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Abstract
Background: The leaves of Folium Syringae (FS) have been long used as a traditional Chinese folk medicine for their anti-inflammatory effect,
utilized as an antibacterial and antiviral treatment. The purpose of this study was to investigate the potential hepatoprotective effects of FS on
acetaminophen-induced hepatic injury in primary hepatocytes and mice.
Methods: Hepatocytes obtained by the inverse perfusion method were divided randomly into five groups. Prior to acetaminophen exposure, 3
different doses of FS ethanol extracts were given to hepatocytes and mice, respectively. Thereafter, transaminases, glutathione S-transferase A1
(GSTA1) and some hepatic indices were determined.
Results: FS ethanol extracts (200 mg/mL) pretreatment prevented all of the alterations, returning their levels to nearly those levels observed in the
control group in vitro. Treatment with FS ethanol extracts (200 mg/kg) significantly reduced the toxicity induced by acetaminophen in vivo,
which manifested as a decrease in transaminases, and the hepatoprotective effects of FS were similar to Silymarin (positive group). GSTA1
represented the same change trend as transaminases and hepatic indices, and at a dose of 100 mg/mL FS ethanol extracts in vitro and 100 mg/kg
in vivo, GSTA1 content changed significantly ( p < 0.01), but transaminases were insignificant ( p > 0.05).
Conclusion: The results of our investigation suggested that FS ethanol extracts possess significant protective effects against hepatotoxicity
induced by acetaminophen both in vitro and in vivo. In addition, GSTA1 could be used as an indicator assessing the extents of hepatic injury,
which is more sensitive than transaminases.
Copyright © 2017, the Chinese Medical Association. Published by Elsevier Taiwan LLC. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Folium Syringae (FS), the leaves of Syringa vulgaris Linn.,
Syringa dilatataNakai. and Syringa oblata Lindl., have all been
used as a medicine for antibacterial and antiviral treatment in
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folk medicine in China. The main compositions of FS include
organic acids, eugenol, glycosides and volatile oil, which have
many pharmacological actions including free radical scav-
enging, antioxidation, antibacterial and antiviral activity, and
anti-inflammatory and hypoglycemic function in diabetes.
These effects have been widely researched, but there are few
reports concerning the hepatoprotective effects. It has been re-
ported that eugenol could stop the spread of free radicals1 and
protect the cell membrane lipid from peroxidation by inhibiting
the formation of free radicals.2 Since free radicals are related to
liver injury, further inquiry and development regarding the
hepatoprotective effects of FS is of great significance.
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Acetaminophen (APAP) is widely used as a kind of analgesic-
antipyretic, but an excessive dose may cause hepatic injury.3 The
hepatotoxicity induced by APAP has been deemed to be caused
by N-acetyl-para-benzoquinoneimine (NAPQI), a cytochrome
P-450-mediated intermediate metabolite which leads to the
depletion of glutathione (GSH).4 GSH depletion caused by
NAPQI causes oxidative stress and finally results in cell death.

Glutathione S-transferases (GSTs) are a family of phase Ⅱ
drug-metabolizing enzymes, and the main GST of the human
liver is Alpha class (GSTA),5 in which GSTA1 plays a key role
in protecting against toxic electrophiles and products of
oxidative stress because of its active sensibility to lipid peroxide
and its derivations.6 GSTA1, mainly through numerous xeno-
biotics such as carcinogens, environmental toxins, some drugs
combined with GSH, promote the degradation of clearance
within the cell, for the purpose of protecting the body. Tradi-
tionally, alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) are the most commonly used transaminases
in the assessment of hepatic injury. AST is a non-specific liver
marker because it would also increase in other diseases such as
heart lesion, skeletal muscle disease, renal lesions or red cell
lesion, especially in hemolytic disease. ALT possesses a higher
specificity than AST, but also a longer half-life. It has been
reported that GSTA1 has a short half-life of 1 h, and that content
would increase earlier than for ALT for several hours at the
early stage of liver injury and decrease earlier during conva-
lescence.7 Our previous studies have demonstrated that GSTA1
is a more sensitive and more accurate indicator than ALT.8 The
decreased detection of GSTA1 in liver while increased in serum
is related to the alcoholism in mice.9

In the present study, we evaluated the protective effects of
ethanol extracts of FS on hepatotoxicity induced by APAP
treatment in vitro and in vivo, and explored the further usage
and effect of FS on the prevention of hepatopathy and the
possibility of GSTA1 being used as a maker of hepatic injury.

2. Methods
2.1. Reagents
Commercial kits used for determining ALT, AST, malon-
dialdehyde (MDA), superoxide dismutase (SOD), glutathione
(GSH), nitric oxide (NO) and glutathione peroxidase (GSH-Px)
were purchased from the Nanjing Jiancheng Institute of
Biotechnology (Nanjing, China). The APAP was obtained from
Yongan Chemical Industry (Anhui, China).Type IV collagenase,
dimethyl sulfoxide (DMSO), insulin, transferrin, heparin,
dexamethasone, and trypan bluewere purchased from the Sigma
Chemical Co. (St. Louis, MO, USA). The GSTA1 detection kit
was purchased from American Rapidbio Company, West Hills,
CA, USA. Folium Syringae and Silymarin was purchased from
the Harbin Jiacheng Dispensary (Harbin, China).
2.2. Primary hepatocytes
Primary hepatocytes were obtained by the inverse perfusion
method improved on by Seglen's two-step perfusion in situ,
according to an earlier study performed by our group.10 The
hepatocytes were selected and seeded in a culture plate con-
taining 24 wells (5 � 104 cell/well) for 6 h, and then the
culture media was replaced by growing culture media without
serum for 24 h before APAP treatment. All cultures were
maintained at 37 �C in a moist atmosphere containing a 5%
CO2.
2.3. Animals
Male Kunming mice (weighing 18e22 g), procured from
the Central laboratory of Harbin Pharmaceutical Group Co.
(Harbin, China) were used. We ultimately used only male
mice because of their constant metabolism compared with the
variations in the female physiology. All animals were housed
in standard environmental conditions, maintained at a tem-
perature of 20 ± 2 �C a relative humidity of 40e60%, and
unlimited access to distilled water and a standard rodent diet.
The mice were acclimatized to laboratory condition for a
week prior to the experiment. All procedures involving ani-
mals that complied with the China National Institutes of
Healthy Guidelines for the Care and Use of Laboratory
Animals.
2.4. FS ethanol extracts preparation
FS were extracted with ethanol and were subjected to
high performance liquid chromatography (HPLC) method
for the control quality, using rutin (one of the principal
constituents of FS) as a reference. Thereafter, FS leaves were
crushed to a fine powder with a universal grinder, then the
FS powder (500 g) was extracted with 5000 mL of ethanol
(70%, v/v) in ultrasonic mode for 60 min. After extraction,
the solvent was filtered and evaporated using a rotavapor at
60 ± 2 �C until the extracts concentrated to a paste, and then
were dried by a vacuum drying oven at 35 ± 2 �C, with a
resulting flour. The flour was dissolved in saline or culture
medium before administration to mice or hepatocytes. The
FS ethanol extracts accounted for 30% of the original leaves
of FS.
2.5. Protective effects on APAP-induced cytotoxicity
The primary hepatocytes were randomly divided into five
groups (n ¼ 6): 1) control group; 2) APAP model group; 3)
high concentration of FS ethanol extracts group (FS-H,
200 mg/mL); 4) middle concentration of FS ethanol extracts
group (FS-M, 150 mg/mL); and 5) low concentration of FS
ethanol extracts group (FS-L, 100 mg/mL), respectively. The
FS groups were pretreated with different doses of FS ethanol
extracts, and the rest of the groups were treated with an equal
volume of culture medium. After 12 h, the culture medium
was replaced, and each group was treated with 10 mmol/L
APAP except for the control group. After 10 h, the supernatant
was collected for the determination of ALT, AST, NO and
GSTA1; additionally, the hepatocytes were gathered for the
determination of MDA, SOD and GSH.
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2.6. Protective effects on APAP-induced acute hepatic
injury
The mice were randomly divided into six groups, with eight
mice per group as follows: control group, APAP model group,
high dose FS ethanol extracts group (FS-H, 200 mg/kg), middle
dose FS ethanol extracts group (FS-M, 150mg/kg), low dose FS
ethanol extracts group (FS-L, 100 mg/kg) and positive group
(Silymarin 200 mg/kg), respectively. The control group and
model group were administered saline, while other groups were
administered FS ethanol extracts and Silymarin by gavage daily
for 7 days. Then, 16 h after the final administration, each group
was treated with APAP at a dose of 200 mg/kg of body weight
except for the control group and fasted for 12 h. Blood was
obtained from the eyeballs and serum, and separated for later
measurement. Liver samples were also collected and rinsed
with ice cold saline. The liver samples were stored at �80 �C
until used for further studies, and a portion of each liver sample
was fixed in 10% formalin for histopathological analysis.
2.7. Determination of indices
ALT, AST, MDA, SOD, NO, GSH, GSH-Px, GSTA1 were
determined using detection kits according to the manufac-
turer's instructions.
2.8. Histopathological analysis
The liver tissue from different groups were collected and
fixed in 10% formalin, dehydrated in graduated ethanol 50%e
100%, cleared in xylene, and embedded in paraffin. Sections
5 mm in thickness were then prepared, stained with hema-
toxylin and eosin dye, and microscopically examined for
histopathological changes.
2.9. Statistical analysis
The data were expressed as mean ± standard deviation
(SD). The differences between different groups were analyzed
using one-way analysis of variance (ANOVA). p < 0.01 was
considered as statistically significant, and p < 0.05 was
Fig. 1. The changes of ALTand ASTactivities in hepatocyte culture supernatant. Val

with the control group;*p < 0.05, **p < 0.01 compared with the model group;

control¼ control group; FS-H¼ group administrated with FS ethanol extracts at a co

at a concentration of 100 mg/mL; FS-M ¼ group administrated with FS ethanol ext
considered as statistically marked with Tukey's multiple
comparison test. Statistical analyses were carried out using
SPSS version 19.0 software (SPSS, Inc., Chicago, IL, USA).

3. Results
3.1. Protective effects of FS in vitro

3.1.1. Effects of FS on hepatocyte culture supernatant ALT
and AST activities

The results of the hepatoprotective effects of FS on he-
patocyte culture supernatant ALT and AST activities are
presented in Fig. 1. Compared with the model group, ALT
activity markedly decreased ( p < 0.05) when treated with a
middle concentration of FS ethanol extracts (150 mg/mL), and
both ALT and AST activities significantly decreased
( p < 0.01) with a high concentration of FS ethanol extracts
(200 mg/mL).

3.1.2. Effects of FS on APAP-induced peroxidation in vitro
It was observed that GSH, MDA, NO and SOD signifi-

cantly changed ( p < 0.01) in the model group, which indicated
that the model was successful. The results of the hep-
atoprotective effects of FS on hepatocyte culture supernatant
NO and hepatocytes MDA, SOD and GSH are presented in
Table 1. Compared with the model group, MDA decreased but
SOD increased markedly ( p < 0.05) with a low concentration
of FS ethanol extracts (100 mg/mL). Additionally, NO and
MDA significantly decreased while SOD and GSH increased
( p < 0.01) with a middle or high concentration of FS ethanol
extracts (150 mg/mL or 200 mg/mL).

3.1.3. GSTA1 content in hepatocyte culture supernatant
Compared with the control group, the GSTA1 level in he-

patocyte culture supernatant significantly increased ( p < 0.01)
after the treatment with APAP in the model group. Compared
with the model group, the GSTA1 level significantly decreased
( p < 0.01) with three different concentrations of FS ethanol
extracts (100 mg/mL, 150 mg/mL or 200 mg/mL). The results
of the hepatoprotective effects of FS on hepatocyte culture
supernatant GSTA1 content are presented in Fig. 2.
ues expressed as mean ± standard deviation in each group. ##p < 0.01 compared

n ¼ 6. ALT ¼ alanine aminotransferase; AST ¼ aspartate aminotransferase;

ncentration of 200 mg/mL; FS-L¼ group administrated with FS ethanol extracts

racts at a concentration of 150 mg/mL; model ¼ APAP model group.



Fig. 2. The changes of GSTA1 content in hepatocyte culture supernatant.

Values expressed as mean ± standard deviation in each group; n ¼ 6.
##p < 0.01 compared with the control group; **p < 0.01 compared with the

model group. Control ¼ control group; FS-H ¼ group administrated with FS

ethanol extracts at a concentration of 200 mg/mL; FS-L ¼ group administrated

with FS ethanol extracts at a concentration of 100 mg/mL; FS-M ¼ group

administrated with FS ethanol extracts at a concentration of 150 mg/mL;

GSTA1 ¼ glutathione S-transferase alpha 1; model ¼ APAP model group.

Fig. 3. The changes of ALT and AST activities in the serum of mice with APAP-in

group; n ¼ 8. ##p < 0.01 compared with the control group; **p < 0.01 compare

aminotransferase; control ¼ control group; FS-H ¼ group administrated with FS e

ethanol extracts at a dose of 100 mg/kg; FS-M ¼ group administrated with F

positive ¼ group administrated with Silymarin at a dose of 200 mg/kg.

Table 1

The changes of GSH, MDA, NO and SOD in primary hepatocytes.

Group GSH MDA NO SOD

(mmol/g prot) (nmol/mg prot) (mmol/L) (U/mg prot)

Control 10.31 ± 0.45 1.01 ± 0.06 5.54 ± 0.74 22.34 ± 0.86

Model 8.49 ± 0.58## 1.28 ± 0.05## 9.61 ± 1.23## 18.64 ± 0.51##

FS-L 8.72 ± 0.40 1.18 ± 0.05* 8.63 ± 0.60** 19.56 ± 0.90*
FS-M 9.36 ± 0.61** 1.11 ± 0.10** 6.54 ± 0.79** 20.60 ± 0.83**
FS-H 9.72 ± 0.77** 0.99 ± 0.07** 5.66 ± 0.84** 21.71 ± 0.58**

Values expressed as the mean ± standard deviation in each group; n ¼ 6.
##p < 0.01 compared with the control group; *p < 0.05, **p < 0.01 compared

with the model group. Control ¼ control group; FS-H ¼ group administrated

with FS ethanol extracts at a dose of 200 mg/mL; FS-L ¼ group administrated

with FS ethanol extracts at a dose of 100 mg/mL; FS-M ¼ group administrated

with FS ethanol extracts at a dose of 150 mg/mL; GSH ¼ glutathione; MDA ¼
malondialdehyde; model ¼ APAP model group; NO ¼ nitric oxide; SOD ¼
superoxide dismutase.
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3.2. Protective effects of FS in vivo

3.2.1. Effects of FS on serum ALT and AST activities
Compared with the control group, as can be seen in Fig. 3,

ALT and AST activities were significantly increased
( p < 0.01) after administration with APAP, indicating that the
model was successful. Compared with the model group, for
animals pretreated with low dose of FS ethanol extracts
(100 mg/kg) before APAP exposure, AST activity significantly
decreased ( p < 0.01). For those animals treated with middle
and high dose of FS ethanol extracts (150 mg/kg and 200 mg/
kg), both ALT and AST significantly decreased ( p < 0.01),
especially in high dose FS group, and ALT and AST activities
were near those levels of the positive group (Silymarin).

3.2.2. Effects of FS on APAP-induced peroxidation in vivo
The results of the hepatoprotective effects of FS on liver

GSH, GSH-Px, MDA, NO and SOD levels are presented in
Table 2. All the indices significantly changed with APAP
treatment in that NO and MDA increased, and SOD, GSH,
GSH-Px decreased. Compared with the model group, GSH-Px,
MDA, and NO levels significantly changed ( p < 0.01) under
the low dose of FS ethanol extracts administration (100 mg/
kg), and levels of these five indices significantly changed
( p < 0.01) under the middle and high dose of FS ethanol
extracts administration (150 mg/kg and 200 mg/kg). Also,
these five indices levels in high dose FS group were similar to
those in Silymarin group.

3.2.3. GSTA1 contents in serum and liver
When compared to the control group, a significant descendent

( p < 0.01) of GSTA1 content in liver (Fig. 4A) and ascendant
( p < 0.01) of GSTA1 content in serum (Fig. 4B) were observed
when APAP was administered. The results of the hep-
atoprotective effects of FS on serum and liver GSTA1 contents
are presented in Fig. 4. Interestingly, these changes were
significantly ameliorated by administration of three doses of FS
duced hepatic injury. Values expressed as mean ± standard deviation in each

d with the model group. ALT ¼ alanine aminotransferase; AST ¼ aspartate

thanol extracts at a dose of 200 mg/kg; FS-L ¼ group administrated with FS

S ethanol extracts at a dose of 150 mg/kg; model ¼ APAP model group;



Table 2

The changes of GSH, GSH-Px, MDA, NO, and SOD in mice.

Group GSH GSH-Px MDA NO SOD

(mmol/g prot) (U/mg prot) (nmol/mg prot) (mmol/L) (U/mg prot)

Control 11.86 ± 0.52 306.07 ± 9.69 8.14 ± 0.52 4.97 ± 0.30 129.42 ± 9.32

Model 7.33 ± 0.63## 214.27 ± 11.48## 11.45 ± 0.73## 7.77 ± 0.44## 80.44 ± 14.39##

FS-L 8.05 ± 1.01 256.04 ± 16.27** 9.21 ± 0.36** 6.08 ± 0.53** 98.47 ± 10.32

FS-M 10.34 ± 1.45** 288.02 ± 12.81** 8.77 ± 0.38** 5.60 ± 0.34** 116.86 ± 12.98**
FS-H 11.31 ± 0.67** 297.37 ± 8.71** 8.36 ± 0.43** 5.12 ± 0.15** 126.84 ± 14.12**
Positive 11.45 ± 0.52** 301.72 ± 8.39** 8.17 ± 0.30** 5.05 ± 0.27** 127.70 ± 8.86**

Values expressed as the mean ± standard deviation in each group; n ¼ 8. ##p < 0.01 compared with the control group; **p < 0.01 compared with the model group.

Control ¼ control group; FS-H ¼ group administrated with FS ethanol extracts at a dose of 200 mg/kg; FS-L ¼ group administrated with FS ethanol extracts at a

dose of 100 mg/kg; FS-M ¼ group administrated with FS ethanol extracts at a dose of 150 mg/kg; GSH ¼ glutathione; GSH-Px ¼ glutathione peroxidase;

MDA ¼ malondialdehyde; model ¼ APAP model group; NO ¼ nitric oxide; positive ¼ group administrated with Silymarin at a dose of 200 mg/kg;

SOD ¼ superoxide dismutase.

Fig. 4. The changes of GSTA1 contents in liver (A) and serum (B) of mice with APAP-induced hepatic injury. Values expressed as mean ± standard deviation in

each group; n ¼ 8. ##p < 0.01 compared with the control group; **p < 0.01 compared with the model group. Control ¼ control group; FS-H ¼ group administrated

with FS ethanol extracts at a dose of 200 mg/kg; FS-L ¼ group administrated with FS ethanol extracts at a dose of 100 mg/kg; FS-M ¼ group administrated with

FS ethanol extracts at a dose of 150 mg/kg; GSTA1 ¼ glutathione S-transferase alpha 1; model ¼ APAP model group; positive ¼ group administrated with

Silymarin at a dose of 200 mg/kg.
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ethanol extracts, and administration of high dose of FS ethanol
extracts (200 mg/kg) before APAP exposure; thereafter, the be-
haviors of GSTA1 were comparable to the Silymarin group.

3.2.4. Histopathological analysis
In the control group, normal hepatic cells were observed with

distinct lobuli hepatis. Following APAP treatment, the cells
appeared necrocytosis and with hyperchromatic nuclei. The
hepatic cells of mice with Silymarin treatment appeared to have
normal lobular architecture. After the administration of high
dose of FS ethanol extracts (200 mg/kg), some blutene chloride
were observed around the central veins, with little necrocytosis
or hyperchromatic nuclei. The extent of hepatoprotection
afforded by the high dose of FS ethanol extracts against the
APAP-induced liver injury was similar to the Silymarin group.

4. Discussion

Folium Syringae has been used to treat inflammatory dis-
eases in China, particularly intestinal inflammations, such as
acute enteritis and bacillary dysentery, and upper respiratory
tract infections. Recently, studies have shown that Folium
Syringae could scavenge free radicals11 and inhibit super-
oxidation.12 An overdose of APAP can result in severe liver
injury and formation of NAPQI, a toxic metabolic interme-
diate, mainly via the cytochrome P4502E1 (CYP2E1) enzyme
pathway.13 NAPQI is a very active free radical which can
readily oxidize lipids; consequently, it triggers the process of
lipid peroxidation to cause the damage in liver cells.14 The
present study reports the potential hepatoprotective effects of
Folium Syringae against liver injury produced by APAP in
primary hepatocytes and mice.

Aminotransferase activities are traditional markers of
cellular leakage and loss of functional integrality of hepatocyte
membranes. These enzymes normally exist in cytoplasm, but
with liver injury they can enter the circulatory system due to
toxicity-mediated altered permeability of the cellular mem-
brane.15 Hence, high levels of ALT, AST in blood and su-
pernatant indicate a severe injury of hepatocytes. In this
experiment, APAP exposure caused a significant increasing of
ALT and AST both in vitro and in vivo. However, with
administration of FS ethanol extracts (200 mg/mL in vitro,
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200 mg/kg in vivo), this significantly prevented hepatic injury
induced by APAP and decreased the release of ALT and AST.
These data support that FS could be developed to prevent or
ameliorate liver injury induced by APAP.

GSH, as the first line of defense against free radicals, is the
chief antioxidant and redox regulator and thus an important
preventive agent for many diseases, including liver disease.16

GSH-Px, the major peroxide detoxification enzyme, may
function inefficiently under conditions of glutathione deple-
tion.17 SOD is considered as antioxidant defense enzyme
against the potential free radicals released by the toxic influ-
ence that causes oxidative stress, which can inhibit the initi-
ation of lipid peroxidation.18 When liver injury occurs, these
three indices in liver would decrease. In this experiment, with
high concentration of FS ethanol extracts, GSH and SOD
levels increased by 1.15 times in vitro and 1.55 times in vivo,
suggesting that the hepatoprotective effects of FS could be due
to its antioxidant properties. Also, GSH-Px level increased by
1.35 times in mice pre-treated with high dose of FS, which
demonstrated that FS alleviated peroxidation caused by APAP.

MDA is one of the lipid peroxidation products, which has
been used as a biomarker of lipid peroxidation for several
decades.19 NO is a highly reactive oxidant that is produced
through the action of inducible nitric oxide synthase. The
production of excessive NO could cause hepatocellular dam-
age by oxidizing and nitrating cellular macromolecules via a
reaction with a superoxide anion.20 The present study showed
that levels of MDA and NO significantly decreased with high
dose of FS administration, which were reduced nearly to the
level of the positive group. We can also clearly find that the
same changes occurred in hepatocytes in vitro. The results
indicated that FS could protect hepatocytes against APAP
exposure by enhancing antioxidant capabilities.

GSTA1 has the function for detoxification of electrophilic
compounds, including carcinogens, therapeutic drugs, environ-
mental toxins and products of oxidative stress.21 In addition,
GSTA1 can exhibit the activity of glutathione peroxidase by
protecting the cells from reactive oxygen species and the prod-
ucts of peroxidation.22 In this study, APAP-induced unusual
expression of GSTA1 (down-regulation in liver and up-
regulation in serum) was reversed by FS ethanol extracts
(from 9.06 ng/mL to 5.05 ng/mL in liver, 6.05 ng/mL to 3.10 ng/
mL in serum) and the hepatoprotective effect of FS was close to
Silymarin. This suggested that FS might protect the liver from
reactive oxygen species injury through regulation of GSTA1.
The changes of GSTA1 in serum and liver indicated that GSTA1
had a vital significance in the evaluation of hepatic injury.
Similarly, in primary hepatocytes, GSTA1 content significantly
increased after APAP exposure, yet significantly decreased with
three doses of FS ethanol extracts. Comparedwith ALTandAST
activities, GSTA1 content indicated a similar trend, and GSTA1
content significantly changed when hepatocytes treated with FS
ethanol extracts at the concentration of 100 mg/mL. But ALTand
AST activities did not change at this concentration. This sug-
gested that GSTA1was more sensitive than ALT and AST, and
could be used as a new marker of liver injury.
In conclusion, our findings clearly demonstrate that pre-
treatment with FS ethanol extracts could contribute to scav-
enger free radicals and enhance the antioxidation activities
in vivo and in vitro. This protecting ability of FS was due to, at
least partially, its modulation on detoxification enzymes
(GSTA1, GSH-Px) and antioxidative enzymes (SOD, GSH)
that, simultaneously, repressed the production of free radicals
and subsequent liver damage. Therefore, GSTA1 is more
sensitive than ALT and AST, and it could be a vital enzyme
against APAP-induced liver injury.
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