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Tannic acid attenuates hepatic oxidative stress, apoptosis
and inflammation by activating the Keap1-Nrf2/ARE
signaling pathway in arsenic trioxide-toxicated rats
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Abstract. The present study was performed to investigate
the protective effects of tannic acid (TA) on liver injury
induced by arsenic trioxide (ATO) and to elucidate the mecha-
nism involved as related to the Kelch-like ECH-associated
protein 1 (Keapl)-nuclear factor erythroid 2-related factor 2
(Nrf2)/antioxidant response element (ARE) signaling pathway.
Adult rats were intraperitoneally injected with TA, while ATO
was administered 1 h later. On the 11th day, the rats were
euthanized to determine any liver histological changes, liver
function, and the activities of antioxidant, antiapoptosis and
proinflammatory cytokines in the liver. Furthermore, the
protein expression levels of nuclear Nrf2, total Nrf2, Keapl,
Heme oxygenase-1 (HO-1), NADPH quinine oxidoreductase-1
(NQO1), and y-glutamylcysteine synthetase (y-GCS) were
determined using western blot analysis. The results showed
that TA treatment ameliorated ATO-induced liver histological
changes and decreased the ATO-induced increased alanine
aminotransferase (ALT) and aspartate transaminase (AST)
serum levels. Activities of the antioxidant enzymes signifi-
cantly were increased, while the levels of malondialdehyde
(MDA) and reactive oxygen species (ROS) were attenuated
following TA treatment. In addition, TA treatment inhibited
ATO-induced liver apoptosis and inflammatory responses,
increased Bcl-2 protein expression level and reduced the
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levels of Bax, caspase-3, interleukin (IL)-1f, IL-6 and
tumor necrosis factor (TNF)-a. Furthermore, TA treatment
increased the protein expression levels of Nrf2 and Keapl,
HO-1, NQOI1 and y-GCS. The results demonstrated that TA
has a protective effect on ATO-treated hepatic toxicity and
that its underlying mechanism could be due to TA activation
of the Keapl-Nrf2/ARE signaling pathway, to reduce oxidative
stress, apoptosis and inflammation in ATO-intoxicated rats.

Introduction

Arsenic trioxide (ATO; As,0,) is a well-known toxin, that
occurs in the environment and is also a common medicine
against a wide variety of solid tumors, such as acute promyelo-
cytic leukemia. However, the adverse drug reactions of ATO
severely limit its clinical application (1). ATO is water-soluble
and can be absorbed readily into the bloodstream. As a site
of first-pass metabolism, the liver is exposed to ATO, at high
levels, first and then ATO is distributed for systemic circula-
tion among other organs and tissues (2). The liver is a principal
detoxification organ for ATO, as it undergoes reduction and
oxidative methylation in the hepatocytes and is then excreted
out. Furthermore, ATO binds to biological ligands containing
sulfur groups and enhances reactive oxygen species (ROS) (3).
The liver is the primary organ subjected to ATO effects
which is damaged by oxidative stress and an abnormal liver
function manifests as elevated serum enzymes (4). Several
studies have reported a hypothesis that ATO could promote
oxidative stress, apoptosis and inflammation (5,6). The
transcription factor nuclear factor erythroid-2 related factor 2
(Nrf2)/antioxidant response element (ARE) signaling pathway
has been considered as the major cellular defense against
oxidative stress (7,8) and is considered to be a novel thera-
peutic target to treat liver disease (9). Stimulated by oxidative
stress, Nrf2 dissociates from Kelch-like ECH-related proteinl
(Keapl) in the cytoplasm and transfers to the nucleus, where
it exhibits its antioxidant action and upregulates various
cytoprotective proteins (10). The downstream targets of
Nrf2 include Heme oxygenase-1 (HO-1), NADPH quinine
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oxidoreductase-1 (NQO1), y-glutamylcysteine synthetase
(y-GCS) and superoxide dismutase (SOD), which are stimu-
lated by Nrf2 and then exert their antioxidative effects (10,11).
Therefore, antioxidants, particularly Nrf2 inhibitors, may play
important roles in preventing ATO damage or intoxication.

Tannic acid (TA; C;cH5,0,) (Fig. 1) is a light-brown
natural compound, and is found in high amounts in various
fruits, vegetables and medicinal plants (12). TA can chelate
with metal ions and interact with biological macromolecules
such as proteins, alkaloids, and polysaccharides. The structure
of pyrogallol can be easily oxidized to a quinone structure,
which provides TA with a supply of hydrogen and becomes
oxidation resistant. Previous reports have shown that TA has
multiple pharmacological activities, such as antioxidative,
anti-inflammatory, antibacterial, anticarcinogenic and
antimutagenic properties (13,14). Our previous studies have
shown that TA exerts its protective effects against ATO-induced
nephrotoxicity through NF-«kB and Nrf2 pathways (15)
and carbon tetrachloride and acetaminophen-induced
hepatotoxicity (16,17). In addition, other experimental evidence
also shows that TA plays an important role in the treatment of
some hepatotoxicity and liverish conditions (18) and stimulates
the role of the Nrf2-Keapl signaling pathway in phase II
and the gene expression of antioxidation proteins in HepG2
cells (19). At the same time, based on the protective effect
of TA on acetaminophen-induced hepatic toxicity in mice,
which was found in our previous study (17), we hypothesize
that TA could improve ATO-induced hepatic damage through
the Keapl-Nrf2/ARE signaling pathway. However, to date,
confirmation of this hypothesis has not been carried out.

In the present study, an ATO-induced liver injury model in
rats was established and the protective effects of TA on oxida-
tive stress and hepatic toxicity were subsequently investigated.
The regulation of TA in the Nrf2 signaling pathway was also
studied, as well as its downstream targets to determine the
protective effect of TA on ATO-induced hepatic toxicity and
the underlying mechanisms related to the Keapl-Nrf2/ARE
signaling pathway. Therefore, the present study suggests that
TA may suppress ATO-induced hepatic toxicity by activating
the Keapl-Nrf2/ARE signaling pathway, providing a possible
therapeutic drug for clinical treatment of ATO-induced
hepatotoxicity.

Materials and methods

Drugs and reagents. TA, at manufacturer's standard and analyt-
ical purity, was obtained from Jinbei Fine Chemical Co., Ltd.
ATO was purchased from Shuanglu Medicine Factory (Beijing,
China). Alanine aminotransferase (ALT), aspartate trans-
aminase (AST), superoxide dismutase (SOD), malondialdehyde
(MDA), catalase (CAT) and glutathione peroxidase (GSH-Px)
kits were purchased from Nanjing Jiancheng Bioengineering
Institute. Antibodies against Bax (cat. no. AF0120), Bcl-2
(cat. no. AF6139) were purchased from Affinity Biosciences.
Antibodies against IL-1f (cat. no. BS6067), TNF-a (cat. no.
BS6000), Lamin Bl (cat. no. AP6001), NQOI1 (cat. no. BS90961)
and y-GCS (cat. no. BS90566) were purchased from Bioworld
Technology. Antibodies against caspase-3 (cat. no. 19677-1-AP),
Keapl (cat. no. 90503-2-AP), HO-1 (product code 10701-1-AP)
and Nrf2 (product code 16396-1-AP) were purchased from
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Proteintech Group, Inc. Antibodies against IL-6 (product code
ab9324) was obtained from Abcam Biotechnology, and B-actin
(product code CST3700) was purchased from Cell Signaling
Technology. Unless otherwise indicated, the remaining
chemicals were provided by Sigma Chemical Co.

Animals and experimental protocol. Fifty male adult
Sprague-Dawley rats (weight, 200+20 g; age, 12-week-old),
purchased from the Experimental Animal Center of Hebei
Medical University, were raised under standard conditions
at room temperature, 45-55% relative humidity and a 12-h
light-dark cycle. All operations were approved by the Animal
Experiment Ethics Committee of Hebei University of Chinese
Medicine (approval no. DWLL2016001).

A total of 50 rats were evenly divided into five groups:
Control group (normal saline), ATO group (5 mg/kg ATO),
L-TA group (20 mg/kg TA + 5 mg/kg ATO), H-TA group
(40 mg/kg TA + 5 mg/kg ATO) and TA group (40 mg/kg TA).
Based on the literature and our preliminary experiment, 20 or
40 mg/kg of TA were used for the animal experiment (20).
TA was administered orally 1 h prior to ATO intraperitoneal
treatment once a day. During the treatment, the weight and
behavior of rats were monitored daily. The entire course lasted
for 10 days (21), and the humane endpoint in our program was
defined as weight loss >10%, anorexia or lethargy. It is worth
noting that all 50 rats remained alive during this period and
were euthanized. The animals were anesthetized using sodium
pentobarbital (50 mg/kg), 24 h after the last treatment following
which, blood sampling from the femoral artery (~5-7 ml each
sample) in the rat were quickly collected. The euthanasia of the
rats was carried out by overdose with intraperitoneal injection
of sodium pentobarbital (200 mg/kg) and was confirmed by
observing the absence of respiration and heartbeat, and liver
tissues were quickly collected for further analysis.

Histological analysis. In order to evaluate the histopatho-
logical manifestations in the liver, in the experimental groups
of the rats, the liver tissues were obtained, immobilized
overnight with 10% neutral buffered formalin, dehydrated,
embedded in paraffin and cut into sections. Slices were stained
with hematoxylin and eosin (H&E) and observed using a Leica
DM4000B microscope (Solms, Germany).

Colorimetric analysis. To obtain the serum from the blood,
the samples were centrifuged at 2,200 x g for 10 min at 37°C.
Serum ALT, AST, SOD, MDA, CAT and GSH-Px levels
were measured according to the manufacturer's instructions.
Finally, the absorbance was measured using a Varioskan LUX
Multimode Reader (Thermo Fisher Scientific, Inc.).

Fluorescence microscopy. To enable evaluation of the level of
ROS in the liver, the liver tissues were stained with 10 nM
dihydroethidium (DHE) at room temperature for 30 min and
then observed using an optical microscope (DM5000B; Leica,
Germany) at a condition of Ex/Em=518 nm/605 nm. The
intensity of ROS, from the digital images was analyzed by
Image-Pro Plus 6.0 (Media Cybernetics).

Western blot analysis. Liver tissues were homogenized and
lysed using a RIPA lysis buffer (Solarbio, China) to obtain
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Figure 1. Chemical structure of tannic acid (TA).

proteins. Protein concentrations were determined using BCA
kits. SDS-PAGE gel (10%) was used to separate the equal
amounts of the protein (30 xg) and then the protein was
electrotransferred onto a PVDF membrane. The membrane
was subsequently incubated with the primary antibodies
(dilution 1:1,000) overnight at 4°C, and then incubated with
the secondary antibodies (dilution 1:3,000) at 37°C for 90 min.
Immunoreactive proteins were detected using an enhanced
chemiluminescence light detection kit (ZSGBBIO, China).
Following which, the gray value of the blots was determined
using Tanon Gis software (ver. 4.00; Tanon).

Terminal deoxynucleotidyl-transferase-mediated dUTP nick end
labelling (TUNEL) assay. TUNEL assay was used to detect hepa-
tocyte apoptosis in the liver sections. 4,6-Diamino-2-phenylindole
(DAPI, 1 mg/ml) was used for staining for 10 min, and DAB was
subsequently used also for staining. Following which, the slices
were re-stained with hematoxylin, dehydrated using alcohol
hydrochloride, blocked with a neutral gel and observed using a
light microscope (magnification, x400). Cells stained brown in
the nucleus were considered positive.

Statistical analysis. Statistical analysis was performed
using the Statistical Package for Social Sciences software
(v16.0; SPSS, Inc.). Data are expressed as the mean + SEM.
Statistical differences were assessed using one-way analysis
of variance (ANOVA) followed by the Tukey's post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Effects of TA on liver histological changes in ATO-treated rats.
H&E-stained sections of the livers were observed using an
optical microscope, around the structures of the hepatic central
vein area (Fig. 2A) and hepatic duct area (Fig. 2B). The control
rats demonstrated normal histological structure. The central
vein was radiating and arranged by the hepatic cord or plate.
The hepatic duct area is composed of the interlobular artery,
interlobular vein and interlobular bile duct. Liver histological
sections in the ATO group showed inflammatory cell infiltra-
tion, hepatic sinus dilatation and congestion, mild atrophy
of hepatocytes and a mild narrow hepatic plate around the



LI et al: TA ATTENUATES HEPATOTOXICITY IN ATO-INTOXICATED RATS

2309

C 100 e
S
80 1 4
3
& 601
2 ##
2 401
<
20 1
04— T T r r
ATO - + 4+ + -
TA - - 20 40 40
(mg/kg)

401
#H
30 1 ##

204 =

AST (U/gprot)

101

04— T T r :
ATO - + + + -
20 40 40

TA
(mg/kg)

Figure 2. Effects of TA on hepatic damage in ATO-exposed rats. Representative sections of H&E staining in the (A) hepatic central vein area (magnification
x200) and (B) hepatic duct area (magnification x400) in rats. Arrows indicate the lesion area of the liver. Scale bar, 50 ym. (C) ALT and (D) AST levels of
serum in rats. All results are presented as the mean = SEM (n=4). “"P<0.01 vs. the control group; “P<0.05, #"P<0.01 vs. the ATO group. TA, tannic acid; ATO,
arsenic trioxide; ALT, alanine aminotransferase; AST, aspartate transaminase; H&E, hematoxylin and eosin. Groups included: Control group (CON) (normal
saline), ATO group (5 mg/kg ATO), L-TA group (20 mg/kg TA + 5 mg/kg ATO), H-TA group (40 mg/kg TA + 5 mg/kg ATO) and TA group (40 mg/kg TA).

central vein. Furthermore, the pathological findings regarding
the portal tract included edema of hepatocytes, cytoplasmic
vacuolization, lipid droplets of varying sizes in the cytoplasm
and apoptosis with chromatic agglutination and karyopyknosis.
ATO-induced rats treated with 20 or 40 mg/kg TA showed
improved histological structure of the livers. Observation
of the liver sections in these two groups suggested that TA
markedly prevented liver steatosis, congestion and hepatocyte
apoptosis. The liver histological sections in the TA group were
similar compared with that in the control group, suggesting that
40 mg/kg TA had few noxious side effects in the rats.

Effects of TA on the activation of ALT and AST levels in
ATO-treated rats. ALT and AST are considered to be circu-
lating liver function markers. The effect of TA on the levels
of ALT and AST in the control and ATO-treated rats is repre-
sented in Fig. 2C and D. Compared with that in the control
group, ATO-induced levels of ALT and AST in rats were
significantly increased in the serum (P<0.01), while rats that
received only 40 mg/kg TA showed non-significant changes
in the levels of the serum liver function markers (P>0.05).
Treatment of the ATO-induced rats with 20 or 40 mg/kg TA
significantly ameliorated the increased levels of ALT and AST
levels in the serum (P<0.05 or P<0.01).

Effects of TA on ROS in ATO-treated rats. The effect of TA
on ROS fluorescence intensity in the control and treated

rats is represented in Fig. 3A. The intensity induced by
ATO was significantly higher than that in the control group
(P<0.01). However, TA effectively removed ROS induced by
ATO (P<0.01). Rats that received only 40 mg/kg TA showed
non-significant changes when compared to the control group.
The semi-quantitative and statistical results of each group are
shown in Fig. 3B.

Effects of TA on the activities of antioxidant enzymes in
ATO-treated rats. ATO-exposed rats showed a marked
decrease in the levels of SOD, CAT and GSH-Px in the
serum as shown in Fig. 4A-D (P<0.01). TA rejuvenated the
levels of SOD, CAT and GSH-Px in ATO-induced rats when
supplemented at 20 or 40 mg/kg (P<0.05 or P<0.01). On
the other hand, the lipid peroxidation marker MDA in the
ATO-induced rats was significantly increased when compared
to the control group (P<0.01). Treatment with 20 or 40 mg/kg
TA significantly decreased the MDA content in ATO-induced
rat livers (P<0.01). When compared against the control group,
rats that received only 40 mg/kg TA showed non-significant
changes in the serum SOD, MDA, CAT and GSH-Px levels
(P>0.05).

Effects of TA on apoptosis in ATO-treated rats. The effect of TA
on apoptosis in the control and ATO-treated rats is represented
in Fig. 5A. The apoptosis cells induced by ATO were signifi-
cantly more than that of the control group (P<0.01). However, TA
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Figure 3. Effects of TA on ATO-exposed ROS in rats. (A) Representative sections of DHE staining of the liver in rats were assessed for ROS generation by
detecting fluorescence intensity (magnification x400). Arrows indicate the lesion area of the liver. Scale bar, 50 ym. (B) DHE staining was used for semi-quan-
titative analysis of ROS production. “P<0.01 vs. control group; “P<0.01 vs. ATO group. TA, tannic acid; ATO, arsenic trioxide; DHE, dihydroethidium; ROS,
reactive oxygen species. Groups included: Control group (CON) (normal saline), ATO group (5 mg/kg ATO), L-TA group (20 mg/kg TA + 5 mg/kg ATO),

H-TA group (40 mg/kg TA + 5 mg/kg ATO) and TA group (40 mg/kg TA).
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Figure 4. Effects of TA on the activities of antioxidant enzymes in ATO-exposed rats. The serum levels of (A) SOD, (B) MDA, (C) CAT and (D) GSH-Px in
rats. All results are presented as the mean = SEM (n=4). “P<0.01 vs. the control group; “P<0.05, #P<0.01 vs. the ATO group. TA, tannic acid; ATO, arsenic
trioxide; SOD, superoxide dismutase; MDA, malondialdehyde; CAT, catalase; GSH-Px, glutathione peroxidase.

effectively removed apoptosis induced by ATO (P<0.01). The  marked decrease in the protein expression level of Bcl-2 and an
semi-quantitative and statistical results of each group are shown increase in Bax and caspase-3 levels (P<0.01). TA rejuvenated
in Fig. 5B. As shown in Fig. 5C-F, ATO-induced rats showed a  Bcl-2 and attenuated Bax and caspase-3 of ATO-induced rats
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Figure 5. Effects of TA on ATO-exposed apoptosis in rats. (A) Apoptosis of rat liver cells was assessed by TUNEL staining (magnification x400). Arrows
indicate apoptosis in the cells of the liver. Scale bar, 50 ym. (B) TUNEL staining was used for semiquantitative analysis of apoptotic cells. (C) Western blot
analysis was used to assess the hepatic protein expression levels of (D) Bax, (E) Bcl-2 and (F) caspase-3. All results are presented as the mean + SEM (n=4).
"P<0.01 vs. the control group; *P<0.01 vs. the ATO group. TA, tannic acid; ATO, arsenic trioxide; TUNEL, terminal deoxynucleotidyl-transferase-mediated

dUTP nick end labelling.

when supplemented at 20 or 40 mg/kg (P<0.01). Rats which
only received 40 mg/kg TA showed non-significant changes in
the apoptosis rate, Bax, Bcl-2 and caspase-3 expression levels
when compared to the control group (P>0.05).

Effectsof TAoninflammationin ATO-treatedrats. ATO-induced
rats showed a marked increase in the protein expression levels
of interleukin (IL)-1p, IL-6 and tumor necrosis factor (TNF)-a
as shown in Fig. 6A-D (P<0.01). Treatment with 20 or 40 mg/kg
TA significantly reduced the protein expression levels of IL-1p,
IL-6 and TNF-a in the rat livers in the ATO group (P<0.01).
Rats that received only 40 mg/kg TA showed non-significant
effect compared against the control group (P>0.05).

Effects of TA on Nrf2 activation in ATO-treated rats. The effect
of TA on Nrf2 protein expression in control and ATO-treated

rats is represented in Fig. 7A. Nrf2 was expressed only in the
cytoplasm of the control group and the expression level was
higher than that of the ATO group. Following treatment with
20 or 40 mg/kg TA, Nrf2 expression was increased in both
the nucleus and the cytoplasm, prompting that TA led to Nrf2
translocation from the cytoplasm into the nucleus. As shown
in Fig. 7B and C by western blot analysis, ATO decreased the
cytoplasmic Nrf2 (P<0.01) while TA with 20 or 40 mg/kg
regained it (P<0.01). Furthermore, TA treatment significantly
activated nuclear Nrf2 (P<0.01), which was inhibited by ATO
(P<0.01). Rats that received only 40 mg/kg TA also showed
significantly activated nuclear Nrf2 compared with the control
group (P<0.01).

Effects of TA on the expression levels of downstream targets
in the Nrf2 signaling pathway in the ATO-treated rats.
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Figure 6. Effects of TA on the expression levels of IL-13, IL-6 and TNF-a in ATO-exposed rats. (A) Western blot analysis was used to assess the hepatic protein
expression levels of (B) IL-1f, (C) IL-6 and (D) TNF-a. All results are presented as mean + SEM (n=4). “P<0.01 vs. the control group; "P<0.05,”"P<0.01 vs. the
ATO group. TA, tannic acid; ATO, arsenic trioxide; IL, interleukin; TNF, tumor necrosis factor.

A B

Nuclear N2 | w we sl 68 kDa = 1°

[ =
E 1.2

Lamin B1 /w Sl e amn 66 kDa g
& o8

Total Nrf2 Sl s e s i 68 kDa ’?:U
2 04

S

B-actin WSS — 42 kDa z
0
ATO - + + + - ATO
TA - - 20 40 40 TA
(mg/kg) (mg/kg)

C 1.67
i T
T c
% 31.2‘ i
<o
ol ] #
5 0.8 s
i g 44l
*¥|._| o 04
AC L I
- + + + - ATO - + + + -~
- - 20 40 40 TA - - 20 40 40
(mg/kg)

Figure 7. Effects of TA on Nrf2 activation in ATO-exposed rats. (A) Western blot analysis was used to assess the hepatic protein expression levels of (B) nuclear
Nrf2 and (C) total Nrf2. All results are presented as the mean + SEM (n=4). “P<0.01 vs. the control group; “P<0.05, #P<0.01 vs. the ATO group. TA, tannic

acid; ATO, arsenic trioxide; Nrf2, nuclear factor erythroid 2-related factor 2.

The protein expression level of Keapl in ATO-induced rats
increased significantly as shown in Fig. 8A and B (P<0.01).
Treatment with 20 or 40 mg/kg TA significantly reduced the
expression level of Keapl in the livers of ATO-induced rats
(P<0.01). On the contrary, ATO-induced rats showed a marked
decrease in the protein expression levels of HO-1, NQOI1
and y-GCS (P<0.05 or P<0.01) (Fig. 8A and C-E). Treatment

with 20 or 40 mg/kg TA fortified the expression levels of
HO-1, NQOI and y-GCS in the livers of ATO-induced rats
(P<0.01). Compared against the control group, rats that only
received 40 mg/kg TA showed non-significant changes in the
protein expressions of Keapl, HO-1 and y-GCS (P>0.05);
however, showed significantly activated expression of NQOI1
(P<0.01).
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Figure 8. Effects of TA on the expression levels of downstream targets in the Nrf2 pathway in ATO-treated rats. (A) The hepatic protein expression levels
of (B) Keapl, (C) HO-1, (D) NQOI and (E) y-GCS were measured by western blot analysis. All results are presented as the mean + SEM (n=4). "P<0.05,
“P<0.01 vs. control group; "P<0.01 vs. ATO group. TA, tannic acid; ATO, arsenic trioxide. Nrf2, nuclear factor erythroid 2-related factor 2; Keapl, Kelch-like
ECH-associated protein 1; HO-1, heme oxygenase-1; NQOI, NADPH quinine oxidoreductase-1, y-GCS, y-glutamylcysteine synthetase.

Discussion

Arsenic, as a pollutant and human carcinogen, produces
a complex effect in organisms, including oxidative stress,
apoptosis and inflammation (22). The cytotoxicity of arsenic
trioxide (ATO) may limit its clinical application in cancer
treatment. Thus, it makes sense to search for an appropriate
antidote to ATO. Previous studies have investigated the
relationship between complex mixtures containing tannic
acid (TA) and arsenic compounds, such as aqueous extract of
green tea leaves (23). It is reasonable to guess that TA may
have a protective effect against ATO-induced liver injury.
Accordingly, the present study focused on the assessment of
the hepatic changes induced by ATO, as well as the therapeutic
effect and underlying mechanisms of TA in rats.

It was found that ATO significantly induced liver injury
in the present study, which was manifested in the formation
of an abnormal histological central vein area and portal tract
structure and increased circulating ALT and AST levels.
Due to the fact that ALT and AST typically enter the blood-
stream following an injury to the structural integrity of liver
cells, the levels of ALT and AST in the serum have been
generally regarded as representative indicators of hepatic
damage (24). TA treatment exhibited hepatic protective effects
as manifested by the improvement of pathological damage
and a decrease in the levels of ALT and AST. Previous studies
have shown that TA exhibited the same impact trend for these
indicators in carbon tetrachloride or iron-overload-induced
hepatotoxicity (16,25). All the aforementioned evidence

suggests that TA could be an effective natural compound for
relieving various types of liver damage.

Oxidative stress, apoptosis and inflammation are common
features of numerous diseases and play important roles in
tumorigenesis (26,27). Oxidative impairment following ATO
exposure if significantly reflected by increased ROS and
MDA and decreased SOD, CAT and GSH-Px (28,29). The Bcl
gene family is a critical regulatory gene in the regulation of
apoptosis. Both Bax and Bcl-2 belong to the Bcl family and
play important roles in the regulation of apoptosis pathways.
Therefore, Bcl-2 and Bax are often used to define the degree
of apoptosis (30,31). Moreover, as a cell death protease,
caspase-3 plays a significant role in cell apoptosis (29,32).
Activation of apoptotic pathways finally results in the activa-
tion of caspase-3 (32). Caspase-3 is an ‘effector’ protease in the
apoptosis cascade and is one of the main executors of apop-
tosis (29,32). Caspase-3 activation can alter cell morphology
and degrade DNA, sequentially triggering apoptosis.
Accompanied by the production of a large amount of ROS,
the permeability of the mitochondrial membrane increases
significantly. Ultimately the apoptosis cascade reaction of
caspases is triggered (33). Excessive oxidative stress evoked by
ATO triggers some signaling pathways containing the activa-
tion of caspase-3 resulting in hepatic cell apoptosis. Consistent
with previous researches (34-36), ATO promotes the apoptosis
of hepatic cells, decreases significantly Bcl-2 expression and
elevates Bax and caspase-3 expression levels as demonstrated
in the present study, which confirmed the occurrence of
apoptosis in the hepatotoxic rats. Interestingly, ATO-induced
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Figure 9. Effects of TA treatment on ATO-induced hepatic injury. TA stimulates the levels of SOD, CAT and GSH-Px, attenuates the levels of MDA and ROS.
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changes in Bax, Bcl-2 and caspase-3 expression levels were
approximately restored to normal levels following treatment
TA, ultimately decreasing the number of TUNEL-positive
cells in the liver tissue. Taken together, the results suggest
that TA inhibits the apoptosis of hepatic cells by increasing
Bcl-2 expression and decreasing Bax and caspase-3 expres-
sion as confirmed in our experiments. In the present study, we
observed that ATO stimulated IL-1p, IL-6 and TNF-a protein
expression levels, which aggravated inflammation. At the same
time, it has been reported that Nrf2 improves the removal of
ROS for cellular defense and plays a protective role against
oxidative stress (37). Nrf2 controls Bcl-2 expression and apop-
totic cell death with implications on the survival of cells (38).
Furthermore, it has been evidenced that the activation of
Nrf2 prevents proinflammatory cytokines, such as IL-1p and
IL-6 (39). In the present study, it was found that TA alleviated
oxidative stress, apoptosis and inflammation induced by ATO
(Fig. 9). Therefore, we further investigated whether ATO and
TA have effects on the Nrf2 pathway.

Nrf2 is a key transcription factor that regulates gene
expression of a series of anti-oxidant proteins and detoxifying
enzymes. Keapl, a redox-regulated substrate adaptor protein
for a cullin3-dependent ubiquitin ligase complex, senses
electrophilic or oxidative stresses and then arrests ubiqui-
tination of Nrf2, leading to Nrf2 activation (40). In addition
to this canonical pathway, one Nrf2 target p62/SQSTM1
(p62) competitively binds to Keapl to activate Nrf2. p62 is
a stress-inducible intracellular protein, which is known to

regulate various signal transduction pathways involved in
cell survival and cell death. p62 interacts with p62, NBRI,
ERKI, and atypical PKC (aPKC) through Phox and Beml
(PB1)-mediated homooligomerization or heterooligomeriza-
tion to regulate the NF-kB signaling pathway (40).

The Nrf2-Keapl signaling pathway is a considerable
antioxidant defense mechanism that activates an adaptive
cellular response against oxidative stress and participates in
the toxicant metabolic and detoxifying process (41). Keapl is
a repressor of Nrf2 activity and plays a key role in its regu-
lation. It was found that ATO significantly inhibited Nrf2
while increasing Keapl. This finding was consistent with the
result that arsenic-induced reduction in antioxidant enzymes
was more pronounced in Nrf2-inhibited cells, indicating that
arsenic may inhibit the Nrf2 pathway (42,43). The mechanism
of arsenic in the inhibition of Nrf2 expression may be related
to the acceleration of Nrf2 degradation and the promotion of
Keapl protein expression (44). These results revealed that TA
treatment exhibited a facilitating effect on the Nrf2 pathway
in increasing Nrf2 while inhibiting Keapl. Following evasion
from Keapl, Nrf2 translocates to the nucleus, and activates
the expression of a series of cytoprotective and antioxidative
protein-dependent genes such as HO-1,NQOI1 and y-GCS (45).
HO-1 is an inducer of bilirubin and carbon monoxide and thus
provides protection against cell oxidative injury (46). NQOI,
a member of the NAD(P)H dehydrogenase family, encodes a
cytoplasmic 2-electron reductase (47). Furthermore, y-GCS
is a rate-limiting enzyme of glutathione biosynthesis, which
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can detoxify certain deleterious xenobiotics through direct
thiol conjugation. In brief, these are all important metabolism
and antioxidant enzymes and play key roles in the control of
signaling processes (48). In the present study, TA treatment
increased the expression levels of HO-1, NQOI and y-GCS,
which were inhibited by ATO. As suggested by the results
of the present study, an underlying mechanism of TA in
relation to antioxidant properties has been demonstrated as the
guidance of antioxidants and phase II detoxifying enzymes by
Nrf2 activation.

There are other issues which should be discussed in regards
to this previous experiment. The dosage of TA used in this
study was based on our previous experiments (15-17,20), in
which there were no significant changes in liver morphology,
enzyme activities and in the expression levels of the majority
of proteins. Our previous reseach on TA against ATO-induced
nephrotoxicity hypothesized that TA may play a protective
role through the NF-xB/Nrf2 pathway by determining the
protein levels of NF-kB, Nrf2 and Keapl (15). In the present
research, we systematically studied the protective effect and
mechanism of TA on liver injury induced by ATO. In addition
to Nrf2 and Keapl, we also investigated the influence of TA
on the protein expression levels of HO-1, NQO1, and y-GCS in
this signaling pathway. Additionally, dimercaptopropanol and
its derivatives have been found to be used to clinically relieve
acute intoxication (49); however, it was not set as a positive
control drug in the present study, considering that the amount
of ATO was still a small dose and could not cause acute
poisoning. Interestingly, arsenic has been reported to activate
the Nrf2-Keapl signaling pathway in some types of cancer
cells, due to mutations in Nrf2, which can be beneficial for
cancer cell growth and self-protection (50). Based on the large
number of previous studies and the results from the present
study, we believe that the inhibitory effect of ATO on the
Keapl-Nrf2/ARE signaling pathway in non-cancerous rats is
reasonable. However, the regulation of TA on the Keapl-Nrf2
pathway in cancer cells needs further investigation.

In summary, TA, as a valuable dietary component or
medicinal material, could mitigate the hepatic damage of
ATO by inhibiting oxidative stress, apoptosis and inflamma-
tion, and the mechanisms that may be associated with the
activation of the Keapl-Nrf2/ARE signaling pathway. The
results of the present study could further reveal the molecular
mechanisms of the beneficial effects of TA on ATO-induced
liver injury.
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