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ARTICLE INFO ABSTRACT

Keywords: Aim: Acetaminophen (APAP) overdose is the most frequent cause of drug-induced liver damage. Magnolia of-
Acetaminophen ficinalis is a traditional hepatoprotective Chinese medicine and Honokiol (HO) is the major active constituent.
Honokiol The present study was to investigate the effect of HO on APAP-induced hepatotoxicity and related mechanisms.
Acetaminophen-protein adducts Main methods: Four groups of mice were subjected to treatment as vehicle, APAP, APAP + HO and
gfti]ti}iione APAP + HO + NRF2 inhibitor. The morphological and biochemical assessments were used to evaluate the he-
NRF2 patoprotective effects. The extent of APAP-protein adducts was determined through evaluate the hepatic content

3-(cystein-S-yl)acetaminophen (APAP-Cys), the hydrolysis products of APAP-protein adducts. The activities of
CYP2E1, CYP1A2 and CYP3A4 were evaluated by cocktail incubation, and the protein expression levels of NRF2,
GCLC, GCLM, GS and GST were evaluated by western blot analysis.

Key findings: Morphological and biochemical assessments clearly demonstrated that HO could alleviate APAP-
induced liver damage. The hepatoprotective effect of HO was positively associated with the reduction of APAP-
protein adducts. Further investigation suggested that HO induced inhibition of CYP 2E1 and CYP2A1 as well as
upregulation of GSH co-contributed to the reduction of APAP-protein adducts. Furthermore, HO induced acti-
vations of NRF2 and its target enzymes, such as GCLC, GCLM and GST, gave rise to the upregulation of GSH.
Significance: Our results suggested that HO could alleviate APAP-induced liver damage through reducing the
generation of APAP-protein adducts, which might be mediated by inhibiting the activity of CYP 2E1 and CYP2A1
as well as enhancing the generation of GSH via NRF2 pathway.

1. Introduction mediating APAP-induced liver damage. In the therapeutic dose condi-

tion, APAP is converted to N-acetyl-p-benzoquinone imine (NAPQI) by

Acetaminophen (APAP, also named as paracetamol) is a worldwide
used analgesic and antipyretic drug [1]. Although relatively safe at
therapeutic doses, APAP in high doses can cause severe liver damage.
Typically, in the United States and the United Kingdom, APAP overdose
is associated with the leading cause of drug-induced hepatotoxicity and
acute liver failure [2,3]. CYP450-dependent biotransformation of APAP
to its reactive metabolite has been clearly identified as the mechanism

CYP 2E1, CYP1A2 and CYP3A4 [4,5]. Subsequently, NAPQI is detox-
ified by glutathione (GSH), a tripeptide that detoxifying electrophiles
and relieving oxidative stress, with the aid of glutathione S-transferase
(GST). However, in the overdose condition, excess NAPQI rapidly de-
pletes hepatic GSH, whereas, the remaining NAPQI covalently binds to
sulfhydryl groups on cysteine residues of hepatocellular proteins, gen-
erates APAP-protein adducts and finally triggers mitochondrial
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glutathione synthetase; GSH, glutathione; GST, glutathione S-transferase; H&E, hematoxylin-eosin; HO, honokiol; i.g., intragastric; i.p., intraperitoneal; KET, ke-
toconazol; NAPQI, N-acetyl-p-benzoquinone imine; NPF, a-naphthoflavone; NRF2, nuclear factor (erythroid-derived 2)-like 2; S.D., standard deviation
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dysfunction and necrosis [6,7]. The extent of APAP-protein adducts in
the liver is positively related with the liver damage. Many methods
have been developed to evaluate the contents of APAP-protein adducts
[8-10]. Determination of 3-(cystein-S-yl)acetaminophen (APAP-Cys),
the hydrolysis products of APAP-protein adducts, is one of the most
convenient methods to evaluate the contents of APAP-protein adducts
[11-13].

Magnolia officinalis (Magnoliaceae) is mainly found in East Asia, and
its bark has been widely utilized in China to treat liver disease [14].
Honokiol (HO) is one of its bioactive components and exhibits strong
antioxidant, anti-inflammatory and anti-tumor effects [15]. Recent
studies showed that HO benefits lipopolysaccharide-induced liver da-
mage through inhibiting cytokine production and oxidative stress [16],
ameliorates alcoholic steatosis via blocking fatty acid synthesis [14],
attenuates non-alcoholic steatohepatitis by polarizing macrophages to
M2 phenotype [17] and improving hepatic steatosis [18], and relieves
oxidative damage in hepatocytes by activating Sirtuin3 [19]. Base on
those observations, we proposed a hypothesis that HO could show
protective effects against APAP-induced liver damage.

In this study, the protective effects of HO against APAP-induced
hepatotoxicity and the potential mechanisms involved were in-
vestigated, which could verify our hypothesis and improve better un-
derstanding the hepatoprotective effects of HO.

2. Material and methods
2.1. Materials and reagents

APAP, diazepam, phenacetin, chlorzoxazone, donepezil and keto-
conazole (KET) were purchased from National Institutes for Food and
Drug Control (Beijing, China). Testosterone and
6pB-hydroxy-testosterone were obtained from Shanghai J&K Scientific
LTD (Shanghai, China), 6-hydroxy-chlorzoxazone was supplied by
Toronto Research Chemicals Inc. (Toronto, Canada), clomethiazole
(CMT) was obtained from Sigma-Aldrich Chemical Co. (St. Louis, USA)
and a-naphthoflavone (NPF) was supplied from Acros Organics (New
Jersey, USA). APAP used in the animal study was obtained from Linyi
Central Hospital, Linyi, China. HPLC grade methanol was purchased
from Merck Company (Darmstadt, Germany). All other reagents were of
analytical grade and obtained from commercial sources.

2.2. Synthesis of APAP-Cys

APAP-Cys (Fig. 1) was custom-synthesized in the laboratory fol-
lowing the procedures described in the literature [13,20,21]. The purity
of the compound was shown by HPLC to be > 95%. The chemical
structure of the synthesized APAP-Cys was further confirmed by mass
spectroscopy analysis (Supplementary Fig. 1). These mass data are in
agreement with previously published data of synthesized APAP-Cys
[13,20,21].

2.3. Animals and dosing

Male Balb/c mice (20-22g) were supplied by Shanghai Slac
Laboratory Animal Co., Ltd., China. All animals were housed under
controlled temperature 25 + 1 °C, relative humidity 40-70%. The an-
imal care and use were in accordance with the Regulations of
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Fig. 1. Chemical structure of APAP-Cys.
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Experimental Animal Administration issued by the Ministry of Science
and Technology of China, and the experimental protocols were ap-
proved by the Animal Affairs Committee of Jiangsu Province Academy
of Traditional Chinese Medicine. All animals were fasted overnight
before experiment.

Twenty-four mice were randomly divided into four groups, which
were vehicle, APAP, APAP plus HO and NRF2 inhibitor groups. The
preparation of HO for intragastric (i.g.) administration was made by
suspending it in 1% [w/v] sodium carboxymethyl cellulose (CMC-Na)
and APAP for intraperitoneal (i.p.) was made by dissolving in normal
saline. The vehicle group was i.g. 0.2 mL 1% CMC-Na solution and i.p.
0.1 mL normal saline, the APAP group was i.g. 0.2mL 1% CMC-Na
solution and i.p. APAP normal saline solution (200 mg/kg), the APAP
plus HO group was i.g. HO suspension (100 mg/kg) and i.p. APAP
normal saline solution (200 mg/kg), and the NRF2 inhibitor group was
i.g. HO suspension (100 mg/kg) and i.p. APAP normal saline solution
(200 mg/kg) 1 h after i.p. Brusatol (2 mg/kg). All animals were treated
once per day at 9:00 a.m. for 7 consecutive days. One hour after the last
dosing, each animal was sacrificed under anaesthetic, and liver was
surgically excised and placed in liquid nitrogen or fixed in for-
maldehyde solution until needed, while serum was prepared and ana-
lyzed immediately.

2.4. Biochemical and histological assessments

Levels of alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) in serum and reduced GSH in liver tissues were
measured using an assay kit (Nanjing Jiancheng Corp., Nanjing, China)
according to the manufacturer's recommendations. Fixed hepatic tissues
were embedded in paraffin, cut into 5um sections, stained with he-
matoxylin-eosin (H&E), and observed using a light microscope (200 X ).

2.5. Protein derived APAP-Cys preparation

Protein derived APAP-Cys was prepared according to published
papers with slight optimizations [13,20,21]. Briefly, mouse liver
(100 mg) was homogenized in 1 mL sodium acetate (10 mM, pH 6.5),
sonicated for 10 s, centrifuged at 16,000g for 10 min, and the resulting
supernatants were dialyzed (30 kDa molecular mass cut-off) against 4 L
of 10 mM sodium acetate buffer. The dialysis buffer was replaced at 9
and 21 h and the dialyzed samples were concentrated to 1 mL after
dialyzing 30 h. Concentrated samples (100 uL) were digested overnight
with proteases and precipitated using cold methanol after adding dia-
zepam (IS1, 1 pg/mL, 5uL). The supernatants were evaporated at 40 °C
under a steady nitrogen stream. The protein derived APAP-Cys con-
taining residues were re-suspended by 120 puL mobile phase for analysis.

2.6. CYP450 metabolic enzyme activity assay

The mouse liver microsomes were prepared according to our pub-
lished paper [22], and the effect of HO on the activities of CYP2E1,
CYP1A2 and CYP3A4 were evaluated by cocktail incubation, as follow.
The incubation mixtures containing pooled mice liver microsomes
(final concentration 0.25 mg/mL), CYP2E1, CYP1A2 or CYP3A4 probe
substrate (chlorzoxazone, phenacetin or testosterone, final concentra-
tion 50 uM) or blank control, HO or positive controls (CMT for CYP2E1,
NPF for CYP1A2 and KET for CYP 3A4) were preincubated for 10 min at
37 °C, and the reaction initiated by the addition of NADPH (final con-
centration 2 pM). Each mixture was incubated for 20 min at 37 °C in a
shaking water bath and the reaction terminated by adding 3-fold APAP
(IS2, 5uM) or donepezil (IS3, 10 uM) acetonitrile solution. The final
concentrations of HO and positive controls in the incubation mixtures
were 0.01, 0.1, 0.3, 1, 3, 10, 30 and 100 puM, and all the experiments
were performed in sextuplicate. The concentrations of probe substrate
metabolite  (6-hydroxy-chlorzoxazone, APAP and 6f-hydrox-
y-testosterone) were calculated from the standard curves. The IC50
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Fig. 2. Biochemical parameters in serum and GSH content in liver. (A) ALT, (B) AST and (C) GSH. Data are represented as the mean

+

S.D. of six independent

experiments. **p < 0.01 vs. vehicle group, and ##p < 0.01 vs. APAP-treated group.

values were determined based on the concentration-inhibition curves.

2.7. Western blot analysis

Liver tissue homogenates were prepared with RIPA Buffer. Equal
amount of denatured total protein (50 pug) was separated by 10% so-
dium dodecyl sulfate polyacrylamide gel electrophoresis and trans-
ferred onto a polyvinylidene difluoride membrane. The membrane was
blocked by 5% fetal bovine serum and incubated with appropriate di-
lutions of primary antibody against nuclear factor (erythroid-derived
2)-like 2 (NRF2), glutamate-cysteine ligase regulatory subunit (GCLM),
glutamate-cysteine ligase catalytic subunit (GCLC), glutathione syn-
thetase (GS) or GST, respectively, followed by incubation with rabbit
anti-mouse or goat anti-mouse HRP-conjugated secondary antibody.
The intended protein was detected using ECL kit and normalized to the
corresponding (3-actin expression.

2.8. LC-MS/MS method validation

Determinations of APAP-Cys and 6-hydroxy-chlorzoxazone were
carried out on an Agilent 1200 HPLC-6410B triple quadrupole mass
spectrometer (Agilent Technologies, Palo Alto, USA). Chromatographic
separations were performed on an Agilent Zorbmax SB-C18 column
(2.1 mm X 15cm, 5pum, Agilent Technologies, Palo Alto, USA) with a
security Guard-C18 (4 mm X 2.0 mm, 5pum, Phenomenex). The mass
spectrometer was operated in multiple reaction monitoring mode, and
the quadrupole mass spectrometer equipped with an ESI source was
optimized with the detection parameters as drying gas (N») flow 12L/
min, drying gas temperature 350 °C, nebulizer pressure 60 psig, capil-
lary voltage 3.5kV and capillary potential 4000 V. All the methods
were validated for selectivity, linearity, precision, accuracy, extraction
recovery, matrix effect and stability, according to the US Food and Drug
Administration (FDA) guidance for validation of bioanalytical methods.

For the analysis of APAP-Cys in liver sample, isocratic elution was
employed with mobile phase of methanol-10 mM ammonium acetate
buffer solution containing 0.1% acetic acid (20:80, v/v) at a flow rate of
0.3 mL/min, the column temperature was maintained at 35 °C, and 5 pL
were injected for analysis. The optimized MS/MS ion transition mon-
itored were m/z 270.9/139.9 for APAP-CYS and m/z 285.1/193.1 for
IS1 with the fragment voltage and collision energy were 80 V and 25 eV
in positive ion mode.

For the analysis of 6-hydroxy-chlorzoxazone to evaluate the enzy-
matic activity of CYP2E1, isocratic elution was employed with mobile
phase of methanol-5 mM ammonium acetate buffer solution containing
0.05% acetic acid (48:52, v/v) at a flow rate of 0.4 mL/min, the column
temperature was maintained at 38 °C, and 3 puL were injected for ana-
lysis. The optimized MS/MS ion transition monitored were m/z 184.1/
120.1 for 6-hydroxy-chlorzoxazone and m/z 150.0/107.0 for IS2 with
the fragment voltage and collision energy were 95V and 15€V in ne-
gative ion mode.

For the analysis of 63-hydroxy-testosterone and APAP to investigate
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the enzymatic activities of CYP3A4 and CYP1A2, gradient elution was
employed with mobile phase of methanol-10 mM ammonium acetate
buffer solution containing 0.1% formic acid at a flow rate of 0.35mL/
min. Gradient elution was as follows: 72% B (0-0.6 min), 72-46% B
(0.6-0.8 min), 46% B (0.8-6.5 min), 46-35% B (6.5-6.7 min), 35% B
(6.7-8.5min), 35-72% B (8.5-8.7 min) and 72% B (8.7-13.5 min). The
column temperature was maintained at 35°C, and 8 UL were injected
for analysis. The optimized MS/MS ion transition monitored were
305.3/269.3 for 6B-Hydroxy-testosterone, m/z 152.1/110.1 for APAP
and m/z 385.3/91.0 for IS3 with the fragment voltage and collision
energy were 110V and 15 eV in positive ion mode.

2.9. Data analysis

Statistical analysis was performed using SPSS 16 software. Data was
plotted in the figures as mean = standard deviation (S.D.). Differences
between two groups were assessed using two-tailed, unpaired Student's
t-test with Welch's correction. Results were considered significant at
p < 0.05.

3. Results
3.1. HO protected against APAP-induced liver damage

To investigate the effects of HO on the development of APAP-in-
duced liver damage, mice were co-administrated with HO and APAP.
The aminotransferase activities in serum are listed in Fig. 2A and B. The
markers of hepatic damage components, ALT and AST, were elevated
dramatically in APAP treated mice, but were markedly reduced during
the co-treatment with HO. Similarly, APAP exposure resulted in de-
crement of GSH in liver, and this tendency was reversed by HO
(Fig. 2C). Besides, H&E staining examination (Fig. 3) was performed on
the liver for any abnormalities on the structure of the hepatocytes. The
livers samples obtained from Vehicle group showed normal architecture
and normal hepatic cells without fatty vacuolation. APAP challenge led
to destruction of the normal hepatic architecture, necrosis of hepato-
cytes, hemorrhage and inflammatory cells infiltration, however, this
pathological lesion was ameliorated when HO was co-treated. All of
observations clearly illustrated that HO could protect against APAP-
induced liver damage.

3.2. Influence of HO on the content of APAP-protein adducts in liver

Fig. 4A showed the chromatographic profiles of blank and APAP-
treated liver homogenates. No interfering endogenous peaks were ob-
served around their retention times. Liver samples were obtained 1h
after i.p. administration of APAP, as it has been described that APAP-
protein adducts in liver are at a maximum at this point [13]. As shown
in Fig. 5, the hepatic content of APAP-Cys was 0.63 * 0.11 mmol/mg
protein after administration of 400 mg/kg APAP, but that was de-
creased to 0.19 = 0.05 mmol/mg protein after co-administrated with
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Fig. 3. Histomorphology of mouse liver (200 X original magnification, H&E stained). Liver from (A) vehicle group, (B) APAP-treated group and (C) APAP and HO co-

treated group.

100 mg/kg HO, which suggested that decreasing the generation of
APAP-protein adducts might contribute the protective effect of HO on
APAP-induced liver damage.

3.3. Influence of HO on activity of CYP450 metabolic enzyme

Fig. 4B showed the chromatographic profiles of blank and chlor-
zoxazone added incubation samples, and Fig. 4C exhibited the chro-
matographic profiles of blank as well as APAP and 6f3-hydrox-
y-testosterone added incubation samples. No interfering endogenous
peaks were observed around their retention times. The effects of HO
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Fig. 4. Representative MRM chromatograms

and positive controls on CYP activities were determined from 8-point
concentration data using cocktail substrates and the results were shown
in Table 1. The positive controls strongly inhibited the CYPs, which
indicated that the newly prepared mouse liver microsomes showed
superior activity. HO potently and moderately inhibited the metabolic
activities of CYP1A2 and CYP3A4 with the ICs, values of 3.95 + 1.64
and 17.5 = 6.7 uM, but not inhibited CYP3A4 with the ICs, value >
100 uM.
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(A) APAP-Cys, (B) 6-hydroxy-chlorzoxazone and (C) APAP and 6f3-hydroxy-testosterone; I for blank samples and II for analyte containing samples.



F.-L. Yu, et al.
*% #H
0.89 I 11 1
o€
32 0.6 _
q 2
< o
o o 0.44
< £
[ S— —_
g 2 0.2 7
3E° //
0.0 .A
APAP + + +
HO - + +
Brusatol - - +

Fig. 5. Effects of HO on the content of APAP-Cys in liver. Data are represented
as the mean = S.D. of six independent experiments. **p < 0.01 vs. vehicle
group, and ##p < 0.01 vs. APAP-treated group.

Table 1
Effects of HO on CYP metabolic activity in pooled mouse liver microsomes
(mean *= S.D., n = 6).

CYP ICso (uM)

HO Positive control
2E1 3.95 + 1.64 1.56 = 1.05
2A1 17.5 + 6.7 3.77 = 1.10
3A4 > 100 0.57 = 0.01

3.4. Influence of HO on the protein expression associated with GSH
disposition in APAP treated mice

The relative levels of key protein involved in GSH biosynthesis
(GCLC, GCLM and GS) and transfer enzyme (GST) were further studied.
As shown in Fig. 6, the expression levels of the target proteins were
slightly changed without statistical differences in APAP group com-
pared with blank group, however, GCLC, GCLM and GST were drama-
tically elevated with significant differences when HO was co-admini-
strated. These results show that elevating the protein expressions of
GCLC, GCLM and GST might contribute to increasing the hepatic con-
tent of GSH and decreasing the generation of APAP-protein adducts.

3.5. Influence of HO on the protein expression of NRF2 in APAP treated
mice

The nuclear factor (erythroid-derived 2)-like 2 (NRF2) plays a key
role in the transactivation of GCLC, GCLM and GST. To examine whe-
ther HO affects GSH biosynthesis and transfer via inducing NRF2 nu-
clear translocation, protein expression of NRF2 was measured. Fig. 6
shows that the expression level of NRF2 was not affected by APAP,
which was markedly increased by the co-administration of HO. There
data suggested that NRF2 activation by HO might be associated with
the regulations of GCLC, GCLM and GST.

3.6. Role of NRF2 in HO mediated hepatoprotective effect in APAP treated
mice

To investigate the role of NRF2 on the hepatoprotective effect of HO
on APAP treated mice, Brusatol, a specific NRF2 inhibitor [23,24], was
used to research. When NRF2 was inhibited, the decreased APAP-pro-
tein adducts in liver was elevated (shown in Fig. 5), and the up-regu-
lated protein expression levels of GCLC, GCLM and GST were reversed
(shown in Fig. 6). All the observations provided evidence that the NRF2
pathway must be involved in the hepatoprotective effect of HO on
APAP treated mice.

Life Sciences 230 (2019) 97-103

4. Discussion

HO exhibits extensive hepatoprotective effects, although whether
HO could alleviate APAP-induced liver damage is still unclear. Thus,
the current study aimed to investigate whether HO exerts a beneficial
effect in preventing APAP-induced hepatotoxicity and what mechan-
isms are involved. The present data clearly demonstrated that HO ex-
hibits hepatoprotective effects against APAP-induced liver damage, as
evidenced by morphological and histological assessment, as well as
biochemical data such as AST and ALT.

Generation of APAP-protein adducts induced by NAPQI and sub-
sequent deactivation of functional proteins are regarded as the leading
cause of APAP-induced liver damage [25]. Thus, in this study, the he-
patic level of APAP-protein adducts in APAP-treated mice was further
determined. The results clearly demonstrated that co-treatment with
HO could decrease the hepatic level of APAP-protein adducts, as evi-
denced by decreased the content of APAP-Cys. The generation of APAP-
protein adducts is dependent on the content of NAPQI [26], the elec-
trophilic intermediate metabolite of APAP. Two manners could reduce
the content of NAPQI in APAP treated mice, which are (1) inhibiting the
activities of liver microsomes, that is reducing the generation of NAPQI
[27], and/or (2) increasing the generation of GSH [28], that is accel-
erating the elimination of NAPQIL In this study, the influences of co-
administration on those two manners were further investigated.

CYP2E1, CYP2A1 and CYP3A4 play important roles in the meta-
bolism of APAP to NAPQI. Thus, the effect of HO on the activity of
CYP2E1, CYP2A1 and CYP3A4 in APAP-treated mice was measured.
Results from the in vitro substrate “cocktail” approach suggested that
HO exhibits inhibitory effects on CYP2E1 and CYP2A1, but not
CYP3A4, enzyme activities in APAP-treated mice, which was similar to
that in type 2 diabetic rats [29]. The hepatic reduced GSH was also
evaluated was evaluated and the results showed that the HO reversed
APAP-induced reduction of GSH in APAP-treated mice. All of these data
indicated that both decreasing the generation and accelerating the
elimination of NAPQI contributed to the reduction of hepatic APAP-
protein adducts in APAP treated mice.

The molecular mechanism related to the synthesis and transport of
GSH was further researched. GSH is synthesized by amino acids via two
ATP-requiring enzymatic steps in the cytosol of cells. The first step is
considered to be the rate-limiting step and catalyzed by GCL, which is
composed by GCLC, the catalytic subunit, and GCLM, the modifier
subunit, whereas, the second step is catalyzed by GS [30,31]. Besides,
the transport of GSH is regulated by GST, one of the most important
phase II metabolic enzymes. In our experiment, APAP did not affect the
protein expression levels of GCLC, GCLM, GS and GST, whereas when
HO was co-administrated, the expressions of GCLC, GCLM and GST
were up-regulated dramatically with the elevation of GSH. Therefore, it
is confirmed that elevating the content of GSH and accelerating the
elimination of NAPQI in APAP and HO co-treated mice were associated
with altered the expression of GCLC, GCLM and GST.

The protein expression levels of GCLC, GCLM and GST are regulated
by the gene of NRF2 [32]. Thus, the protein expression of NRF2 was
further investigated. In the present study, HO treatment led to a sig-
nificant increment in the protein expression of NRF2, indicating that
NRF2 might be a key target in the protective effect of HO on APAP-
induced liver damage. Further study discovered that NRF2 inhibition
reduced the protein levels of GCLC, GCLM and GST, the concentration
of GSH and APAP-protein adducts, and finally resulted in the depression
of hepatoprotective effect of HO in APAP treated mice. All the ob-
servations verified that HO accelerates the generation of GSH in APAP-
treated mice via activating the target of NRF2.

5. Conclusions

In summary, this study clearly demonstrated that HO could decrease
the generation of APAP-protein adducts and protect against APAP-
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Fig. 6. Protein expressions related to the disposition of GSH. (A) western blot analysis of proteins associated with the disposition of GSH, and the bar graphs show
quantitative relative level of (B) GCLC, (C) GCLM, (D) GS, (E) GST and (F) NRF2 protein expressions. Data are represented as the mean *+ S.D. of six independent
experiments. **p < 0.01 vs. vehicle group, and ##p < 0.01 vs. APAP-treated group.

Fig. 7. Schematic diagram illustrating the potential protec-
tive mechanism of HO against APAP-induced liver damage.
HO inhibits the activity of CYP2E1 and CYP2A1 and triggers
the generation of GSH via activating the expression NRF2,
reduces the generation of APAP-protein adducts, and finally
alleviates APAP-induced hepatotoxicity.
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induced liver injury, potentially through inhibiting the metabolic ac- BK20151050).
tivities of CYP2E1 and CYP2A1, as well as elevating the expression of
GCLC, GCLM and GST and accelerating the generation of GSH via NRF2 Declaration of Competing Interest
pathway (shown in Fig. 7).
Supplementary data to this article can be found online at https:// The authors report no conflict of interests.
doi.org/10.1016/].1fs.2019.05.062.
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