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ARTICLE INFO ABSTRACT

Keywords: Taxifolin (TAX) reportedly exerts protective and therapeutic effects in liver. Herein, the effects of TAX against
Metabolomics acetaminophen (APAP)-induced hepatotoxicity were investigated. Pharmacodynamics, pharmacology and me-
Acetaminophen tabolomics analyses of TAX were assessed on C57 mice and L-02 cells. TAX was administered for 7 days, and
Taxifolin

APAP was given on the last day to establish an acute liver injury model. ALT and AST levels were determined,
and liver ROS, MDA, GST, GSH and GPX1 were analysed. The expression and protein abundance of GPX1, GPS-
Pi, GCLC and GCLM were assessed by PCR and western blotting, and metabolic changes in cells and serum were
investigated by UPLC-Q-Orbitrap-MS. Serum ALT and AST, and liver ROS, MDA, GST, GSH and GPX1 levels
confirmed the protective effects of TAX. Besides, we found Only treating with TAX decreased the expression of
CYP2EL1 in mice liver tissue. TAX reversed the APAP-induced decrease in cell viability in L-02 cells, and reduced
cellular ROS levels. Furthermore, TAX reversed the APAP-induced decrease in antioxidant enzymes at both
mRNA and protein levels. Metabolomics analysis identified metabolites mainly related to glutathione metabo-
lism (36 in vivo and 23 in vitro). The concentration of glutathione, oxidized glutathione, carnitine, succinic acid,
pyroglutamic acid, citrulline, taurine, palmitoleic acid, phytoshingosine-1-P and sphingosine-1-P were close to
normal levels after treating with TAX. These results indicate that TAX prevents APAP-induced liver injury by
inhibiting APAP metabolic activation mediated by CYP450 enzymes, modulating glutathione metabolism, and
expression of related antioxidative signals. These properties could be harnessed to prevent or treat hepato-
toxicity.

Liver protection
Oxidative stress injury
Glutathione

1. Introduction

5,7,3’,4’-flavan-on-ol (taxifolin, TAX) is widely found in plants such
as Cedrus deodara, Larix sibirica and Taxus chinensis var. mairei [1], as
well as conifers including Siberian larch, Pinus roxburghii, Cedrus deo-
dara and Chinese yew. Due to the presence of electron-donating hy-
droxyl groups at C-5 and C-7 on the A ring and C-3’ and C-4’ on B ring
(Fig. 1A), TAX can readily scavenge free radicals. Recent research
showed that TAX has anti-oxidation, hepatoprotective, anti-cancer,
anti-inflammatory and various other pharmacological activities [2].
TAX can also prevent diabetic cardiomyopathy [3], acute pancreatitis
[4] and liver toxicity [5-7] by inhibiting oxidative stress [8,9].

* Corresponding author.
** Corresponding author.
*** Corresponding author.

Acetaminophen (APAP) is a widely-used medicine for treating an-
tipyretic analgesia. It is generally safe at low doses [10], but a high dose
can result in acute liver failure (ALF). APAP is easy to overdose on when
taken orally as a drug combination, which might be the main reason for
drug-induced liver injury (DILI) [11,12]. Most APAP (> 90%) is ex-
creted by glucuronidation and sulfation pathways, and some is meta-
bolised to form N-acetyl-p-benzoquinoneimine (NAPQI) by liver cyto-
chrome P450 (CYP450) enzymes [13]. Excessive NAPQI may deplete
cellular glutathione (GSH) in liver, leading to liver injury induced by
oxidative stress [14,15]. Traditional clinical indicators such as alanine
aminotransferase (ALT) are commonly used to assess the severity of
APAP-induced liver toxicity, but there is a delay between intake of
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Abbreviations

TAX Taxifolin

APAP acetaminophen

ALF acute liver failure

DILI drug-induced liver injury

NAPQI  N-acetyl-p-benzoquinoneimine
GSH glutathione

ALT alanine aminotransferase

AST aspartate aminotransferase
ROS reactive oxygen species

MDA malondialdehyde

GSH glutathione

GST glutathione-S-transferase
GPX1 glutathione peroxidase
il-18 interleukin-18

il-1B interleukin-13

FBS fetal bovine serum

ELISA  enzyme-linked immunosorbent assay

HRP horseradish peroxidase

LC-MS  liquid chromatography mass spectrometry
PCA principal component analysis

OPLS-DA orthogonal partial least squares discriminant analysis
VIP variable importance in projection
GCL glutamate cysteine ligase
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Fig. 1. TAX prevents APAP-induced liver injury in C57 mice and reduces APAP-induced cytotoxicity in L-02 cells. (A) Structure of TAX. The molecular formula of
TAX is C15H;1006 (molecular weight = 286.23). (B) Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities. (C) Representative images
of H&E-stained liver sections ( X 200 and X 400 magnification). Necrotic areas were identified by lack of nuclear staining or pyknotic nuclei and lines were marked
along the boundaries. (D) Cytotoxicity assessment. Data are expressed as the means + SEM (n = 8; **p < 0.01, ***p < 0.001 compared to Control; #p < 0.05,

##p < 0.01, ###p < 0.001 compared to APAP).

APAP and rising ALT levels. Patients may not be aware of APAP over-
dose, hence the discovery of new sensitive biomarkers may provide
guidance for clinical practice.

Metabolomics technologies have the ability to detect potential
biomarkers related to diseases, including liver injury [16-19]. Com-
bined with clinical standards, such biomarkers may be valuable for
predicting the severity of disease and patient recovery following
treatment [20]. Metabolite analysis showed that glutathione, oxidative
stress, fatty acids and the tricarboxylic acid cycle (TCA) are the main
metabolic pathways affected by APAP [21-27].

In the present study, APAP was used to establish a model to test TAX
as a protective medicine. Metabolomics approaches were employed to
analyse abnormal metabolic biomarkers and thereby assess the ther-
apeutic potential of TAX.

2. Material and methods
2.1. Reagents and chemicals

TAX (purity > 98.5%) was purchased from Meilune (Dalian, China).
Kits for reactive oxygen species (ROS), malondialdehyde (MDA), glu-
tathione (GSH), glutathione-S-transferase (GST), glutathione perox-
idase (GPX1), interleukin-18 (il-18) and tumor necrosis factor-a (TNF-
a) were purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Lipofectamine RNAiIMAX, 2’-7’-dichlorodihydro-
fluorescein diacetate (H , DCFDA), RPMI1640 and fetal bovine serum
(FBS) were purchased from Life Technology (Carlsbad, CA). NE-PER
nuclear, cytoplasmic extraction reagents, and a Pierce BCA Protein
Assay Kit were purchased from ThermoFisher Scientific (Waltham,
MA). A whole-cell protein extraction kit and enhanced chemilumines-
cence kit were obtained from Millipore (Darmstadt, Germany).
PrimeScript RT Master Mix and SYBR Premix Ex Taq were bought from
TaKaRa (Shiga, Japan). Antibodies for immunoblotting, including anti-
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actin, -GPX1, GST-Pi, -GCLC, -GCLM, -CYP1A2, -CYP2E1, -CYP3A4 and
-Keap1l were purchased from Cell Signaling Technology (Danvers, MA).
Methanol and acetonitrile (HPLC grade) were purchased from Fisher
Chemicals (Waltham USA). APAP was purchased from Sigma Chemical
Co. (St. Louis, MO). Fenclonine was purchased from Aladdin (Shanghai,
China).

2.2. Animals and treatments

C57BL/6J mice (20g + 2) were purchased from the Shanghai
Laboratory Animal Center of the Chinese Academy of Sciences
(Shanghai, China). Experimental animals were treated with water and
food ad libitum. Animals were fed at a constant temperature of 20-25 °C
and humidity of 65 * 5% with a 12h light-dark cycle. All steps were
completed in accordance with the Animal Management Rules of the
Ministry of Health of the People's Republic of China, and were approved
by the Animal Care Commission of Shanghai University of Traditional
Chinese Medicine.

Twenty-four mice were divided randomly into three groups; (1)
Control group (Vehicle), (2) Model group (APAP = 400 mg/kg) and (3)
Treatment group (APAP = 400 mg/kg + TAX = 80 mg/kg). Vehicle
group was given saline for 7 days as control. TAX (80 mg/kg) was given
by i.g. administration for 7 days, and a single dose of APAP was given
by i.g. at 1 h after administration of TAX on the final day. Mice were
sacrificed by cardiac puncture, blood was withdrawn 4 h after admin-
istration of APAP, and plasma and liver were immediately collected for
further study.

2.3. Cell culture and viability assay

The L-02 cell line was purchased from the Shanghai Institute of Cell
Biology (Shanghai, China) and cultured in DMEM with FBS and 1%
antibiotics. Cells were placed into 96-well plates at an initial density of
5,000 cells per well. After attachment, cells were treated with TAX for
15min, and finally incubated with APAP for 24h. After 500 pg/mL
MTT was added to cells for 4h, the resulting Formazan Blue was dis-
solved in 10% SDS, 5% isobutanol and 0.01 M HCl, and plates were
scanned using a microplate reader (Thermo Scientific) at 570 nm, with
630 nm as a reference. Cell viability was standardised as the percentage
of the control.

2.4. Blood and tissue biochemical analysis

A portion of each liver sample was fixed in 10% buffered formalin,
paraffin sections were prepared, and H&E staining was applied to assess
liver damage under a microscope. Blood samples were kept at room
temperature for 2 h then centrifuged at 3000 rpm for 10 min to collect
serum. ALT and AST were measured and liver ROS, MDA, GST, GSH and
GPX1 were examined using commercial kits in accordance with stan-
dard protocols. Cell ROS, GSH and GST levels were also analysed using
kits.

2.5. Engyme-linked immunosorbent assay (ELISA)

The concentrations of inflammatory factors TNF-a and IL-18 in
blood were examined by an ELISA kit according to the manufacturer's
procedures.

2.6. Measurement of liver and cellular ROS

Cellular ROS was measured using a H,DCFDA probe, as described
previously [28]. To measure liver ROS levels, cold liver homogenate
was centrifuged (10,000 g, 15 min, 4 °C), supernatants were incubated
with 10 uM H,DCFDA in the dark for 1h, then transferred to a black-
walled clear-bottomed 96-well plate. Fluorescence was immediately
read at an excitation wavelength of 485-720nm and an emission
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wavelength of 525-720nm using a Synergy H4 spectrophotometer
(BioTek, Winooski, VT). Protein concentrations in supernatants were
assayed by BCA Kkits, calculated as units of fluorescence per microgram
of protein, and presented as percentage of controls (% control).

2.7. Protein extraction and western blot analysis

A 50 pug sample of protein from lysed cells was separated by 10%
SDS-PAGE, transferred to a nitrocellulose membrane, and blocked over
2h. Membranes were incubated overnight with primary antibodies,
followed by horseradish peroxidase (HRP)-conjugated secondary anti-
bodies, and protein bands were visualised using ECL Plus Detection
Reagent.

2.8. RNA isolation and quantitative real-time PCR

RNA was isolated from PTC cells using TRIzol, and cDNA was syn-
thesised from 1 pg of total RNA in a 21 pl reaction volume using oligo
dT18 primers and SuperScript reverse transcriptase. PCR amplification
was carried out with Taq DNA polymerase using 1pl of first-strand
cDNA as templates. Thermal cycling was performed for 30sat 94°C,
30sat 55°C, and 30sat 72°C for 30 cycles, and relative expression
levels were calculated by the 2*4°T method.

2.9. Metabolomics analysis

2.9.1. Extraction and derivation of cell samples

Logarithmic growth phase cells were inoculated into 6-well plates at
a density of 5 x 10° cells per well and treated according to the method
described above. The following steps were performed: (1) after 24 h of
culturing, the supernatant was discarded and cells were placed on ice;
(2) cells were washed with 4 mL PBS, 2 mL of cold methanol was added
to halt metabolism, and cells were collected by scraping; (3) cells were
lysed sing a cell pulveriser for metabolite extraction, and samples were
placed on ice for 20 min; (4) supernatants were transferred to an
Eppendorf (EP) tube after centrifugation at 14,000 g for 10 min, then
10 uL DL-o-chlorophenylalanine (2.9 g/L, internal standard) was added.
The supernatant was dried with nitrogen and the residue was stored at
—80°C; (5) the residue was reconstituted with 100 uL. of methanol
before analysis.

2.10. Preparation of serum samples

Serum samples (100 pL) were deproteinised using 400 pL of me-
thanol containing internal standards (29pug/mL DL-o-chlor-
ophenylalanine). Samples were vortexed for 30s and centrifuged at
12,000 rpm at 4°C for 15min. A 200 uL sample of supernatant was
transferred to a vial for analysis.

2.11. UPLC-Q-Orbitrap-MS analysis

Liquid chromatographic separation was achieved at a flow rate of
0.3mL/min on an Hss T3 column (100 mm X 2.1 mm, 1.8 um) using
0.1% formic acid (buffer A) and acetonitrile (buffer B). Gradient elution
was performed as follows: 0-2 min, 95% A; 2-12 min, 5% A; 12-15 min,
5% A; 15-17 min, 95% A. MS data acquisition was completed using
both positive and negative ionisation. Compounds were detected by
full-scan mass analysis from 50 to 1000 m/z at a resolution of 60,000.
Electrospray ionisation (ESI) parameters were as follow: Positive mode
(1) heater temperature = 300 °C, (2) sheath gas flow = 45 arb (arbi-
trary units), (3) auxiliary gas flow = 10 arb, (4) sweep gas flow = 0
arb, 5) electrospray voltage = 3.8kV, 6) capillary
temperature = 350 °C, (7) S-LensF level = 30%; Negative mode (1)
heater temperature = 300 °C, (2) sheath gas flow = 45 arb, (3) aux-
iliary gas flow = 5 arb, (4) sweep gas flow = 1 arb, (5) electrospray
voltage = 3.2kV, (6) capillary temperature = 350°C, (7) S-LensF
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Fig. 2. TAX prevents APAP-induced liver oxidative stress in C57 mice. (A) Liver ROS levels. (B) Liver MDA levels. (C) Liver GST activity. (D) Liver GSH activity. (E)
Serum GPX1 activity. (F) Serum concentrations of TNF-a and IL-18. (G) Liver mRNA expression of GPX1, GST-Pi, GCLC and GCLM determined by RT-PCR. (H-M)
Western blotting analysis and quantified. (K) Liver GSH levels. (L) Serum GPX1 activity. Data are expressed as the means = SEM (n = 8; **p < 0.01, ***p < 0.001
compared to Control; #p < 0.05, ##p < 0.01, ###p < 0.001 compared to APAP).
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Fig. 3. TAX prevents APAP-induced liver oxidative stress in L-02 cells. (A) Cell ROS levels. (B) Cellular GSH levels. (C) Cellular GST activity. (D) mRNA expression of
GPX1, GST-Pi, GCLC and GCLM determined by RT-PCR. (E-I) Western blotting analysis and quantified. (H) Cellular GSH levels. Data are expressed as the
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level = 60%.

2.12. Metabolic data analysis

LC/MS data were extracted and pre-processed by Compound
Discoverer 2.1 software (Thermo Company) and exported to generate a
matrix including mass, retention time and peak intensity. Multivariate
statistical analyses, including principal component analysis (PCA) and
orthogonal partial least squares discriminant analysis (OPLS-DA) was
performed on both serum and cell samples of mice in each group using
SMICA-P software.

2.13. Metabolite identification and pathway analysis

Metabolites were identified according to accurate masses and pro-
duct ion spectra by searching HMDB, KEGG and mzCloud databases.
Metabolomic pathway analysis was performed using MetaboAnalyst
4.0.

2.14. Statistical analysis

SPSS 21.0 software was used to carry out t-tests among groups, and
the data are expressed as the mean + SEM. Differences were con-
sidered significant at p < 0.05.

3. Results
3.1. TAX prevents APAP-induced hepatotoxicity in vitro and in vivo

It is shown in Fig. 1B that APAP (400 mg/kg) induced an increase in
ALT and AST in serum (p < 0.001), while TAX reversed the increase in
ALT and AST (p < 0.001, p < 0.01). Additionally, H&E staining re-
sults (Fig. 1C) showed that severe liver damage occurred in the APAP
(400 mg/kg) group, as evidenced by vacuolar degeneration, lympho-
cyte infiltration and intrahepatic haemorrhage. By contrast, in the
APAP (400 mg/kg) + TAX (80 mg/kg) group, abnormal liver symptoms
were rarely observed. As shown in Fig. 1D, APAP (10 mM) and NAPQI
(200 M), the metabolism product of APAP, decreased L-02 cell
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viability (p < 0.001), while TAX (10, 20, 50 uM) alleviated cytotoxi-
city induced by APAP in a dose-dependent manner (p < 0.001).

3.2. Effects of TAX on GSH and related enzymes in vivo

As shown in Fig. 2A and B, we found that TAX (80 mg/kg) reversed
liver ROS and MDA elevation (p < 0.001, p < 0.05). Additionally,
TAX increased the suppression of hepatic glutathione-S-transferase
(GST), GSH and GPX1 induced by APAP (p < 0.001, p < 0.01,
p < 0.01; Fig. 2C, D, E).

TNF-a and IL-18 levels were determined, and TAX both reversed the
slight elevation in both compounds (p < 0.001, p < 0.01; Fig. 2F).
Antioxidant enzymes (GPX1, GST-Pi, GCLC and GCLM) in mouse liver
were assessed by RT-PCR and western blotting (Fig. 2G-K), since they
are known to defend against endogenous ROS a participate in the
glutathione pool. APAP decreased GPX1, GST-Pi and GCLM levels in
liver (p < 0.001), but there was no significant change in GCLC. Fol-
lowing TAX treatment, levels of all antioxidant enzymes were increased
(p < 0.001,p < 0.001,p < 0.001p < 0.05).

It has been reported that CYP2E1l, CYP3A4 and CYP1A2 are key
cytochrome P450 (CYP) enzymes involved in APAP metabolism, and
their metabolites may produce severe hepatotoxicity [29,30]. Western
blot analysis was used to show that hepatic CYP2E1 and CYP3A4 ex-
pressions were significantly decreased in mice by TAX (80 mg/kg),
while CYP1A2 underwent no obvious changes (Fig. 2L and M). Fur-
thermore, we found that TAX (80 mg/kg) increased GSH and GPX1
concentrations in liver compared with the control group (p < 0.05,
p < 0.05; Fig. 2N and 0O).

3.3. Effects of TAX on GSH and related enzymes in vitro

Cellular ROS, GSH and GST activities in L-02 cells were measured to
assess the impact of TAX on oxidative stress damage. As shown in
Fig. 3A, B and 3C, TAX significantly reversed the increase in cellular
ROS, and decreased cellular GSH and GST induced by APAP
(p < 0.001). Furthermore, mRNA and protein expression of anti-
oxidant enzymes (GPX1, GST-Pi, GCLC and GCLM) in L-02 cells were
also assessed (Fig. 3D-G), and all enzymes were decreased significantly
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Fig. 4. PCA and OPLS-DA of cell metabolites (n = 8). (A) PCA score plot for negative mode data. (B) PCA score plot for positive mode data. (C) OPLS-DA score plot

for negative mode data. (D) OPLS-DA score plot for positive mode data.
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in the APAP group, but increased after TAX treatment (p < 0.001,
p < 0.01, p < 0.05, p < 0.01). Western blot analysis showed that
expression of CYP2E1 and CYP1A2 was no obvious changes while
CYP3A4 was decreased by TAX after 24 h treatment (Fig. 3H and I).
Besides, we found that TAX increased GSH levels in L-02 cells (Fig. 3J).

3.4. Metabolomics studies in vitro and in vivo

3.4.1. Quality control of UPLC-MS data

QC samples were determined for instrument precision, and they
clustered tightly on the PCA score plots for both positive and negative
modes, separate from other groups. The PCA plots illustrated the sta-
bility of the UPLC-Orbitrap-MS system throughout the whole experi-
ment.

3.5. PCA of APAP-induced liver injury

PCA was respectively performed on cell and serum samples in both
positive and negative mode (Fig. 4). The R2X and Q2Y values of cell
samples were 0.911 and 0.818 respectively in positive mode, and in
negative mode they were 0.873 and 0.601. The R?X and Q?Y values of
serum samples were 0.685 and 0.578, respectively, in positive mode,
and in negative mode they were 0.671 and 0.348. These results indicate
that the discriminative and predictive degree of the analytical model
were satisfactory.

3.6. OPLS-DA of APAP-induced liver injury

OPLS-DA was employed on control and APAP group samples to
identify potential differential metabolites. The R?Y and QY values of
cell samples were 0.911 and 0.818, respectively, in positive mode, and
in negative mode were 0.999 and 0.996 (Fig. 5). The R?Y and Q3%Y
values of serum samples were 0.999 and 0.966, respectively, in positive
mode, and in negative mode they were 0.888 and 0.646, respectively.
These results indicate that the discriminative and predictive degree of
the analytical model were satisfactory.
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3.7. Identification of metabolites

Different metabolites were identified by OPLS-DA, and variable
importance in projection (VIP > 1) and p-value (p < 0.05) were used
for assessment. Finally, 36 different metabolites in serum samples and
23 different metabolites in cell samples were identified by searching
against the library. According to the heatmap (Fig. 6), metabolites in
the TAX treatment group tended to return to normal levels. To effec-
tively visualise and characterise the protective effects of TAX against
APAP, a heatmap representing the ratio of the concentration of meta-
bolites in serum samples cell samples was produced. According to the
heatmap (Fig. 6), metabolites in the TAX treatment group tended to be
present at normal levels. The concentration of glutathione, carnitine,
succinic acid and pyroglutamic acid in cell samples, and the con-
centration of citrulline, taurine, palmitoleic acid, phytoshingosine-1-P,
sphingosine-1-P and oxidized glutathione in serum samples was similar
to normal levels following TAX treatment.

3.8. Pathway analysis

Differential metabolites were analysed by MetaboAnalyst 4.0 to
investigate metabolic pathways. Potential target metabolic pathways
(impact value = 0.10 and Rap p-value <0.05) in cell samples identified
glutathione metabolism, and arginine and proline metabolism, while
glutathione metabolism alone was identified in serum samples (Fig. 7).
Metabolites in the two pathways included glutathione, oxidized glu-
tathione, R-S-glutathione, 1-pyroglutamic acid, spermidine, r-ornithine,
citrulline and creatine. According to the KEGG and HMDB databases,
these metabolites and enzymes are associated with various pathways,
and metabolic networks are shown in Fig. 8.

4. Discussion

In this article, mice were sacrificed at 4 h after administration of
APAP to assess the protective effects. In our previous study, mice were
sacrificed at 2, 4 or 12 h to identify the time for APAP metabolism, in
vivo, within 12 h. The results revealed minimal damage in mice sacri-
ficed at 2h. Therefore, mice were sacrificed at 4h to study the pro-
tective effects of TAX on APAP-induced liver injury.
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Fig. 5. PCA and OPLS-DA of serum metabolites (n = 8). (A) PCA score plot for negative mode data. (B) PCA score plot for positive mode data. (C) OPLS-DA score plot

for negative mode data. (D) OPLS-DA score plot for positive mode data.
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Fig. 6. Heatmap of TAX reversal of metabolite changes in L-02 cells and serum samples. (A) L-02 cells; (B) Serum from C57 mice (n = 8).

Like many other flavonoids, TAX exerts antioxidant effects
[8,9,31,32]. The protective effects of TAX against APAP-induced ALF
were first investigated herein, and the in vitro and in vivo results showed
that TAX exerted strong liver protection activity. Specifically, it re-
versed the rise in ALT and AST in serum, as well as vacuolar degen-
eration, lymphocyte infiltration and intrahepatic haemorrhage in liver.
Additionally, cell viability experiments showed the same trends. Thus,
we believe that TAX exerts strong hepatoprotective effects against
APAP-induced ALF.

GSH and its related enzymes were studied because they play im-
portant roles in detoxification of APAP. As mentioned in the introduc-
tion, Within the hepatocyte, APAP is metabolised to NAPQI by CYP450
enzymes. NAPQI (a metabolite of APAP) can deplete cellular GSH in the
liver, and lead to oxidative stress-induced liver injury [14,15,33,34]. In
our current study, the results showed TAX decreased CYP2E1 level
which indicated the protective effect of TAX is through suppressing
CYP2E1 activity and reduces the metabolic activation of APAP.

Interestingly, TAX decreased CYP2E1 level in mice liver tissue while
had no obvious change in L-02 cells. We think we should detect these
enzymes levels in L-02 cells cultured in TAX for different times. What's
more, different type of liver cells like Kupffer cells, hepatic stellate cells,
liver sinusoidal endothelial cells and et al. should be concerned. What's
more, Fig. 3D showed that NAPQI inhibited L-02 cell viability and TAX
alleviated cytotoxicity induced by NAPQL. It indicated protective effect
of TAX is not only through inhibiting metabolic activation. Hence, it's
need to be further investigate how TAX plays a protective role in
NAPQI-induced hepatotoxicity. Depleted GSH in the APAP group was
reversed both in vitro and in vivo. Furthermore, ROS and MDA levels
also showed that TAX alleviated oxidative stress injury in mice caused
by APAP.

GPX1 is expressed in various tissues to protect cells against oxida-
tive stress, and GSH serves as a reductant [35-37]. This enzyme cata-
lyses the reduction of hydrogen peroxide and organic hydroperoxides
[38]. GST activity is dependent on the continuous supply of GSH and
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the elimination of GSSG from the cell. The main function of GST is to
catalyse the nucleophilic attack of GSH on electrophilic carbon, sulphur
and nitrogen atoms of nonpolar xenobiotic substrates, thereby pre-
venting their interaction with crucial cellular proteins and nucleic acids
[39,40]. NAPQI is a xenobiotic metabolite generated by overdose of
APAP, and the activity of GST can indicate the toxicity of APAP, as well
as the detoxification ability of TAX. According to the results for mouse
liver samples and cells, similar trends in GPX1 and GST activities were
observed, indicating that TAX exerted significant liver protective effects
against oxidative stress injury caused by APAP.

Glutamate cysteine ligase (GCL) is the rate-limiting enzyme for
GSH, and participates in improving oxidative stress ability. GCLC and
GCLM are the catalytic and regulatory subunits of GCL, respectively
[41-43]. Reduced levels of GCLC and GCLM may lead to low GSH
content, and slow clearance of ROS. Therefore, mRNA and protein ex-
pression of antioxidative enzymes (GPX1, GST-Pi, GCLC and GCLM)
were investigated. Reduced levels of GPX1, GST-Pi, GCLC and GCLM in
cells and liver indicated serious oxidative injury in the APAP group,
while expression levels in the TAX group were similar to the control
group. However, GCLC did not differ significantly between Control and
APAP groups in vivo, while expression rose significantly following TAX
treatment. This may be because (1) regulation of GCLM and GCLC is
independent, and (2) high expression of GCLC in the TAX group may be
a protective phenomenon since TAX exerts antioxidant effects by up-
regulating the expression of GCLC.

Metabolomics analysis of cells and serum were performed to verify
the above results. PCA and OPLS-DA were applied to assess the meta-
bolomics data. These methods are usually used to decrease the di-
mensionality of large complex datasets containing thousands of vari-
ables. Significant differential metabolites between Control and APAP
groups identified by OPLS-DA (VIP > 1, p < 0.05) were analysed by
Metaboanalyst 4.0. Glutathione metabolism in cells and serum were
found to be abnormal (Fig. 7), while TAX reversed the abnormalities
(Figs. 6 and 8). As shown in Fig. 8, the content of these metabolites
followed similar trends to the expression of GCLC, GCLM, GPX1 and
GST at both gene and protein levels (Figs. 2 and 3). Furthermore, TAX
treatment decreased the content of GSSG and maintained GSH home-
ostasis.

5. Conclusion

The present results demonstrated that TAX protects against APAP-
induced hepatotoxicity and oxidative stress by inhibiting metabolic
activation mediated by CYP450 enzymes and helping to maintain glu-
tathione homeostasis in vivo and in vitro.
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