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Abstract: Acetaminophen (APAP) overdose is the major cause of drug-induced liver injury and acute
liver failure. Approximately 10% of APAP is metabolized by cytochrome P450 (CYP2E1) into toxic
N-acetyl-p-benzoquinone imine (NAPQI). CYP2E1 also contributes to ethanol metabolism, especially
during conditions of high blood ethanol concentration. Acute and chronic ethanol consumption
appears to have opposite effects on APAP-induced liver injury. We determined the effects of different
doses, pre- and post-treatment, and various schedules of ethanol exposure in APAP-induced liver
injury. Treatment with ethanol (0.5 g/kg) after 1 h of APAP (300 mg/kg) administration decreased
serum ALT levels, histopathological features, and inflammatory cell infiltration. Moreover, ethanol
treatment 1 h after APAP treatment reduced APAP-induced liver injury compared with later admin-
istration. Interestingly, ethanol pretreatment did not provide any protective effect. Furthermore,
ethanol treatment was associated with a significant decrease in ERK and AKT phosphorylation
during the acute injury phase. Ethanol exposure also increased CYP2E1 expression and decreased
PCNA expression during the liver regeneration phase.

Keywords: acetaminophen; ethanol; alcohol; liver injury; inflammation; neutrophil; cytochrome
P450; CYP2E1

1. Introduction

Acetaminophen (N-acetyl-p-aminophenol or paracetamol; APAP) is commonly used
as an antipyretic and analgesic drug worldwide [1]. Although APAP is widely regarded as
safe and effective at the recommended doses (1–4 g/day), an overdose may cause acute
liver injury, fulminant liver failure, and even death [2,3]. At recommended therapeutic
doses, the majority (85–90%) of APAP is conjugated with sulfate and glucuronide to form
non-toxic metabolites, which are then eliminated from the body [4]. The remaining APAP
(approximate 10%) is metabolized by hepatic cytochrome P450 (CYP) enzymes, particularly
CYP2E1, to a toxic reactive intermediate, N-acetyl-p-benzoquinone imine (NAPQI), which
is quickly conjugated to hepatic glutathione (GSH) to produce a non-toxic compound [1,5].
However, at toxic doses, the excessive production of NAPQI results in the depletion of GSH,
and NAPQI covalently binds to cellular proteins. This causes mitochondrial dysfunction,
increased reactive oxygen species (ROS) production, DNA fragmentation, and eventually
hepatocyte cell death [6–8].

Ethanol (ethyl alcohol; EtOH) has been one of the most commonly used substances in
many cultures for centuries. Ethanol is metabolized primarily by alcohol dehydrogenase
(ADH) to form acetaldehyde in the cytosol [9,10]. In addition, CYP family members in
the endoplasmic reticulum also contribute to approximately 10% of ethanol oxidative
metabolism [9,11]. However, at high ethanol blood concentrations, CYP2E1 plays an
important role in oxidizing ethanol to acetaldehyde [12,13]. The metabolism of ethanol
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to acetaldehyde is accompanied by ROS production, which contributes to the toxicity of
ethanol [11,14]. Moreover, acetaldehyde is further metabolized by aldehyde dehydrogenase
(ALDH) to acetate in the mitochondria [10].

The interaction between ethanol and APAP is complex. As mentioned above, CYP2E1
is the microsomal enzyme responsible for the metabolism of both ethanol and APAP.
Moreover, chronic ethanol intake may enhance APAP-induced liver injury through the
upregulation of CYP2E1 activity, increased CYP2E1 synthesis, and decreased GSH lev-
els [15–17]. Previous studies indicate that chronic ethanol consumers are at increased risk of
APAP-induced hepatotoxicity following repeated overdoses [18,19]. However, therapeutic
doses or a single overdose of APAP is not associated with APAP liver injury in chronic
alcoholics [20,21].

In contrast, acute ethanol consumption may actually provide protective effects against
APAP hepatotoxicity because ethanol is a competitive substrate of CYP2E1. This reduces the
level of NAPQI toxic intermediates derived from APAP metabolism [22]. Previous studies
have shown that acute ethanol administration attenuates APAP-induced hepatotoxicity
in mice when ethanol is administered simultaneously with APAP [23]. A retrospective
observational study of approximately 360 patients also demonstrated that acute ethanol
ingestion around the same time as APAP overdose is associated with a lower risk of APAP-
induced hepatotoxicity [24]. However, the optimal timing and dose of ethanol have not
been established. The underlying mechanisms for the effect of ethanol on APAP-induced
hepatotoxicity are still unclear. Therefore, we investigated the effects and mechanisms of
ethanol in APAP-induced liver injury. We also evaluated the effects of ethanol on liver
regeneration following APAP-induced liver injury.

2. Materials and Methods
2.1. Animals

Adult male C57BL/6C (B6) mice (20–24 g, 8–10 weeks old) were purchased from
BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan). All mice were housed in a controlled
environment with a 12 h light and dark cycle with ad libitum access to food and water. All
animal experimental procedures were conducted in accordance with the guidelines of the
Animal Welfare Act and Guide for Care and Use of Laboratory Animals from the National
Institute of Health. The protocols were approved by the Institutional Animal Care and Use
Committee at the Chang Gung Memorial Hospital.

2.2. Experimental Model and Treatments

Initial studies evaluated the effects of different doses of ethanol. The mice were
randomly assigned into 8 groups (n = 6/group). Acetaminophen (Sigma Chemical Co.,
St. Louis, MO, USA) was dissolved in normal saline at a concentration of 20 mg/mL. Of
the 8 groups, 6 groups received an intraperitoneal hepatotoxic injection of acetaminophen
(300 mg/kg) and 1 h later the mice were intraperitoneally [25] treated with ethanol at a
concentration of 0, 0.1, 0.25, 0.5, 1, or 2 g/kg [26]. The other 2 control groups received an
equal volume of normal saline intraperitoneally and were treated with an equal volume
of PBS or ethanol (0.5 g/kg) 1 h later. After 16 h, all of the animals were sacrificed by
cervical dislocation under isoflurane anesthesia. Blood and liver samples were obtained
for further analysis.

Next, we examined the effects of ethanol pre- and post-treatment. The mice were
randomly assigned to 5 groups (n = 6/group). Of the 5 groups, 3 groups received an in-
traperitoneal hepatotoxic injection of acetaminophen (300 mg/kg), and then 2 groups were
injected with ethanol (0.5 g/kg) intraperitoneally before or after 1 h of APAP administration.
The other 2 control groups received an equal volume of normal saline intraperitoneally
and were then treated with an equal volume of PBS or ethanol (0.5 g/kg). After 16 h, all of
the animals were sacrificed.

We further examined the effects of the ethanol dose schedule. The mice were randomly
assigned into 6 groups (n = 6/group). Four of the groups received an intraperitoneal hepa-
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totoxic injection of acetaminophen (300 mg/kg). The mice then received an intraperitoneal
injection of ethanol (0.5 g/kg) at 1, 2, and 4 h after APAP administration. The other 2 control
groups were administered an equal volume of normal saline intraperitoneally followed by
an equal volume of PBS or ethanol (0.5 g/kg). After 16 h, all of the animals were sacrificed.

Finally, we compared the liver regeneration profiles of the APAP and ethanol treatment
groups over a time course of 16 to 72 h. Two groups of animals were sacrificed at 16, 48,
and 72 h following APAP administration.

2.3. Measurement of Alanine Transaminase Levels in Serum

Blood samples were collected by cardiac puncture, stored at room temperature for 1 h,
and centrifuged at 12,000× g twice for 5 min each. Serum alanine transaminase (ALT) levels
were measured using the VITROS DT60 II Chemistry System (Ortho-Clinical Diagnostics,
Raritan, NJ, USA).

2.4. Measurement of GSH Levels in the Liver

The liver tissues were homogenized in cold Tris-HCl buffer on ice. The homogenates
were centrifuged at 10,000× g for 15 min at 4 ◦C and the supernatants were deproteinated
and measured for GSH levels according to the manufacturer’s instructions for the Glu-
tathione assay kit (Cayman Chemical Co., Ann Arbor, MI, USA).

2.5. Histology and Immunohistochemistry

The left lobes of the liver were harvested and fixed in 4% paraformaldehyde and
embedded in paraffin. Sections of 4 µm thickness were stained with hematoxylin and eosin
(H&E) for histological examination.

For immunohistochemical staining, the sections were incubated with primary antibody
against Ly6G (neutrophil; 1:500; BD Biosciences Pharmingen, San Diego, CA, USA) or
Mac-2 (macrophage; 1:500; eBioscience, Inc., San Diego, CA, USA). After rinsing in PBS, the
sections were incubated with a biotin-conjugated secondary antibody (IHC Select; Merck
Millipore, Burlington, MA, USA) for 1 h. Finally, a peroxidase reaction was performed
following the manufacturer’s protocol (IHC Select; Millipore). To assess cell proliferation,
the sections were stained with proliferating cell nuclear antigen (PCNA) (Cell Signaling
Technology, Danvers, MA, USA).

2.6. Measurement of TNF-α and IL-6 in the Liver

We measured the levels of proinflammatory cytokines including tumor necrosis factor
(TNF)-α and interleukin (IL)-6 in the liver. The liver tissues were homogenized in lysis
buffer (20 mM HEPES, 3 mM MgCl2, 1 mM 2-mercaptoethanol [2-ME], 150 mM NaCl, 1 M
dithiothreitol [DTT], 0.25 µg leupeptin, 0.1 mM phenyl-methyl-sulfonyl fluoride [PMSF],
0.05 µg pepstatin A, and 0.01 µg aprotinin) on ice. The homogenates were centrifuged
at 12,000× g for 10 min at 4 ◦C and the supernatants were used for the measurement of
cytokine levels according to the manufacturer’s instructions. Finally, the absorbance was
read at 450 nm.

2.7. Western Blotting

The liver tissues were homogenized in lysis buffer, sonicated for 15 s, and centrifuged
at 12,000× g for 10 min at 4 ◦C. Equal amounts of protein were separated on 10% sodium do-
decyl sulfate polyacrylamide gels by electrophoresis and then transferred to polyvinylidene
fluoride membranes. After blocking in 5% fat-free milk solution for 1 h and rinsing 3 times
with Tris-buffer (1% Tween-20), the membranes were incubated with specific primary
antibodies against extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase
(JNK), protein kinase B (AKT), phospho-ERK, phospho-JNK, phospho-AKT, CYP2E1, and
PCNA (1:1000; Cell Signaling Technology, Danvers, MA, USA) overnight at 4 ◦C. Follow-
ing a washing step and incubation with horseradish peroxidase-conjugated secondary
antibody (Cell Signaling Technology, Danvers, MA, USA) for 1 h at room temperature,
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the immune complexes were visualized using an enhanced chemiluminescence system.
The antibody specific to β-actin (Proteintech Group, Inc., Chicago, IL, USA) was used to
confirm equal loading.

2.8. Statistical Analysis

All data are presented as the mean ± standard error of mean (SEM) (n = 5–6 mice
for each group). One-way analysis of variance (ANOVA) and Tukey’s multiple com-
parison tests were used to analyze the results. Prism 6.0 Software (GraphPad Software
Inc., San Diego, CA, USA) was used for statistical analyses. p < 0.05 was considered
statistically significant.

3. Results
3.1. Effects of Different Doses of Ethanol on Serum ALT Levels in APAP-Induced Liver Injury

To investigate the effects of different doses of ethanol in APAP-induced liver injury, we
measured ALT levels of the serum following APAP-induced liver injury. The serum ALT
levels were markedly elevated in the APAP (300 mg/kg) group compared with the control
group (p < 0.005). No differences were observed in the serum ALT levels between the
control and ethanol (0.5 g/kg) alone groups. After 1 h of APAP administration, treatment
with ethanol (0.1, 0.25, 0.5, 1, and 2 g/kg) significantly attenuated serum ALT levels
compared with the APAP group (p < 0.01, 0.005, 0.005, 0.005, and 0.005, respectively).
However, extreme low dose ethanol (0.1 and 0.25 g/kg) treatment groups still exhibited
significantly elevated serum ALT levels compared the control group (p < 0.005 and 0.05,
respectively). Moreover, when treated with low to moderate doses of ethanol (0.5, 1, and
2 g/kg), the serum ALT levels did not increase significantly compared with the control
group (Figure 1). These results indicate that treatment with ethanol can ameliorate APAP-
induced liver injury and 0.5 g/kg ethanol administration following 1 h of APAP challenge
is the minimal dose for the best protective effect.
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Figure 1. The effects of different ethanol doses on serum ALT levels in acetaminophen-induced
liver injury. Mice were administrated APAP (300 mg/kg) or an equal volume of saline (control)
intraperitoneally and treated with various concentrations of ethanol (0, 0.1, 0.25, 0.5, 1 or 2 g/kg)
after 1 h. Mice were sacrificed after 16 h of APAP challenge. Each value represents the mean ± SEM;
n = 6 for each group. # p < 0.05, ### p < 0.005 vs. control group; ** p < 0.01, *** p < 0.005 vs. APAP group.

3.2. Effect of Ethanol Pre- and Post-Treatment on Serum ALT Levels, Hepatic GSH Levels, and
Hepatic Histological Changes

The APAP and ethanol pre-treatment group had significantly elevated serum ALT
levels compared with the control group (p < 0.005 and 0.005, respectively); however,
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there were no differences in the serum ALT levels between the control and ethanol alone
groups. Pretreatment with ethanol (0.5 g/kg) 1 h before APAP administration did not
significantly alter serum ALT levels compared with the APAP group. Interestingly, ethanol
post-treatment (0.5 g/kg) 1 h after APAP challenge significantly attenuated serum ALT
levels compared with the APAP group (p < 0.005) (Figure 2A).
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Figure 2. The effects of the time of ethanol administration on serum ALT levels (A), hepatic GSH
levels (B), and histological changes (C) during acetaminophen-induced liver injury. Mice were
administrated APAP (300 mg/kg) or an equal volume of saline (control) intraperitoneally and treated
with 0.5 g/kg of ethanol before and after 1 h. Mice were sacrificed after 16 h of APAP challenge.
(A,B) Each value represents the mean ± SEM; n = 6 for each group. ## p < 0.01, ### p < 0.005 vs.
control group; ** p < 0.01, *** p < 0.005 vs. APAP group. (C) Representative histological changes of
the liver tissues obtained from different groups. (100× magnifications are shown). Quantification
of the percentage of necrotic areas. Each value represents the mean ± SEM; n = 6 for each group.
### p < 0.005 vs. control group; * p < 0.05, *** p < 0.005 vs. APAP group.

There were no differences in the hepatic GSH levels among the control, ethanol alone,
and ethanol post-treatment groups. The APAP and ethanol pre-treatment groups had
significantly lowered hepatic GSH levels compared with the control group (p < 0.01 and
0.01, respectively). There was also no significant difference in the hepatic GSH levels
between the APAP and ethanol pre-treatment groups. Moreover, posttreatment with
ethanol (0.5 g/kg) 1 h after APAP administration significantly elevated hepatic GSH levels
compared with the APAP group (p < 0.01) (Figure 2B).

Histopathological examination demonstrated severe sinusoidal congestion and cen-
trilobular necrosis in the APAP and ethanol pre-treatment groups. The histological appear-
ance of the liver tissues in the control and ethanol alone groups were considered normal.
Consistent with the serum ALT level results, post-treatment with ethanol (0.5 g/kg) 1 h after
APAP administration markedly altered pathological features following APAP-induced liver
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injury (Figure 2C). Taken together, our results suggest that only ethanol post-treatment,
but not ethanol pre-treatment, attenuates APAP-induced liver injury.

3.3. Effects of Ethanol Pretreatment and Posttreatment on the Infiltration of Neutrophil and
Macrophage in the Liver

Immunohistochemical staining with Ly6G antibody, a reliable marker for identify-
ing granulocytes, was used to determine inflammatory infiltration of neutrophils during
APAP-induced liver injury. The APAP and ethanol pretreatment group displayed abun-
dant infiltrated neutrophils in the hepatic injured area compared with the control group.
Moreover, ethanol post-treatment (0.5 g/kg) 1 h after APAP challenge significantly de-
creased neutrophil infiltration in the liver parenchyma following APAP-induced liver
injury (Figure 3A).
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Figure 3. The effects of timing of ethanol treatment on neutrophil (A) and macrophage (B) infiltration in acetaminophen-
induced liver injury. Mice were administrated APAP (300 mg/kg) or an equal volume of saline (control) intraperitoneally
and treated with 0.5 g/kg of ethanol before and after 1 h. Mice were sacrificed after 16 h of APAP challenge. The liver
sections were immunostained with (A) Ly6G or (B) Mac-2 antibody (brown). Representative immunohistochemical staining
of the liver tissues obtained from different groups. (200× magnifications are shown). Quantification of positive inflammatory
cells was analyzed under high power field (HPF). Each value represents the mean ± SEM; n = 6 for each group. # p < 0.05,
### p < 0.005 vs. control group; * p < 0.05, *** p < 0.005 vs. APAP group.

Immunohistochemical staining with Mac-2 antibody, a macrophage cell surface marker,
was used to assess the infiltration and accumulation of macrophages following APAP-
induced liver injury. The APAP and ethanol pre-treatment group showed a marked
infiltration of macrophages in the hepatic injured area compared with the control group.
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Furthermore, post-treatment with ethanol (0.5 g/kg) 1 h after APAP challenge significantly
reduced macrophage infiltration and accumulation in the liver parenchyma following
APAP-induced liver injury (Figure 3B).

3.4. Effects of Ethanol Pre- and Post-Treatment on Hepatic TNF-α and IL-6 Levels

To investigate the effects of ethanol pre- and post-treatment on proinflammatory
cytokine expression during APAP-induced liver injury, we assessed the levels of TNF-α
and IL-6 in the liver tissue using ELISA. There were no differences in hepatic IL-6 levels
among all the groups. In addition, APAP, ethanol pre-treatment, and ethanol post-treatment
groups exhibited significantly increased hepatic TNF-α levels compared with the control
group (p < 0.01, 0.01, and 0.01, respectively). However, there were no differences in the
hepatic TNF-α levels among the APAP, ethanol pre-treatment, and ethanol post-treatment
groups (Figure 4). These results suggest that although post-treatment with ethanol may
attenuate APAP-induced liver injury, these proinflammatory cytokines do not appear to be
involved in the protective mechanism.
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Figure 4. The effects of timing of ethanol treatment on hepatic IL-6 (A) and TNF-α (B) levels in acetaminophen-induced
liver injury. Mice were administrated APAP (300 mg/kg) or an equal volume of saline (control) intraperitoneally and treated
with 0.5 g/kg of ethanol before and after 1 h. Mice were sacrificed after 16 h of APAP challenge. Each value represents the
mean ± SEM; n = 6 for each group. ## p < 0.01 vs. control group.

3.5. Effects of Ethanol Pre- and Post-Treatment on ERK, JNK, and AKT Expression and
Phosphorylation in the Liver

We further examined hepatic ERK, JNK, and AKT protein expression and phospho-
rylation during APAP-induced liver injury. Phospho-ERK expression was significantly
increased in the ethanol alone, APAP, and ethanol pre-treatment groups compared with the
control group. Post-treatment with ethanol (0.5 g/kg) 1 h after APAP challenge markedly
reduced phospho-ERK expression; however, ethanol pretreatment appeared to increase
phospho-ERK expression compared with APAP group (Figure 5A). Moreover, there were
no significant differences in hepatic phospho-JNK levels among the control, ethanol alone,
APAP, and ethanol post-treatment groups. Only the ethanol pre-treatment group exhib-
ited significantly increased phospho-JNK expression compared with the control or APAP
group (Figure 5B).

Furthermore, no significant difference in hepatic phospho-AKT expression was ob-
served between the control and ethanol alone groups. Phospho-AKT expression was
markedly increased in the APAP and ethanol pre-treatment groups compared with the
control group. Post-treatment with ethanol (0.5 g/kg) 1 h after APAP challenge decreased
phospho-AKT protein expression (Figure 5C). Taken together, our results demonstrate that
although ethanol alone can induce phospho-ERK expression, post-treatment with ethanol
may attenuate both ERK and AKT phosphorylation and activation in the liver following
APAP-induced liver injury.
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Figure 5. The effects of timing of ethanol treatment on hepatic ERK (A), JNK (B), and AKT (C) expression and phosphory-
lation in acetaminophen-induced liver injury. Mice were administrated APAP (300 mg/kg) or an equal volume of saline
(control) intraperitoneally and treated with 0.5 g/kg of ethanol before and after 1 h. Mice were sacrificed after 16 h of APAP
challenge. The bands were analyzed using densitometry. Each value represents the mean ± SEM; n = 5–6 for each group.
### p < 0.005 vs. control group; * p < 0.05, ** p < 0.01, *** p < 0.005 vs. APAP group. Uncropped western blots from Figure 5
were shown in Supplementary Materials (Figure S1–S3).

3.6. Effects of Different Schedules of Ethanol Treatment on APAP-Induced Liver Injury

To investigate the effect of the timing of ethanol administration on APAP-induced liver
injury, ethanol was injected at 1, 2, or 4 h after APAP administration. Serum ALT levels
were significantly increased in the APAP (300 mg/kg) group compared with the control
group (p < 0.005). All three ethanol treatment groups exhibited decreased serum ALT
levels compared with the APAP group (p < 0.005, 0.005, and 0.005, respectively). Moreover,
ethanol treatment 1 h after APAP was the most effective at lowering serum ALT levels
(p < 0.05 compared with 4 h after APAP administration) (Figure 6A). In addition, there was
no significant difference in ethanol administered 1 or 2 h after APAP challenge and no
significant difference in ethanol given 2 or 4 h after APAP challenge.
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Figure 6. The effects of different ethanol administration times on serum ALT levels (A), hepatic GSH levels (B), and
histological changes (C) in acetaminophen-induced liver injury. Mice were administrated APAP (300 mg/kg) or an equal
volume of saline (control) intraperitoneally and treated with 0.5 g/kg of ethanol after 1, 2, or 4 h. Mice were sacrificed
after 16 h of APAP challenge. (A,B) Each value represents the mean ± SEM; n = 6 for each group. ## p < 0.01, ### p < 0.005
vs. control group; * p < 0.05, ** p < 0.01, *** p < 0.005 vs. APAP group. (C) Representative histological changes of the liver
tissues obtained from different groups. (100× magnifications are shown). Quantification of the percentage of necrotic areas.
Each value represents the mean ± SEM; n = 6 for each group. ### p < 0.005 vs. control group; * p < 0.05, *** p < 0.005 vs.
APAP group.

Hepatic GSH levels were significantly decreased in the APAP group compared with
the control group (p < 0.01). Ethanol treatment 1 and 2 h after APAP administration
significantly elevated hepatic GSH levels compared with the APAP group (p < 0.01 and
0.05, respectively). However, there was no significant difference in the hepatic GSH levels
between the APAP and ethanol treatment 4 h after APAP groups (Figure 6B).

Histopathological examination results were consistent with the findings of serum
ALT levels. Severe sinusoidal congestion and centrilobular necrosis were observed in the
APAP group. All three ethanol treatment groups exhibited less of these features following
APAP-induced liver injury. Furthermore, ethanol treatment at 1 h after APAP was most
effective at reducing necrosis compared with the other ethanol treatment groups (2 h or 4 h
after APAP) (Figure 6C).

We performed immunohistochemical staining with Ly6G and Mac-2 antibodies fol-
lowing APAP-induced liver injury. Significant neutrophil and macrophage infiltration in
the liver parenchyma was observed in the APAP group. All three ethanol treatment groups
showed a reduced hepatic neutrophil (Figure 7A) and macrophage (Figure 7B) infiltration
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compared with the APAP group. Moreover, ethanol treatment 1 h after APAP adminis-
tration was most effective at reducing neutrophil and macrophage infiltration compared
with the other ethanol treatment groups (2 h or 4 h after APAP) did. Taken together, these
results demonstrate that treatment with ethanol 1, 2, or 4 h after APAP administration
attenuated APAP-induced liver injury, including serum ALT levels, histological features,
and inflammatory cell infiltration. However, ethanol treatment 1 h after APAP challenge
provided the best protective effect following APAP-induced liver injury.
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Figure 7. The effects of different ethanol administration times on neutrophil (A) and macrophages (B) infiltration in
acetaminophen-induced liver injury. Mice were administrated APAP (300 mg/kg) or an equal volume of saline (control)
intraperitoneally and treated with 0.5 g/kg of ethanol after 1, 2, or 4 h. Mice were sacrificed after 16 h of APAP challenge.
The liver sections were immunostained with (A) Ly6G or (B) Mac-2 antibody (brown). Representative immunohistochemical
staining of the liver tissues obtained from different groups. (200× magnifications are shown). Quantification of positive
inflammatory cells was analyzed under HPF. Each value represents the mean ± SEM; n = 6 for each group. # p < 0.05,
## p < 0.01, ### p < 0.005 vs. control group; *** p < 0.005 vs. APAP group.

3.7. Effects of Ethanol Treatment on Liver Regeneration

To understand the effects of ethanol treatment on liver regeneration following APAP-
induced liver injury, we compared serum ALT levels and histopathological appearance in
the APAP and ethanol treatment groups at 16, 48, and 72 h (Figure 8A,B). Serum ALT levels
were markedly elevated and peaked at 16 h after APAP administration in the APAP group.
Afterwards, serum ALT levels gradually decreased after 48 h of APAP administration in
the APAP and ethanol treatment groups. Moreover, serum ALT levels were significantly
reduced at 16 and 48 h after APAP challenge in the ethanol treatment group compared with
the APAP group (Figure 8A). Histopathology revealed a similar pattern with serum ALT
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levels, in which the most severe necrosis was observed at 16 h after APAP challenge, and a
gradual recovery after 48 h in the APAP group. Ethanol treatment significantly diminished
the necrotic area over time compared with the control group (Figure 8B).
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Figure 8. The effects of ethanol on serum ALT levels (A) and histological changes (B) in acetaminophen-induced liver injury
after 16, 48, and 72 h. Mice were administrated APAP (300 mg/kg) or an equal volume of saline (control) intraperitoneally
and treated with 0.5 g/kg of ethanol after 1 h. Mice were sacrificed after 16, 48, or 72 h of APAP challenge. (A) Each value
represents the mean ± SEM; n = 6 for each group. # p < 0.05, ### p < 0.005 vs. control group; * p < 0.05, *** p < 0.005 vs. APAP
group. (C) Representative histological changes of the liver tissues obtained from different groups. (100× magnifications are
shown). Quantification of the percentage of necrotic areas. Each value represents the mean ± SEM; n = 6 for each group.
### p < 0.005 vs. control group; * p < 0.05, *** p < 0.005 vs. APAP group.

We analyzed hepatic CYP2E1 expression over the time course from 16 to 72 h following
APAP-induced liver injury by western blot analysis. In the APAP group, CYP2E1 expression
significantly decreased at 16 h and its expression was the lowest at 48 h; thereafter, it
appeared to return to normal at 72 h. Interestingly, although the ethanol alone group
showed significantly decreased CYP2E1 expression compared with the control group,
there was increased CYP2E1 expression at 16, 48, and 72 h after APAP administration in
the ethanol treatment group compared with the APAP group (p < 0.005, 0.005, and 0.05,
respectively, Figure 9A).
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Figure 9. The effects of ethanol on hepatic CYP2E1 (A) and PCNA (B,C) expression in acetaminophen-induced liver injury
after 16, 48, and 72 h. Mice were administrated APAP (300 mg/kg) or an equal volume of saline (control) intraperitoneally
and treated with 0.5 g/kg of ethanol after 1 h. Mice were sacrificed after 16, 48, or 72 h of APAP challenge and liver tissues
were harvested. (A,B) The bands were analyzed using densitometry. Each value represents the mean ± SEM; n = 5–6 for
each group. # p < 0.05, ### p < 0.005 vs. control group; * p < 0.05, *** p < 0.005 vs. APAP group. (C) The liver sections
were immunostained with PCNA antibody (brown). Representative immunohistochemical staining of the liver tissues
obtained from different groups. (200× magnifications are shown). Uncropped western blots from Figure 9 were shown in
Supplementary Materials (Figure S4–S5).

We also evaluated the expression of hepatic PCNA, a cell regeneration marker, over
the time course from 16 to 72 h following APAP-induced liver injury by western blot
analysis and immunohistochemistry. In the APAP group, PCNA expression was slightly
increased at 16 h, peaked at 48 h, and gradually decreased at 72 h following APAP adminis-
tration (p < 0.005, 0.005, and 0.05, respectively, Figure 9B). No significant difference was
observed at 16 h after APAP challenge between the APAP and ethanol treatment groups.
Moreover, there was a significant decrease in PCNA expression at 48 and 72 h after APAP
administration in the ethanol treatment group compared with the APAP group (p < 0.005
and 0.005, respectively, Figure 9B). The immunohistochemical staining for PCNA showed
a similar trend with the results of western blot analysis (Figure 9C). Taken together, these
results indicate that treatment with ethanol significantly increased CYP2E1 expression and
decreased PCNA expression compared with the APAP group.
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4. Discussion

In the present study, we investigated the effects of different doses, pre-treatment or
post-treatment, and different schedules of ethanol administration in APAP-induced liver
injury. After APAP (300 mg/kg) administration for 16 h to induce liver injury, serum ALT
levels were markedly increased. Treatment with ethanol after 1 h of APAP administration
decreased serum ALT levels, necrotic areas, and inflammatory cell infiltration. Moreover,
0.5 g/kg ethanol was the minimal dose for the greatest protective effect. Ethanol treatment
1 h after APAP resulted in superior effects with respect to reducing APAP-induced liver
injury compared with administering later. Interestingly, ethanol (0.5 g/kg) pre-treatment
did not provide any protection against APAP-induced liver injury. Furthermore, ethanol
treatment was significantly associated with decreased ERK and AKT phosphorylation in
the acute liver injury phase. Ethanol treatment also increased CYP2E1 expression and
decreased PCNA expression during the liver regeneration phase.

It is well established that innate immunity and the inflammatory response have a
vital role in the amplification and injury phase during APAP-induced liver injury [27,28].
At toxic doses of APAP, excess NAPQI depletes GSH and forms protein adducts, which
leads to mitochondrial dysfunction, oxidative stress, DNA fragmentation, and hepatocyte
necrosis [1,6]. Damage-associated molecular patterns (DAMPs), released during necrotic
hepatocyte death, are recognized by resident macrophages (Kupffer cells, KC) via toll-like
receptors and subsequently cause their activation [29–32]. The activated KCs secrete numer-
ous chemokines, which facilitate the infiltration of neutrophils into the liver, and cytokines,
which amplify the inflammatory response and further aggravate liver damage [33,34]. In
the current study, ethanol treatment attenuated APAP-induced liver injury, accompanied
by a significant decrease in the infiltration of inflammatory cells compared with the APAP
group. The protective effects of ethanol on APAP-induced liver injury may be responsible
for reduced activation of macrophages and decreased neutrophil infiltration. However,
our data show that there were no differences in hepatic proinflammatory cytokine levels
among the APAP, ethanol pre-treatment, and ethanol post-treatment groups. The protective
effects of pre-treatment with ethanol may not be associated with altered proinflammatory
cytokine levels.

The ERK, one of the MAPK family, is an essential signaling pathway regulating
numerous cellular processes, including the inflammatory process, oxidative stress, apop-
tosis, proliferation, and differentiation [35]. A previous study has demonstrated that
ERK signaling contributes to the oxidative signaling pathway and plays an important
role in APAP-induced hepatotoxicity, whereas the inhibition of ERK provides protective
effects against such oxidative disorders [36]. AKT, an another important signaling path-
way, plays a pivotal role in various cellular processes, such as cell survival, proliferation,
apoptosis, and inflammatory responses against extracellular stimuli [37]. Moreover, recent
studies have revealed that the inhibition of the AKT signaling attenuated APAP-induced
liver injury by inhibiting the activation of apoptotic signaling pathways and regulating
survival mechanism [38,39]. In our study, phospho-ERK and phosphor-AKT expression
significantly increased in the APAP and ethanol pre-treatment group. Post-treatment with
ethanol effectively alleviated both ERK and AKT phosphorylation following APAP-induced
liver injury.

Previous studies have demonstrated that acute and chronic ethanol consumption
could provide contradictory effects on APAP-induced liver injury [40]. Chronic ethanol
consumption may increase APAP-induced hepatotoxicity by enhancing CYP2E1 activity
and decreasing GSH stores [16,17]. However, acute ethanol ingestion may protect against
APAP-induced hepatotoxicity through competition with APAP for CYP2E1 and the timing
of ethanol treatment related to APAP administration appears to be important [22,23].
In the present study, treatment with ethanol 1 h after APAP administration provided a
more significant protective effect on APAP-induced hepatotoxicity compared with later
treatment. However, pre-treatment with ethanol at 1 h before APAP challenge did not
offer any protection against APAP-induced liver injury. A plausible reason for this is that,
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while ethanol is given before APAP, ethanol itself may result in the induction of CYP2E1,
which facilitates APAP metabolism to its toxic byproduct, NAPQI. Moreover, we found
that there was increased CYP2E1 expression at 16, 48, and 72 h in the ethanol treatment
group compared with the APAP group. The possible cause may be that ethanol treatment,
in part, competes with APAP for CYP2E1, which leads to less NAPQI depletion by APAP
metabolism. Eventually, more CYP2E1 is preserved in the ethanol treatment group.

PCNA, a classic marker for cell proliferation and tissue regeneration, plays an essential
role in DNA replication. A recent study demonstrated that PCNA gradually increased and
peaked at 48 h after APAP administration [41], which was consistent with our results. The
effects of ethanol on cell proliferation vary depending on the dose, amount, and the dura-
tion of ethanol consumption. Previous studies demonstrated that a chronic moderate-dose
ethanol diet could inhibit liver regeneration after partial hepatectomy in rats by inhibiting
DNA synthesis and altering post-transcriptional levels [42,43]. Moreover, a recent study
using human hepatoma HepaRG cells showed that ethanol exposure was accompanied by
decreased cell viability, lower protein levels, and reduced DNA synthesis, which resulted
in the inhibition of cell proliferation [44]. However, another study demonstrated that light
ethanol consumption enhances hepatic regenerative activity after partial hepatectomy in
rats [45]. In the present study, our data revealed that treatment with ethanol significantly
decreased PCNA expression at 48 and 72 h after APAP administration compared with
the APAP group. The protective effects of ethanol treatment may not be associated with
increased proliferation or regeneration. One possible reason is that injury itself is a strong
stimulus for cell proliferation. The APAP group exhibited more aggravated liver injury
and a concomitant increase in cell proliferation activity.

The present study had some potential limitations. Fist, we did not measure the
NAPQI levels. Second, we only measured the inflammatory cytokine levels at 16 h after
APAP administration. Third, it is not clear whether ERK and AKT play major roles in the
protective effect of ethanol treatment or are merely secondary to reduced liver damage.
To make clear these concerns, we would add another experimental design and evaluate
the application of low-dose ethanol for the treatment of APAP-induced liver injury in our
future studies.

5. Conclusions

In conclusion, post-treatment with ethanol (0.5 g/kg), but not pre-treatment, after
1 h of APAP administration decreased serum ALT levels, histopathological appearance,
and inflammatory cell infiltration. The protective effects of ethanol treatment after 1 h of
APAP were superior to later treatment. Moreover, ethanol treatment was associated with
decreased ERK and AKT phosphorylation, increased CYP2E1 expression, and decreased
PCNA expression. In general, ethanol is extremely accessible in most areas and could be
used as a complementary or alternative treatment for APAP-induced liver injury; however,
further studies regarding its clinical utilization will be needed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/life11101094/s1, Figure S1:Uncropped western blots from Figure 5A, Figure S2: Uncropped
western blots from Figure 5B, Figure S3. Uncropped western blots from Figure 5C, Figure S4.
Uncropped western blots from Figure 9A, Figure S5. Uncropped western blots from Figure 9B.

Author Contributions: Conceptualization, H.-P.Y. and A.-H.C.; methodology, F.-C.L. and A.-H.C.; for-
mal analysis, C.-C.L. and H.-C.L.; writing—original draft preparation, C.-C.L. and H.-C.L.; writing—
review and editing, F.-C.L. and H.-P.Y.; project administration, F.-C.L. and H.-C.L.; funding acqui-
sition, F.-C.L., H.-P.Y. and H.-C.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by grants from the Ministry of Science and Technology (MOST
110-2314-B-182A-085-MY2) and Chang Gung Memorial Hospital (CMRPG3K1471-2) to F.-C.L., Min-
istry of Science and Technology (110-2314-B-182A-083-MY3) and Chang Gung Memorial Hospital
(CMRPG3L0611-3) to H.-P.Y., and Chang Gung Memorial Hospital (CMRPG3K0911-2) to H.-C.L.

https://www.mdpi.com/article/10.3390/life11101094/s1
https://www.mdpi.com/article/10.3390/life11101094/s1


Life 2021, 11, 1094 15 of 16

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Animal Welfare Act and Guide for Care and Use of Laboratory Animals from the National Institute
of Health, and approved by the Institutional Animal Care and Use Committee at the Chang Gung
Memorial Hospital (protocol code 2020032001 and date of approval 10 June 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Bunchorntavakul, C.; Reddy, K.R. Acetaminophen-related hepatotoxicity. Clin. Liver Dis. 2013, 17, 587–607. [CrossRef]
2. Murray, K.F.; Hadzic, N.; Wirth, S.; Bassett, M.; Kelly, D. Drug-related hepatotoxicity and acute liver failure. J. Pediatr. Gastroenterol.

Nutr. 2008, 47, 395–405. [CrossRef] [PubMed]
3. Lancaster, E.M.; Hiatt, J.R.; Zarrinpar, A. Acetaminophen hepatotoxicity: An updated review. Arch. Toxicol. 2015, 89, 193–199.

[CrossRef]
4. Schilling, A.; Corey, R.; Leonard, M.; Eghtesad, B. Acetaminophen: Old drug, new warnings. Cleve Clin. J. Med. 2010, 77, 19–27.

[CrossRef]
5. Larson, A.M. Acetaminophen hepatotoxicity. Clin. Liver Dis. 2007, 11, 525–548. [CrossRef]
6. Hinson, J.A.; Roberts, D.W.; James, L.P. Mechanisms of acetaminophen-induced liver necrosis. Handb. Exp. Pharmacol. 2010,

196, 369–405. [CrossRef]
7. McGill, M.R.; Sharpe, M.R.; Williams, C.D.; Taha, M.; Curry, S.C.; Jaeschke, H. The mechanism underlying acetaminophen-

induced hepatotoxicity in humans and mice involves mitochondrial damage and nuclear DNA fragmentation. J. Clin. Investig.
2012, 122, 1574–1583. [CrossRef]

8. Jiang, J.; Briedé, J.J.; Jennen, D.G.; Van Summeren, A.; Saritas-Brauers, K.; Schaart, G.; Kleinjans, J.C.; de Kok, T.M. Increased
mitochondrial ROS formation by acetaminophen in human hepatic cells is associated with gene expression changes suggesting
disruption of the mitochondrial electron transport chain. Toxicol. Lett. 2015, 234, 139–150. [CrossRef] [PubMed]

9. Cederbaum, A.I. Alcohol metabolism. Clin. Liver Dis. 2012, 16, 667–685. [CrossRef]
10. Zakhari, S. Alcohol metabolism and epigenetics changes. Alcohol. Res. 2013, 35, 6–16. [PubMed]
11. Lu, Y.; Cederbaum, A.I. CYP2E1 and oxidative liver injury by alcohol. Free Radic. Biol. Med. 2008, 44, 723–738. [CrossRef]
12. Quertemont, E. Genetic polymorphism in ethanol metabolism: Acetaldehyde contribution to alcohol abuse and alcoholism. Mol.

Psychiatry 2004, 9, 570–581. [CrossRef]
13. Jiang, Y.; Zhang, T.; Kusumanchi, P.; Han, S.; Yang, Z.; Liangpunsakul, S. Alcohol metabolizing enzymes, microsomal ethanol

oxidizing system, cytochrome P450 2E1, catalase, and aldehyde dehydrogenase in alcohol-associated liver disease. Biomedicines
2020, 8, 50. [CrossRef] [PubMed]

14. Le Daré, B.; Lagente, V.; Gicquel, T. Ethanol and its metabolites: Update on toxicity, benefits, and focus on immunomodulatory
effects. Drug Metab. Rev. 2019, 51, 545–561. [CrossRef]

15. Zhao, P.; Slattery, J.T. Effects of ethanol dose and ethanol withdrawal on rat liver mitochondrial glutathione: Implication of
potentiated acetaminophen toxicity in alcoholics. Drug Metab. Dispos. 2002, 30, 1413–1417. [CrossRef] [PubMed]

16. Michna, E.; Duh, M.S.; Korves, C.; Dahl, J.L. Removal of opioid/acetaminophen combination prescription pain medications:
Assessing the evidence for hepatotoxicity and consequences of removal of these medications. Pain Med. 2010, 11, 369–378.
[CrossRef]

17. McGill, M.R.; Jaeschke, H. Metabolism and disposition of acetaminophen: Recent advances in relation to hepatotoxicity and
diagnosis. Pharm. Res. 2013, 30, 2174–2187. [CrossRef] [PubMed]

18. Alhelail, M.A.; Hoppe, J.A.; Rhyee, S.H.; Heard, K.J. Clinical course of repeated supratherapeutic ingestion of acetaminophen.
Clin. Toxicol. 2011, 49, 108–112. [CrossRef]

19. Hodgman, M.J.; Garrard, A.R. A review of acetaminophen poisoning. Crit. Care Clin. 2012, 28, 499–516. [CrossRef] [PubMed]
20. Kuffner, E.K.; Dart, R.C.; Bogdan, G.M.; Hill, R.E.; Casper, E.; Darton, L. Effect of maximal daily doses of acetaminophen on

the liver of alcoholic patients: A randomized, double-blind, placebo-controlled trial. Arch. Intern. Med. 2001, 161, 2247–2252.
[CrossRef]

21. Rumack, B.H. Acetaminophen misconceptions. Hepatology 2004, 40, 10–15. [CrossRef] [PubMed]
22. Schmidt, L.E.; Dalhoff, K.; Poulsen, H.E. Acute versus chronic alcohol consumption in acetaminophen-induced hepatotoxicity.

Hepatology 2002, 35, 876–882. [CrossRef]
23. Prescott, L.F. Paracetamol, alcohol and the liver. Br. J. Clin. Pharmacol. 2000, 49, 291–301. [CrossRef]
24. Waring, W.S.; Stephen, A.F.; Malkowska, A.M.; Robinson, O.D. Acute ethanol coingestion confers a lower risk of hepatotoxicity

after deliberate acetaminophen overdose. Acad. Emerg. Med. 2008, 15, 54–58. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cld.2013.07.005
http://doi.org/10.1097/MPG.0b013e3181709464
http://www.ncbi.nlm.nih.gov/pubmed/18852631
http://doi.org/10.1007/s00204-014-1432-2
http://doi.org/10.3949/ccjm.77a.09084
http://doi.org/10.1016/j.cld.2007.06.006
http://doi.org/10.1007/978-3-642-00663-0_12
http://doi.org/10.1172/JCI59755
http://doi.org/10.1016/j.toxlet.2015.02.012
http://www.ncbi.nlm.nih.gov/pubmed/25704631
http://doi.org/10.1016/j.cld.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24313160
http://doi.org/10.1016/j.freeradbiomed.2007.11.004
http://doi.org/10.1038/sj.mp.4001497
http://doi.org/10.3390/biomedicines8030050
http://www.ncbi.nlm.nih.gov/pubmed/32143280
http://doi.org/10.1080/03602532.2019.1679169
http://doi.org/10.1124/dmd.30.12.1413
http://www.ncbi.nlm.nih.gov/pubmed/12433812
http://doi.org/10.1111/j.1526-4637.2010.00811.x
http://doi.org/10.1007/s11095-013-1007-6
http://www.ncbi.nlm.nih.gov/pubmed/23462933
http://doi.org/10.3109/15563650.2011.554839
http://doi.org/10.1016/j.ccc.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22998987
http://doi.org/10.1001/archinte.161.18.2247
http://doi.org/10.1002/hep.20300
http://www.ncbi.nlm.nih.gov/pubmed/15239079
http://doi.org/10.1053/jhep.2002.32148
http://doi.org/10.1046/j.1365-2125.2000.00167.x
http://doi.org/10.1111/j.1553-2712.2007.00019.x
http://www.ncbi.nlm.nih.gov/pubmed/18211314


Life 2021, 11, 1094 16 of 16

25. Chen, M.M.; Palmer, J.L.; Ippolito, J.A.; Curtis, B.J.; Choudhry, M.A.; Kovacs, E.J. Intoxication by intraperitoneal injection or oral
gavage equally potentiates postburn organ damage and inflammation. Mediat. Inflamm. 2013, 2013, 971481. [CrossRef] [PubMed]

26. Lundgaard, I.; Wang, W.; Eberhardt, A.; Vinitsky, H.S.; Reeves, B.C.; Peng, S.; Lou, N.; Hussain, R.; Nedergaard, M. Beneficial
effects of low alcohol exposure, but adverse effects of high alcohol intake on glymphatic function. Sci. Rep. 2018, 8, 2246.
[CrossRef]

27. Liu, Z.X.; Kaplowitz, N. Role of innate immunity in acetaminophen-induced hepatotoxicity. Expert Opin. Drug Metab. Toxicol.
2006, 2, 493–503. [CrossRef] [PubMed]

28. Krenkel, O.; Mossanen, J.C.; Tacke, F. Immune mechanisms in acetaminophen-induced acute liver failure. Hepatobiliary Surg. Nutr.
2014, 3, 331–343. [CrossRef]

29. Yohe, H.C.; O’Hara, K.A.; Hunt, J.A.; Kitzmiller, T.J.; Wood, S.G.; Bement, J.L.; Bement, W.J.; Szakacs, J.G.; Wrighton, S.A.; Jacobs,
J.M.; et al. Involvement of toll-like receptor 4 in acetaminophen hepatotoxicity. Am. J. Physiol. Gastrointest. Liver Physiol. 2006,
290, G1269–G1279. [CrossRef]

30. Martin-Murphy, B.V.; Holt, M.P.; Ju, C. The role of damage associated molecular pattern molecules in acetaminophen-induced
liver injury in mice. Toxicol. Lett. 2010, 192, 387–394. [CrossRef]

31. Jaeschke, H.; Williams, C.D.; Ramachandran, A.; Bajt, M.L. Acetaminophen hepatotoxicity and repair: The role of sterile
inflammation and innate immunity. Liver Int. 2012, 32, 8–20. [CrossRef]

32. Fisher, J.E.; McKenzie, T.J.; Lillegard, J.B.; Yu, Y.; Juskewitch, J.E.; Nedredal, G.I.; Brunn, G.J.; Yi, E.S.; Malhi, H.; Smyrk, T.C.;
et al. Role of Kupffer cells and toll-like receptor 4 in acetaminophen-induced acute liver failure. J. Surg. Res. 2013, 180, 147–155.
[CrossRef]

33. Mossanen, J.C.; Tacke, F. Acetaminophen-induced acute liver injury in mice. Lab. Anim. 2015, 49 (Suppl. 1), 30–36. [CrossRef]
34. Mossanen, J.C.; Krenkel, O.; Ergen, C.; Govaere, O.; Liepelt, A.; Puengel, T.; Heymann, F.; Kalthoff, S.; Lefebvre, E.; Eulberg, D.;

et al. Chemokine (C-C motif) receptor 2-positive monocytes aggravate the early phase of acetaminophen-induced acute liver
injury. Hepatology 2016, 64, 1667–1682. [CrossRef]

35. Plotnikov, A.; Zehorai, E.; Procaccia, S.; Seger, R. The MAPK cascades: Signaling components, nuclear roles and mechanisms of
nuclear translocation. Biochim. Biophys. Acta 2011, 1813, 1619–1633. [CrossRef] [PubMed]

36. Wei, M.; Zheng, Z.; Shi, L.; Jin, Y.; Ji, L. Natural Polyphenol Chlorogenic Acid Protects Against Acetaminophen-Induced
Hepatotoxicity by Activating ERK/Nrf2 Antioxidative Pathway. Toxicol. Sci. 2018, 162, 99–112. [CrossRef] [PubMed]

37. Szymonowicz, K.; Oeck, S.; Malewicz, N.M.; Jendrossek, V. New Insights into Protein Kinase B/Akt Signaling: Role of Localized
Akt Activation and Compartment-Specific Target Proteins for the Cellular Radiation Response. Cancers 2018, 10, 78. [CrossRef]

38. Wang, L.; Zhang, S.; Cheng, H.; Lv, H.; Cheng, G.; Ci, X. Nrf2-mediated liver protection by esculentoside A against acetaminophen
toxicity through the AMPK/Akt/GSK3beta pathway. Free Radic. Biol. Med. 2016, 101, 401–412. [CrossRef] [PubMed]

39. Aliyu, N.O.; Ajala-Lawal, R.A.; Ajiboye, T.O. Lophirones B and C halt acetaminophen hepatotoxicity by upregulating redox
transcription factor Nrf-2 through Akt, PI3K, and PKC pathways. J. Biochem. Mol. Toxicol. 2018, 32, e22055. [CrossRef] [PubMed]

40. Schiødt, F.V.; Lee, W.M.; Bondesen, S.; Ott, P.; Christensen, E. Influence of acute and chronic alcohol intake on the clinical course
and outcome in acetaminophen overdose. Aliment. Pharmacol. Ther. 2002, 16, 707–715. [CrossRef]

41. Liao, C.C.; Day, Y.J.; Lee, H.C.; Liou, J.T.; Chou, A.H.; Liu, F.C. Baicalin attenuates IL-17-mediated acetaminophen-induced liver
injury in a mouse model. PLoS ONE 2016, 11, e0166856. [CrossRef] [PubMed]

42. Pösö, H.; Väänänen, H.; Salaspuro, M.P.; Pösö, A.R. Effects of ethanol on liver regeneration after partial hepatectomy in rats. Med.
Biol. 1980, 58, 329–336. [PubMed]

43. Diehl, A.M.; Thorgeirsson, S.S.; Steer, C.J. Ethanol inhibits liver regeneration in rats without reducing transcripts of key
protooncogenes. Gastroenterology 1990, 99, 1105–1112. [CrossRef]

44. Tuoi Do, T.H.; Gaboriau, F.; Ropert, M.; Moirand, R.; Cannie, I.; Brissot, P.; Loréal, O.; Lescoat, G. Ethanol effect on cell
proliferation in the human hepatoma HepaRG cell line: Relationship with iron metabolism. Alcohol. Clin. Exp. Res. 2011,
35, 408–419. [CrossRef]

45. Zhang, M.; Gong, Y.; Corbin, I.; Mellon, A.; Choy, P.; Uhanova, J.; Minuk, G.Y. Light ethanol consumption enhances liver
regeneration after partial hepatectomy in rats. Gastroenterology 2000, 119, 1333–1339. [CrossRef]

http://doi.org/10.1155/2013/971481
http://www.ncbi.nlm.nih.gov/pubmed/24379525
http://doi.org/10.1038/s41598-018-20424-y
http://doi.org/10.1517/17425255.2.4.493
http://www.ncbi.nlm.nih.gov/pubmed/16859400
http://doi.org/10.3978/j.issn.2304-3881.2014.11.01
http://doi.org/10.1152/ajpgi.00239.2005
http://doi.org/10.1016/j.toxlet.2009.11.016
http://doi.org/10.1111/j.1478-3231.2011.02501.x
http://doi.org/10.1016/j.jss.2012.11.051
http://doi.org/10.1177/0023677215570992
http://doi.org/10.1002/hep.28682
http://doi.org/10.1016/j.bbamcr.2010.12.012
http://www.ncbi.nlm.nih.gov/pubmed/21167873
http://doi.org/10.1093/toxsci/kfx230
http://www.ncbi.nlm.nih.gov/pubmed/29136249
http://doi.org/10.3390/cancers10030078
http://doi.org/10.1016/j.freeradbiomed.2016.11.009
http://www.ncbi.nlm.nih.gov/pubmed/27836781
http://doi.org/10.1002/jbt.22055
http://www.ncbi.nlm.nih.gov/pubmed/29697884
http://doi.org/10.1046/j.1365-2036.2002.01224.x
http://doi.org/10.1371/journal.pone.0166856
http://www.ncbi.nlm.nih.gov/pubmed/27855209
http://www.ncbi.nlm.nih.gov/pubmed/7230914
http://doi.org/10.1016/0016-5085(90)90631-A
http://doi.org/10.1111/j.1530-0277.2010.01358.x
http://doi.org/10.1053/gast.2000.19281

	Introduction 
	Materials and Methods 
	Animals 
	Experimental Model and Treatments 
	Measurement of Alanine Transaminase Levels in Serum 
	Measurement of GSH Levels in the Liver 
	Histology and Immunohistochemistry 
	Measurement of TNF- and IL-6 in the Liver 
	Western Blotting 
	Statistical Analysis 

	Results 
	Effects of Different Doses of Ethanol on Serum ALT Levels in APAP-Induced Liver Injury 
	Effect of Ethanol Pre- and Post-Treatment on Serum ALT Levels, Hepatic GSH Levels, and Hepatic Histological Changes 
	Effects of Ethanol Pretreatment and Posttreatment on the Infiltration of Neutrophil and Macrophage in the Liver 
	Effects of Ethanol Pre- and Post-Treatment on Hepatic TNF- and IL-6 Levels 
	Effects of Ethanol Pre- and Post-Treatment on ERK, JNK, and AKT Expression and Phosphorylation in the Liver 
	Effects of Different Schedules of Ethanol Treatment on APAP-Induced Liver Injury 
	Effects of Ethanol Treatment on Liver Regeneration 

	Discussion 
	Conclusions 
	References

