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Exploration of the hepatoprotective effect and
mechanism of magnesium isoglycyrrhizinate in mice
with arsenic trioxide-induced acute liver injury
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Abstract. Arsenic trioxide (ATO)-induced hepatotoxicity
limits the therapeutic effect of acute myelogenous leukemia
treatment. Magnesium isoglycyrrhizinate (MgIG) is a natural
compound extracted from licorice and a hepatoprotective drug
used in liver injury. It exhibits anti-oxidant, anti-inflammatory
and anti-apoptotic properties. The aim of the present study was
to identify the protective action and underlying mechanism of
MglG against ATO-induced hepatotoxicity. A total of 50 mice
were randomly divided into five groups (n=10/group): Control;
ATO; MgIG and high- and low-dose MgIG + ATO. Following
continuous administration of ATO for 7 days, the relative
weight of the liver, liver enzyme, histological data, antioxidant
enzymes, pro-inflammatory cytokines, cell apoptosis and
changes in Kelch-like ECH-associated protein 1/nuclear factor
erythroid 2-related factor 2 (Keapl-Nrf2) signaling pathway
were observed. MgIG decreased liver injury, decreased the
liver weight and liver index, inhibited oxidative stress and
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decreased the activity of glutathione, superoxide dismutase
and catalase, production of reactive oxygen species and
levels of pro-inflammatory cytokines, including IL-1p, IL-6
and TNF-a. Western blotting showed a decrease in Bax and
caspase-3. There was decreased cleaved caspase-3 expres-
sion and increased Bcl-2 expression. MgIG notably activated
ATO-mediated expression of Keapl and Nrf2 in liver tissue.
MgIG administration was an effective treatment to protect the
liver from ATO-induced toxicity. MgIG maintained the level
of Nrf2 in the liver and protected the antioxidative defense
system to attenuate oxidative stress and prevent ATO-induced
liver injury.

Introduction

Arsenic is a common constituent of the Earth's crust and has
been used in traditional Chinese medicine to treat a number
of diseases, such as leukemia, psoriasis, syphilis and tubercu-
losis (1,2). Arsenic trioxide (ATO) has been the cornerstone
of the treatment of acute promyelocytic leukemia (APL) and
other types of hematopoietic malignancy since its first appli-
cation in the 1970s at Harbin Medical University; its efficacy
has been proved in clinical trials (3). The United States Food
and Drug Administration approved ATO for the treatment of
APL in September 2000 (4). High-dose ATO is used as an
effective chemotherapy drug in the treatment of certain types
of cancers; however, toxic side effects are of concern (5).
ATO has been shown to be the most effective single agent
for the treatment of APL, and following the co-treatment
of ATO and all-trans retinoic acid, long-term survival of
patients with APL has been improved to 80-90% (6-8).
An increasing number of studies have consistently shown
that ATO is effective against other cancer types, including
hepatocellular carcinoma, pancreatic cancer and lung
cancer (9,10). In past decades, clinical data have shown that
excessive use of ATO causes hepatotoxicity, nephrotoxicity
and cardiotoxicity (11-15).
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The liver removes toxins and drugs, but it can also be
destroyed by these harmful substances (11,16). Arsenic
induces hepatotoxicity by oxidative stress (17,18). ATO
generates reactive oxygen species (ROS), including hydroxyl
radicals and superoxide anions, which decrease equilibrium
and disturb natural oxidation via complex redox reactions
with endogenous oxidants (19). Oxidative stress occurs when
pro-oxidants overpower anti-oxidants in the living organ-
isms (20). Pro-oxidants are chemicals that can either generate
ROS or compromise anti-oxidants in cells (21). A high concen-
tration of redox signaling of ROS is commonly observed with
cell damage and metabolic dysregulation, including lipid
peroxidation, and permanent protein and DNA degenera-
tion (22). Thus, the liver is the primary organ susceptible to
pathological cascades of oxidative stress (23). Parenchymal
cells are most vulnerable in an oxidative environment (24).
In order to control the generation of ROS in the liver, both
enzymatic and non-enzymatic systems are involved in
maintaining redox homeostasis (25). The imbalance between
ROS production and the antioxidant system is maintained by
key enzymes, such as catalase (CAT), superoxide dismutase
(SOD) and glutathione (GSH) (26,27). Malondialdehyde
(MDA) is an end product of lipid peroxidation and is used as
an indicator of oxidative damage in vivo (28). In addition to
the significant role of oxidative stress, many reports suggest
that the activity of inflammatory cytokines and apoptotic
proteins increases with the etiology of hepatotoxicity (29,30).
High levels of ROS act as mediators of inflammation and
induce peripheral inflammation, but other studies have
shown that ATO alters expression levels of pro-inflammatory
cytokines, such as TNF-a, IL-1p and IL-6 (31,32). When
antioxidant responses are overwhelmed, ROS damage to cells
leads to necrosis or apoptosis, which is manifested by oxida-
tive stress and inflammation (33). Apoptosis is characterized
by well-defined features, including cellular morphological
changes, activation of caspase-3 and cleaved caspase-3 and
imbalance of Bax/Bcl-2 (34-36).

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a
sensitive sensor that is key to cellular defense against oxida-
tive species and toxic damage; it inhibits oxidative stress
by upregulating Nrf2-driven antioxidants (37). Previous
research has shown that adropin protects against liver injury
in nonalcoholic steatohepatitis via Nrf2-mediated antioxidant
capacity (38). Under normal conditions, cells maintain low
constitutive levels of Nrf2-target genes via the Kelch-like
ECH-associated protein 1 (Keapl)-dependent E3 ubiquitin
ligase complex, which directly leads to continual ubiquitina-
tion and subsequent degradation of the transcription factor
Nrf2 in the cell cytoplasm (39,40). Under oxidative stress,
Keapl is inactivated, leading to the release of Nrf2 from
Keapl. The switching on and off of Nrf2 protects cells from
free radical damage and promotes cell survival (41). Therefore,
antioxidants may serve key roles in preventing ATO-induced
hepatotoxicity.

Magnesium isoglycyrrhizinate (MgIG; Fig. 1) is a magne-
sium salt of the 18-a glycyrrhizic acid stereoisomer. It is a
novel molecular compound extracted from licorice root (42).
In China and Japan, it is used as a hepatoprotective agent and
inhibits inflammation, improves liver function and stabilizes
cell membranes (43). MglG has been used as a hepatoprotective

and anti-inflammatory agent in the clinical treatment of
inflammatory liver disease due to its effective role in hepatitis
response and liver function recovery (44). According to our
previous research, MglG ameliorates doxorubicin-induced
cardiotoxicity and hepatotoxicity via anti-oxidant and
anti-apoptotic mechanisms (42,45). To the best of our knowl-
edge, however, the potential effect and mechanism of MglG
on hepatotoxicity caused by ATO has not yet been reported.
The present study aimed to evaluate the protective effect
and potential mechanism of MgIG on ATO-induced hepato-
toxicity, including oxidative stress, inflammatory responses,
apoptosis and activation of the Keapl-Nrf2 signaling pathway.

Materials and methods

Chemicals and reagents. MgIG (purity, 99.3%) was purchased
from Chia Tai Tianqing Pharmaceutical Group Co., Ltd.
ATO parenteral solution was purchased from Beijing SL
Pharmaceutical Co., Ltd. All other chemicals were purchased
from Sigma-Aldrich (Merck KGaA) unless otherwise
specified.

Animals and treatment. A total of 50 adult male KunMing
mice (age, 6-7 weeks; weight, 18-22 g) were provided by
Experimental Animal Center (Hebei Medical University,
Shijiazhuang, China). All mice were housed in plastic
cages (n=10/cage) under standard conditions (20-24°C) and
55+5% relative humidity with a 12-h dark-light cycle envi-
ronment and ad libitum access to pellet food and water. All
animal experiments were approved by the Ethics Committee
for Animal Experiments of Hebei University of Chinese
Medicine (approval no. DWLL2020005; approval date,
9 January, 2020).

Animals were randomly divided into the following groups
(n=10/group): Control [CON, normal saline, intraperito-
neal (i.p.) injection, 0.1 ml/kg/day]; ATO (i.p., 5 mg/kg/day);
MglIG-alone (MgIG, i.p., 50 mg/kg/day); high-MgIG + ATO
(H-MgIG, i.p., 50 mg/kg/day MgIG + 5 mg/kg ATO) and
low-MgIG + ATO (L-MgIG,i.p.,25 mg/kg/day MgIG + 5 mg/kg
ATO). The hepatotoxicity model was established via i.p. injec-
tion with ATO (5 mg/kg). The CON group received isovolumic
normal saline, as previously described (46). The L-MgIG and
H-MgIG groups were given 25 and 50 mg/kg MgIG, respec-
tively, followed by 5 mg/kg ATO 6 h later. Dose selection
of ATO and MgIG was determined according to previous
literature (47,48). The mice were sacrificed after 7 days of
continuous treatment. After 7 days, sodium pentobarbital
(50 mg/kg) was used to anesthetize mice and mice were
weighed on an electronic balance to the nearest milligram.
Then, blood (0.5-1.2 ml) was collected by exsanguination from
the abdominal aorta for biochemical analysis. Euthanasia of
mice was performed by overdose with i.p. injection of sodium
pentobarbital (200 mg/kg) and was confirmed by absence
of respiration and heartbeat. Liver was collected for further
analysis (49).

Blood collection and serum preparation. The weight was
recorded for each mouse, followed by i.p. injection by sodium
pentobarbital (50 mg/kg). The blood sample was collected
and centrifuged at 1,500 x g for 10 min at room temperature.
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Figure 1. Chemical structure of magnesium isoglycyrrhizinate.

The serum was aspirated into clean, dry tubes and then frozen
at -20°C for analysis.

Liver tissue collection and homogenate preparation. Liver was
removed after sacrificing the mice. The livers were weighed
on an electronic balance to the nearest milligram and the
relative weight of the liver was calculated using the following
formula: Index weight=organ weight/body weight x100%. The
livers were then washed with ice-cold saline and homogenized
at 12,000 x g at 4°C for 10 min in PBS (pH 7.4; w/v; 1 g tissue
with 9 ml PBS). The supernatant was stored at -20°C and
different parameters were assayed.

Evaluation of histopathology. Livers were excised and small
pieces were carefully removed from experimental animals.
The tissue was dissected and fixed with ice-cold 4% para-
formaldehyde overnight at 4°C, embedded in paraffin, cut
into 4 pm-thick slices and stained with 0.1% hematoxylin for
15 min and 0.5% eosin for 5 min, both at room temperature,
according to standard procedures. Pathohistological changes
were observed by light microscopy (magnification, x400).

Measurement of levels of ROS. Dihydroethidium was used
to monitor cellular production of ROS. Fresh liver tissue was
embedded and sliced, as aforementioned. Liver tissue was
incubated at 37°C in the dark for 1 h. A fluorescence micro-
scope was used to measure the nucleus of liver following
staining with 5 mg/ml DAPI for 20 min at room temperature

with an excitation source of 510-560 nm and an emission
wavelength of 590 nm. ROS generation was visualized and
analyzed using a high-content screening system (Leica
DM4000B; Leica Microsystems GmbH). ROS production
was quantified using Image-Pro Plus 6.0 software (Media
Cybernetics, Inc.). All experiments were repeated at least
three times.

Detection of biochemical indices in serum. Aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
are significant predictors of liver injury (50). The serum
activity of ALT (cat. no. C010-3-1), AST (cat. no. C009-3-1),
SOD (cat. no. C001-3-2) and CAT (cat. no. C007-1-1),
GSH (cat. no. C006-2-1), as well as the level of MDA (cat.
no. C003-1-2) were detected by commercial kits according
to the manufacturer's instructions (all Nanjing Jiancheng
Bioengineering Institute).

Quantification of levels of IL-1f3, IL-6 and TNF-a. The levels
of IL-1f (cat. no. 88-7013-88), IL-6 (cat. no. 88-7064-88) and
TNF-a (cat. no. 88-7324-88) were measured and calculated
using ELISA kits, according to the manufacturers' instructions
(all Thermo Fisher Scientific, Inc.).

Reverse transcription-quantitative (RT-q)PCR. Total RNA
was extracted from liver using TRIzol® reagent (cat. no. G3013;
Wuhan Servicebio Technology Co., Ltd.). RT was performed
using a TTANScript RT kit (cat. no. G3330-100; Wuhan
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Servicebio Technology Co., Ltd.) according to the manufactur-
er's instructions. The gene expression levels of IL-1, IL-6 and
TNF-a in liver tissue were assessed via RT-qPCR using SYBR
Green (cat. no. G3320; Wuhan Servicebio Technology Co.,
Ltd.). The PCR conditions were as follows: Initial denaturation
at 95°C for 15 min, denaturation at 95°C for 10 sec, followed by
annealing at 58°C for 30 sec and extension at 72°C for 30 sec for
40 cycles. Relative gene expression profiles were determined
by normalization of expression to that of the housekeeping
gene (B actin) using the 2°24°4 method (51). Mouse primer
sequences were as follows: IL-1p forward, 5'-GGTCAAAGG
TTTGGAAGCAG-3' and reverse, S“-TGTGAAATGCCACCT
TTTGA-3"; IL-6 forward, 5~ ACCAGAGGAAATTTTCAA
TAGGC-3' and reverse, 5"TGATGCACTTGCAGAAAA
CA-3'; TNF-a forward, 5~ AGGGTCTGGGCCATAGAA
CT-3" and reverse, 5'-CCACCACGCTCTTCTGTCTAC-3';
and B actin forward, 5'-CCTAGACTTCGAGCAAGAGA-3'
and 5'-reverse GGAAGGAAGGCTGGAAGA-3'.

Evaluation of expression levels of Bax, Bcl-2, caspase-3,
cleaved-caspase-3, Keapl and Nrf2. In order to extract total
protein, liver tissue was homogenized in RIPA lysis buffer
(Wuhan Servicebio Technology Co., Ltd.) and then centri-
fuged 12,000 x g for 10 min at 4°C to prepare a supernatant.
The proteins were quantified using the bicinchoninic acid
method. Equivalent amounts of protein (50 pug) were resolved
via 12% SDS-PAGE and transferred onto PVDF membranes
and blocked in 5% skimmed milk at room temperature for 1 h.
Membranes were incubated with the following primary anti-
bodies (all 1:1,000) at 4°C for 12 h: Anti-Bax (cat. no. GB11690;
Wuhan Servicebio Technology Co., Ltd.), anti-Bcl-2
(cat. no. PAA778Mu01; Wuhan Servicebio Technology Co.,
Ltd.), anti-caspase-3 (cat. no. 66470-2-1g; ProteinTech Group,
Inc.), anti-cleaved caspase-3 (cat. no. 9664; Cell Signaling
Technology, Inc.), anti-Keapl (cat. no. 10503-2-ap; ProteinTech
Group, Inc.), anti-Nrf2 (cat. no. 16396-1-ap; ProteinTech Group,
Inc.) and anti B-actin (cat. no. 66470-2-1g; Wuhan Servicebio
Technology Co., Ltd.). Next, the membranes were washed three
times with TBS-0.1% Tween-20, followed by incubation at
room temperature for 1 h with horseradish peroxidase-conju-
gated secondary antibody (1:3,000; cat. no. GB23303; Wuhan
Servicebio Technology Co., Ltd.), and washing three times.
The proteins were visualized using an ECL Detection reagent
(TransGen Biotech Co., Ltd.) and imaged using a Tanon-1600
Gel Image Analysis system (Tanon Science and Technology
Co., Ltd.). Densitometry was performed using Tanon Gis 1D
software (4.00; Tanon Science and Technology Co., Ltd.). All
experiments were repeated three times.

TUNEL assay. TUNEL staining was performed using an
in-situ cell death detection kit (cat. no. WLA029; Wanleibio
Co., Ltd.) according to the manufacturer's protocol. After
the liver was removed, tissues were fixed in 4% parafor-
maldehyde for 24 h at room temperature, embedded in
paraffin and cut into 5-pum thick sections. Liver sections
were deparaffinized, dehydrated using increasing concentra-
tions of alcohol, washed in distilled water followed by PBS
and deproteinized using proteinase K (20 pg/ml) at 37°C for
30 min. Subsequently, sections were rinsed and incubated
with the TUNEL reagent at 37°C for 1 h. Following rinsing,

the sections were visualized using peroxidase-conjugated
anti-fluorescein antibody (contained in the TUNEL Kkit)
with 0.02% 3,3-diaminobenzidine at room temperature
for 5 min and then counterstained with 0.5% hematoxylin
(cat. no. H8070; Beijing Solarbio Science & Technology Co.,
Ltd.) at room temperature for 10-30 sec. Neutral balsam was
used to bond the slides and cover glass together. A total of five
randomly selected microscopic fields of view were selected in
order to analyze the staining results, and micrographs were
scanned at x400 magnification with a digital light microscope
system (Olympus Corporation; DP73).

Statistical analysis. Statistical analysis was performed using
Origin Pro version 9.1 software (OriginLab Corporation.).
Data are presented as the mean + SEM. Each experiment was
repeated more than three times. Comparisons were analyzed
via one-way ANOVA followed by post hoc Tukey's test. P<0.05
was considered to indicate a statistically significant difference.

Results

Effect of MglG on ALT and AST levels. ATO group exhibited
markedly higher liver weight and index and ALT and AST
activity compared with the CON and MgIG groups (P<0.01;
Fig. 2A; Table I). MgIG treatment decreased the liver index
and activity of ALT and AST compared with the ATO group
(P<0.05 or P<0.01).

Effect of MglG on liver histopathology. Histopathological
data are shown in Fig. 2B and C. Liver tissue of mice in
the CON and MgIG groups exhibited a normal structure.
Severe pathological changes were observed in liver sections
in the ATO group, including extensive hepatocyte vacu-
olation, disorganization of the parenchyma and dilatation
of intrahepatocyte spaces. Furthermore, masses of acido-
philic material were observed next to the central vein and
microvesicular vacuolization was observed near the portal
triad. Comparison of the histological features in mice from
the ATO, H-MgIG and L-MgIG groups showed that pretreat-
ment with MgIG diminished infiltration of inflammatory
cells and vacuolation of hepatocytes.

Effect of MglG on ROS production. The effect of MgIG on
ATO-induced liver injury was evaluated via fluorescence of a
dihydroethidium probe to assessing liver tissue production of
ROS. ATO group exhibited significantly increased production
of ROS compared with CON (P<0.01; Fig. 3A and B). However,
the levels of ROS in H-MgIG and L-MgIG groups decreased
significantly compared with ATO group (P<0.05 or P<0.01).
These data indicated that MgIG suppressed ATO-induced
hepatic ROS overproduction.

Effects of MgIG on activity of antioxidant enzymes. ATO
caused a prominent decrease in CAT, GSH and SOD activity
compared with the CON and MgIG groups. Treatment with
H-MglG and L-MgIG (25 or 50 mg/kg) elevated the activity of
GSH, SOD and CAT in serum compared with the ATO group
(P<0.01; Fig. 3C-F). Additionally, treatment with ATO
increased MDA concentration, whereas MgIG significantly
reversed this effect (P<0.05 or P<0.01).
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Table I. Effect of MgIG on body weight and relative liver weight in mice.

Parameter CON ATO MgIG H-MgIG L-MgIG
Final body weight, g 30.78+0.72 29.71+£0.91 30.05+0.63 29.13+1.05 29.02+0.78
Liver weight, g 1.31+£0.05 3.43+0.09* 1.19+0.04° 1.78+0.08° 2.36+0.03°
Liver index, % 4.27+0.20 11.54+0.43% 3.94+0.10° 6.13+0.35° 8.18+0.30°

Data are presented as the mean + SEM (n=10). *P<0.01 vs. CON, "P<0.01 vs. ATO. MgIG, magnesium isoglycyrrhizinate; ATO, arsenic

trioxide; CON, control; H-, high; L-, low.
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Figure 2. Effect of MgIG on liver injury. (A) AST and ALT activity. Representative sections of hematoxylin-eosin staining in the hepatic (B) central vein and
(C) duct area (magnification, x400). Scale bar, 50 ym. CON showed normal hepatocyte architecture; ATO showed inflammation, hepatocyte vacuolation and
necrosis/disorganization of the parenchyma. These symptoms decreased following MgIG treatment. Data are presented as the mean = SEM (n=10). “P<0.01 vs.
CON, P<0.05 and *P<0.01 vs. ATO. AST, aspartate aminotransferase; ALT, alanine aminotransferase; MgIG, magnesium isoglycyrrhizinate; CON, control;

ATO, arsenic trioxide; H-, high; L-, low.

Effect of MglIG on IL-1§3, IL-6 and TNF-a. expression levels. In
order to assess the protective effect of MgIG, the levels of IL-1
B,IL-6,and TNF-o were measured. Levels of IL-1 3, IL-6, and
TNF-a in the ATO group were significantly higher than those
in the CON group (P<0.01; Fig. 4A). Treatment with MgIG
(25 or 50 mg/kg) inhibited IL-1p, IL-6 and TNF-a expression
(P<0.01). These results revealed that MgIG attenuated IL-1§,
IL-6 and TNF-a expression levels.

mRNA expression levels of proinflammatory cytokines,
such as IL-6, IL-1f and TNF-a, significantly increased in the
liver of ATO mice compared with the CON group (P<0.01;
Fig. 4B). Compared with the ATO group, the levels of IL-6,

IL-1p and TNF-o in H-MgIG and L-MgIG groups was signifi-
cantly decreased (P<0.01).

Effectof MglG on Bax, Bcl-2, caspase-3 and cleaved-caspase-3
expression levels. Western blotting was performed on liver
tissue to detect the expression levels of Bax, Bcl-2, caspase-3
and cleaved-caspase-3 to assess the effect of MglG against
ATO-induced hepatotoxicity. Apoptosis induced by ATO
was significantly increased compared with the CON group
(P<0.01; Fig. 5). Compared with the CON group, caspase-3,
cleaved-caspase-3 and Bax expression levels were increased
and Bcl-2 expression was significantly decreased in the ATO
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Figure 3. Effect of MgIG on ATO-induced oxidative stress. (A) Representative images and (B) quantitative analysis of reactive oxygen species levels. Activity
of (C) CAT, (D) SOD, (E) GSH and (F) MDA.. Data are presented the mean + SEM (n=10). “P<0.01 vs. CON, “P<0.05 and #P<0.01 vs. ATO. MgIG, magnesium
isoglycyrrhizinate; ATO, arsenic trioxide; CAT, catalase; SOD, superoxide dismutase; GSH, glutathione; MDA, malonaldehyde; H-, high; L-, low; DHE,

dihydroethidium.

group (P<0.01). Compared with the ATO group, treatment
with MgIG (25 or 50 mg/kg) inhibited Bax, caspase-3 and
cleaved-caspase-3 expression and increased Bcl-2 expression
(P<0.05 or P<0.01). These results revealed that MgIG could
reduce apoptosis in ATO-induced liver injury.

Effect of MglG on TUNEL staining. Apoptosis in hepatic
cells remained at consistently low levels in the CON group
(Fig. 6). However, TUNEL-positive hepatic cells showed a
significant increase in the ATO group (P<0.01). Both H-MgIG
and L-MgIG inhibited this effect (P<0.01).

Effect of MglG on Keapl-Nrf2 expression. The protein expres-
sion of Keapl in ATO-induced mice significantly increased
compared with the CON group (P<0.01; Fig. 7A and C).
Treatment with MgIG (25 or 50 mg/kg) significantly decreased
expression levels of Keapl in the liver of ATO-induced mice
(P<0.05). ATO decreased Nrf2 expression compared with
the CON group (P<0.01; Fig. 7B and D), but there were no
significant changes in the MglG-alone group compared with
the CON group. Nrf2 expression was increased following
treatment with 25 or 50 mg/kg MgIG, which suggested that
Nrf2 expression was upregulated (P<0.05 or P<0.01).
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Figure 4. Effect of MglIG on expression levels of IL-1f, IL-6 and TNF-a. Expression levels of IL-1f, IL-6 and TNF-a were examined by (A) ELISA and
(B) reverse transcription-quantitative PCR. Data are presented as the mean + SEM (n=10). “P<0.01 vs. CON, #P<0.01 vs. ATO. MgIG, magnesium isoglycyr-

rhizinate; ATO, arsenic trioxide; CON, control.

Discussion

Current cancer treatment methods include chemotherapy,
surgery and radiotherapy. Traditional Chinese medicine and
its components also show strong anti-tumor effects (52). ATO
is a primary component in traditional Chinese medicine that
is effective in the treatment of both newly diagnosed and
relapsed patients with APL (53). However, it can also lead to
liver toxicity, which limits its clinical application in cancer
treatment (54,55). Thus, it is important to find a suitable ATO
antidote.

Licorice is an herbal medicine and natural sweetener
that is widely used in China and contains numerous active
ingredients; its extracts exhibit anti-viral, anti-bacterial,
anti-inflammatory, anti-cancer and anti-oxidant activity (56).
MglG is a 4th-generation glycyrrhizic acid agent extracted
from licorice by alkali isomerization catalysis; it is currently
used as a liver-protecting agent in clinical treatment (57).
The therapeutic effects of MgIG in the treatment of liver
disease has been confirmed in liver disease models, including
drug-induced and immune-mediated liver injury and fatty liver
disease (58) The aim of the present study was to investigate the
protective effect and potential mechanism of MgIG on liver
injury induced by ATO.

Hepatotoxicity is caused by increased inflammatory
cytokines, oxidative stress and apoptosis. This is a major
drawback of adverse reactions of various anti-cancer and
anti-tubercular drugs (59). Here, the activity of hepatic marker
enzymes in serum significantly increased following treatment
with ATO, which may be due to leakage of enzymes into the

blood stream (60). MgIG significantly reverses increased ALT
and AST activity in serum, indicating that MgIG restores
ATO-induced liver injury (61). These results are associated with
hepatotoxicity induced by ATO, which was confirmed here
by histopathological examination. The histological sections
of the liver were normal in the CON and MgIG groups, but
ATO caused serious liver disease, including cellular necrosis,
inflammatory cell infiltration, pyknotic nuclei and vacuolated
hepatocytes. Slight hepatocyte swelling and bleeding were
observed in the H-MgIG and L-MgIG groups, suggesting that
pretreatment with MgIG diminished liver injury.

Oxidative stress is a result of the imbalance between ROS
and antioxidants in the body and leads to oxidative damage
of macromolecules; this has been implicated in the pathogen-
esis of numerous types of disease, including chronic kidney
disease, atherosclerosis and Alzheimer's disease (62-65). The
production of mitochondrial ROS is increased upon exposure
to xenobiotics, especially ATO, which can overwhelm the anti-
oxidant defense mechanism and damage cellular ingredients
such as DNA, proteins and lipids (66,67). Mitochondria are the
central site for ROS generation and energy metabolism (68).
Thus, uncontrolled overproduction of ROS can overwhelm the
cellular antioxidant capacity and impair the mitochondria (69).
Antioxidants inhibit oxidative stress via inhibiting produc-
tion of ROS and improve the function of mitochondria (70).
Therefore, antioxidants are a good therapeutic strategy for
treatment of liver disorders in light of the key role of oxidative
stress in liver disease (71).

The present study showed that exposure to ATO signifi-
cantly increased ROS generation in hepatocytes compared
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trioxide; CON, control.

with the CON group. The level of ROS in the ATO was notably
attenuated by MgIG at both high and low doses. Antioxidant
enzymes, such as SOD, CAT and GSH, are second line cellular
defenses against oxidative liver injury (72-74). Changes in
levels of these enzymes is an indirect method to evaluate the
antioxidant-prooxidant condition in ATO (75). Their inactiva-
tion leads to further oxidative damage. In the present study,

MDA content increased gradually upon aggravation of liver
damage. In recent years, the powerful antioxidant and free
radical scavenging activity of MgIG have been extensively
reported in in vitro experiments (76,77). Here, the antioxidant
effect of MgIG was demonstrated using an animal model.
There were notably increased levels of SOD, GSH and
CAT following treatment with MgIG, along with decreased
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MDA content, which demonstrated that MgIG alleviated
ATO-induced oxidative damage. These data suggested that
MglG suppressed ATO-induced hepatic ROS overproduction.

Activation of the antioxidant system requires inhibi-
tion of the inflammatory response and cell apoptosis (78).
Inflammatory factors are activated in response to toxic damage
via ATO-induced hepatotoxicity (79). One of the marks of the

inflammatory response is the production of pro-inflammatory
mediators, which are needed to repair injured tissue. IL-1§,
IL-6 and TNF-a are key pro-inflammatory factors of the
immune response; they primarily serve pro-inflammatory roles
that aggravate further tissue damage (80). Pro-inflammatory
cytokines, such as IL-1f3, IL-6 and TNF-a, exhibited enhanced
expression in the liver, which confirmed ATO-induced
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hepatotoxicity. MgIG inhibited the expression levels of inflam-
matory cytokines. Oxidative stress is positively associated
with cell apoptosis (81).

Apoptosis is programmed cell death that leads to death
or morphological changes in the cell to replace older cells
with newer cells. Apoptosis involves a series of active death
processes and is regulated by multiple genes associated with
the pro-apoptotic Bax subfamily and the anti-apoptotic Bcl-2
subfamily (82,83). Caspase-3 is the ‘effector’ protease in the
apoptosis cascade and is one of the primary executors of
apoptosis (84). One of the best-known markers of apoptosis
is proteolytic cleavage of pro-caspase-3 into its active form,
caspase-3 (85). When cells undergo apoptosis, caspase-3 is
activated to cleaved caspase-3, which promotes apoptosis (86).
Here, ATO caused excessive ROS production and promoted
apoptosis. ATO is cytotoxic and causes liver injury; it also
decreases cell activity and increases apoptosis (35,87).
The increase in expression levels of Bax in the ATO group,
concomitant with a decrease in the expression levels of Bcl-2,
demonstrated apoptotic events in ATO mice; however, there
were significant improvements following treatment with
MglG. Compared with the ATO-induced hepatotoxicity group,
MglG notably decreased the expression levels of caspase-3 and
cleaved caspase-3 and the number of TUNEL-positive cells in
the liver tissue. These biological indices suggested that MgIG
treatment ameliorated liver injury induced by ATO.

The exact mechanism of ATO-induced hepatotoxicity
remains unclear, but it has been reported that reactive

metabolites decrease Nrf2 levels, induce ROS production and
inhibit an endogenous antioxidant defense system that results
in severe oxidative stress (88,89). Nrf2 is a key antioxidant
transcription factor that is recognized as a primary transcrip-
tional regulation pathway involved in the metabolism and
detoxification of toxic substances (90,91). The mechanism by
which ATO inhibits Nrf2 expression may involve accelerating
Nrf2 degradation by promoting Keapl protein expression
levels (92). Zhao et al (41) demonstrated that activating Nrf2
and expression levels of Nrf2-regulated antioxidant enzymes
and detoxification protects HaCaT cells from ATO-induced
cytotoxicity and apoptosis. In the present study, the decrease in
Nrf2 content induced by ATO indicates that excessive oxidative
stress consumes a large amount of Nrf2 or disrupts homeostasis
between Nrf2 production and degradation. This damages the
antioxidant defense system and constantly aggravates injury
unless alleviated. However, MgIG maintained high levels of
Nrf2 in the liver and protected the antioxidative defense system
to attenuate oxidative stress and prevent ATO-induced liver
injury.

Here, MglG restrained ATO-mediated hepatotoxicity
by inhibiting oxidative stress, inflammation and apoptosis
(Fig. 8). The potential molecular mechanism of MgIG'
hepatoprotection may be due to activation of the Keapl-Nrf2
signaling pathway. Overall, MgIG exhibited a protective
potential effect on ATO-induced hepatotoxicity. Future
experiments are needed to delineate the specific mechanism
involved in this protective function.
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