16]. As seen, HC fed
mice exhibited the characteristic pale color of the steatotic
liver compared to mice fed with the control Chow diet
(Figure 1(a)). In addition, filipin and ORO staining in liver
tissue revealed a high content of both free cholesterol and
neutral lipids (Figure 1(b)), findings that were biochemically
confirmed in tissue homogenates (Figure 1(c)). Moreover, in
line with findings in intact liver, isolated hepatocytes from
HC fed mice revealed increased filipin and ORO staining
(Supplementary Figure 3), confirming the accumulation of
cholesterol and neutral lipids in parenchymal cells. This
steatotic phenotype was associated with liver injury, as
revealed by serum AST and ALT activities (Figure 1(d)).

3.2. Cholesterol Overload Sensitizes to BDL-Induced Liver
Damage and Aggravates Obstructive Jaundice. We next exam-
ined the impact of HC feeding in BDL-induced liver injury
and survival. Mice fed with the HC diet and subjected to BDL
surgery died between 60 and 115 h after procedure, compared
to mice fed with control Chow diet (Figure 2(a)); none of the
HC fed mice survived beyond 5 days after BDL. Although
BDL is a model for acute obstructive cholestasis, control
mice survived up to 6 weeks after surgery, in agreement with
previous results [19, 20].
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FIGURE 1: A high cholesterol diet induces liver steatosis. (a) Macroscopic liver inspection of standard control Chow diet (Chow) and high
cholesterol (HC) diet. (b) Free cholesterol determination by filipin. (c) Neutral lipid determined by Oil Red O staining (ORO) in Chow
and HC liver sections. (d) Biochemistry determination in liver tissue of total cholesterol and triglycerides (TG) content. (e) Liver function
tests: aspartate aminotransferase (AST) and alanine aminotransferase (ALT). Each column represents mean + SEM of three independent
experiments. Differences were considered significant at “p < 0.01 versus Chow. Images are representative of at least three independent
experiments. Original magnification: 200x.
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As a high percentage of HC fed mice died within 3 days
after surgery, we decided to characterize liver function at 1, 2,
and 3 days after BDL to assess the mechanisms contributing
to the early death of HC fed mice.

Liver gross inspections revealed no significant differences
between groups; mice presented bile duct stasis and greenish
gallbladder in HC group, in comparison with Chow ani-
mals, which exhibited a darker gallbladder (Figure 2(b)).
Cholesterol content, assayed by filipin staining, increased in
HC animals. At day 3 cholesterol content was less diffused
in the tissue, displaying spots with high fluorescence, while
Chow fed animals liver cholesterol content was uniform and
unchanged following BDL.

Serum cholesterol and TG content were also elevated in
HC fed mice and remained increased after BDL. Liver injury
and function tests exhibited a significant increase in HC fed
mice since day one after BDL in AST and ALT and at two days
in ALP. In all cases, values raised until day three in HC fed
mice. In contrast, Chow fed animals showed a slight increase
at day two in AST, and no significant changes were observed
up to the third day.

Figure 2(c) depicts the main biochemical tests to address
liver function and damage. Total and free bilirubins were also
increased in HC fed animals since the first day of surgery,
and a similar effect was observed in serum total bile acids
(TBA). Interestingly, liver TBA were significantly augmented
in Sham animals due to HC feeding with no changes in
the course of the study, while Chow fed animals exhibited
significantly increased liver TBA at day two, peaking at the
third day.

No significant changes were found in mice fed with a
diet supplemented with 0.5% sodium cholate alone, as control
diet, and subjected to BDL comparing with Chow diet fed
animals.

In order to figure out the mechanism that could explain
the premature death in HC fed animals, we focused on
studying the phenotype and molecular changes at day three.

Histological analysis of livers from HC fed mice (Figure 3)
revealed lymphocytes (black arrow head) infiltration and
prominent bridging hepatic necrosis seen in HC fed animals
comparing with Chow fed animals, which presented this
characteristic to a lesser extent. Chow fed animals presented
evidence of cell proliferation (white arrow head), suggesting
an ongoing repair process.

3.3. HC Feeding Decreases Cell Proliferation following BDL.
In order to address whether cholesterol loading interfered
with cell proliferation during BDL, as suggested by H&E
staining, we performed Ki67 staining in samples from both
groups of mice at the third day after BDL. Figure 4(b) shows
more positive Ki67 cells (black arrows) in liver samples from
Chow fed mice than liver from HC fed mice (Figure 4(d)).
Results were in agreement with the expression of the main
cell cycle proteins cyclins DI and A and cdk2 and cdk4,
showing a sustained expression in a time-dependent manner
in Chow fed animals, particularly in cdk2 and cdk4, which
decreased in HC mice, particularly at day three. Cell cycle
inhibitory proteins, such as p27 and p21, presented different

comportment; p27 increased in time-dependent manner, but
p21 decreased (Figure 4(e)).

3.4. BDL in HC Fed Mice Induces Apoptosis and Oxidative
Stress. It is well known that bile salts’ accumulation in the
liver induces apoptosis in hepatocytes [21, 22]. Figure 5 shows
that HC fed mice subjected to BDL surgery presented more
apoptotic cells, assayed by TUNEL (Figure 5(d)), than Chow
fed animals (Figure 5(b)). The quantification of apoptotic
cells revealed a significant increment in positive cells in HC
fed animals (Figure 5(e)). These data were corroborated by
measurement of caspase 3 activity (Figure 5(f)).

Oxidative stress is one of the major inducers of hepatic
apoptosis [23]. Therefore, we measured the in situ content
of ROS by DCFH and DHE, as previously reported [18]. As
seen, DCFH and DHE staining increased in livers sections
from HC fed animals at day 3 after BDL, compared to Chow
fed animals (Figure 6(a)); these results were in agreement
with a decrease in total GSH levels (Figure 6(b)). GSH levels
decreased as a result of HC feeding and continued to decline
after BDL.

Importantly, Chow fed animals exhibited decreased GSH
content at day one of treatment, which subsequently aug-
mented at day two reaching basal GSH levels at the third day.
The analysis of the main antioxidant enzymes (Figure 6(c))
revealed an induction of y-GCS and GPX4 in Chow fed
animals at days two and three, an effect that was not observed
in HC animals; even more, GPX4 decreased in HC fed
animals in time-dependent manner. GPX1/2 were slightly
induced in HC fed mice. GST exhibited a time-dependent
increment in Chow fed animals, with opposite effect in HC
fed mice. Other antioxidant enzymes such as SODI, SOD2,
and NQOI showed an increment in Chow fed mice but not
so in HC fed mice; even more, SOD2 showed a decrease in
the time of the study in HC fed animals.

4. Discussion

Bile duct obstruction-mediated liver injury is a key feature
of cholestasis, which underlies several chronic liver diseases,
such as gallstone impaction, biliary atresia, and tumor com-
pression [24]. The accumulation of toxic bile acids during
bile duct obstruction contributes to the hepatocellular injury.
The mechanism of damage is complex and involves oxidative
stress generation and inflammation [14, 24, 25].

It is well known that bile acids arise from enzymatic
oxidation of cholesterol and that hypercholesterolemia lead-
ing to hepatic cholesterol accumulation is one of the key
hallmarks in NAFLD and NASH [8, 10]. Consumption of
cholesterol-enriched diets could aggravate NAFLD, particu-
larly in susceptible individuals related to congenital risks or
deficient dietary habits [26, 27]. For instance, in Hispanics,
the consumption of high cholesterol diets is very common,
which may account for the high prevalence of NAFLD in this
population [28].

In the present work we used a nutritional model of hepatic
cholesterol overload to examine the impact of cholesterol
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FIGURE 2: Cholesterol overload sensitizes to BDL-induced liver damage and aggravates obstructive jaundice. (a) Survival plot after BDL;
at least nine animals were considered for the survival experiment. (b) Liver gross inspection and free cholesterol determination by filipin.
Images are representative of at least three independent experiments. Original magnification for filliping staining: 100x. (c) Biochemical serum
cholesterol and triglycerides (TG) determination. Liver function test: aspartate aminotransferase (AST); alanine aminotransferase (ALT);
alkaline phosphatase (ALP); total bilirubin; direct bilirubin; serum total bile acids (TBA); and liver tissue TBA. Each column represents mean
+ SEM of three independent experiments. Differences were considered significant at *p < 0.01 versus Sham Chow and ¥p < 0.01 versus
Chow fed mice at the same time.
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Chow

FIGURE 3: Cholesterol overload exacerbates liver tissue damage. Histology analysis by H&E staining. Liver tissue was obtained from animals
fed with standard Chow control diet (Chow) or high cholesterol (HC) diet for 2 days and subjected to BDL. Bridging hepatic necrosis areas
(asterisks), polymorphonuclear leukocytes and lymphocytes infiltration (black arrow head), inflammatory cells infiltration (arrow), and cell
proliferation (white arrow head). Representative images from at least four different animals. Original magnification: 200x.

in obstructive cholestasis-mediated liver injury. Mice fed a
HC-enriched diet for two days showed a steatotic phenotype
with particular lipid overload in hepatocytes, comprising
primarily increased cholesterol accumulation (2-3-fold), and
exhibited liver damage, as revealed by serum AST and ALT
values and histology examination. Although HC diet was
supplemented with 2% cholesterol, HC fed mice exhibited
a mild increase in TG content in hepatocytes. Whether TG
accumulation reflects increased FFA esterification into TG or
impairment in mitochondrial 3-oxidation due to cholesterol
trafficking to mitochondria, as we reported previously [4],
remains to be further established.

In line with the emerging role of cholesterol in NAFLD
progression to NASH in mice and humans and the role of
cholesterol in liver fibrogenesis, we show the sensitization of
mice fed HC diet to BCL-mediated liver injury and prema-
ture death. Moreover, cholesterol overload exacerbates BDL-
induced deterioration of liver function, including increased
total and free bilirubin and TBA in serum since day one after
BDL, but not in Sham animals, indicating that this response is
a consequence of bile duct obstruction. Interestingly, hepatic
TBA content increased as a result of HC feeding, with no
significant further increment following BDL as opposed to
chow fed mice, which exhibit a time-dependent increase
in liver TBA, reaching similar values observed in HC fed
animals at day three. The toxic effect of bile acids is well
documented [21, 29, 30] and accumulation in the liver is one
of the main factors associated with cholestasis.

Besides accumulation of toxic bile acids, our data suggest
that cholesterol overload impairs cell proliferation and tissue
repair as revealed by Ki67 immunostaining. This response is
accompanied by decreased p21 expression levels in choles-
terol loaded livers and a compensatory increased expression
of cdk2. We observed that HC fed mice exhibit an increased
content of total bile acids, which are associated with cell
death. These findings suggest that cholesterol antagonizes the
reported protective effect mediated by FXR activation. In
support of this link, Cheng and coworkers recently reported
that FXR transgenic mice exhibited increased sensitivity to a
high cholesterol diet-induced hepatotoxicity [31], indicating
that FXR is unable to protect from cholesterol-mediated liver
injury.

On the other hand, it is well known that oxidative
stress mediates the deleterious effects of toxic bile acids and
cholesterol [9, 21, 25, 32]. Our findings are in agreement
with these observations, as HC fed mice exhibit increased
DCFH and DHE staining following BDL compared to Chow
fed mice. In line with previous findings linking choles-
terol accumulation in the liver with mitochondria-mediated
ROS generation and impairment in antioxidant defense, we
observed the downregulation of GPX4 and SOD2, two of the
main mitochondrial protective enzymes [17, 33] in HC fed
mice after BDL. Moreover, GST and y-GCS display a similar
behavior, strongly supporting the fact that the disruption in
GSH homeostasis is an important contributor to cholesterol-
mediated hepatocellular damage.
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FIGURE 4: Cholesterol excess impairs cell proliferation. Tissue was obtained from Sham and three days after BDL animals, under (a-b) standard
Chow control diet (Chow) or (c-d) high cholesterol (HC) diet, and Ki67 immunohistochemistry was assayed; arrows show positive cells
(magnification at 100x). (e) Western blot and densitometric analysis of main cell cycle proteins. Actin was used as loading control; *p < 0.05
versus Sham Chow fed mice, P < 0.05 versus Sham HC fed mice. Images are representative from at least four independent mice.
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quantification of positive TUNEL cells or by (f) caspase 3 activity. Images are representative from at least four independent mice. Original
magnification: 100x. * P < 0.01 versus Chow fed mice, “p < 0.01 versus 3 days Chow fed mice, and *p < 0.01 versus HC fed mice.

It is clear that cholesterol overload in the liver aggravates
the organ injury decompensating GSH system, which could
be related to a rapid cell death, particularly by apoptosis,
potentiated by the overproduction of bile salts that eventu-
ally conducts to organ failure and animal death. Animals

subjected to sodium cholate alone diet do not exhibit any
significant change during the five days of the study.

It is clear that liver with cholesterol overload is sensitized
to damage aggravating the diseases; this could be partic-
ularly considered in patients with genetic susceptibility to
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cholesterol overload, such as early infantile forms of
Niemann-Pick C disease, where canonical liver insults must
be under surveillance.

Overall, our findings may be of clinical relevance sug-
gesting that patients with cholesterol liver overload can be
more at risk of developing clinical complications associated
with cholestasis. In this context the use of statins may be of
potential benefit by targeting the mevalonate pathway and
perhaps other noncholesterol related mechanisms involved in
cholestasis-mediated liver injury.
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