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Abstract
AIM: To investigate the hepatoprotective effects
and mechanisms of hydrogen-rich water (HRW) in
acetaminophen (APAP)-induced liver injury in mice.
METHODS: Male mice were randomly divided into
the following four groups: normal saline (NS) control
group, mice received equivalent volumes of NS
intraperitoneally (ip); HRW control group, mice were
given HRW (same volume as the NS group); APAP +
NS group, mice received NS ip for 3 d (5 mL/kg body
weight, twice a day at 8 am and 5 pm) after APAP
injection; APAP + HRW group, mice received HRW for
3 d (same as NS treatment) after APAP challenge. In
the first experiment, mice were injected ip with a lethal
dose of 750 mg/kg APAP to determine the 5-d survival
rates. In the second experiment, mice were injected ip
with a sub-lethal dose of 500 mg/kg. Blood and liver
samples were collected at 24, 48, and 72 h after APAP
injection to determine the degree of liver injury.
RESULTS: Treatment with HRW resulted in a
significant increase in the 5-d survival rate compared
with the APAP + NS treatment group (60% vs 26.67%,
P < 0.05). HRW could significantly decrease the
serum alanine aminotransferase level (24 h: 4442
± 714.3 U/L vs 6909 ± 304.8 U/L, P < 0.01; 48 h:
3782 ± 557.5 U/L vs 5111 ± 404 U/L, P < 0.01; and
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3255 ± 337.4 U/L vs 3814 ± 250.2 U/L, P < 0.05,
respectively) and aspartate aminotransferase level
(24 h: 4683 ± 443.4 U/L vs 5307 ± 408.4 U/L, P <
0.05; 48 h: 3392 ± 377.6 U/L vs 4458 ± 423.6 U/L,
P < 0.01; and 3354 ± 399.4 U/L vs 3778 ± 358 U/L,
respectively) compared with the APAP treatment group.
The alkaline phosphatase, total bilirubin and lactate
dehydrogenase levels had the same result. Seventy-two
hours after APAP administration, liver samples were
collected for pathological examination and serum was
collected to detect the cytokine levels. The liver index
(5.16% ± 0.26% vs 5.88% ± 0.073%, P < 0.05) and
percentage of liver necrosis area (27.73% ± 0.58% vs
36.87% ± 0.49%, P < 0.01) were significantly lower
in the HRW-treated animals. The malonyldialdehyde
(MDA) contents were significantly reduced in the
HRW pretreatment group, but they were increased
in the APAP-treated group (10.44 ± 1.339 nmol/mg
protein vs 16.70 ± 1.646 nmol/mg protein, P < 0.05).
A decrease in superoxide dismutase (SOD) activity in
the APAP treatment group and an increase of SOD in
the HRW treatment group were also detected (9.74 ±
0.46 U/mg protein vs 12.1 ± 0.67 U/mg protein, P <
0.05). Furthermore, HRW could significantly increase
the glutathione (GSH) contents (878.7 ± 76.73 mg/g
protein vs 499.2 ± 48.87 mg/g protein) compared with
the APAP treatment group. Meanwhile, HRW could
reduce the inflammation level (serum TNF-α: 399.3
± 45.50 pg/L vs 542.8 ± 22.38 pg/L, P < 0.05; and
serum IL-6: 1056 ± 77.01 pg/L vs 1565 ± 42.11 pg/L,
P < 0.01, respectively). In addition, HRW could inhibit
4-HNE, nitrotyrosine formation, JNK phosphorylation,
connexin 32 and cytochrome P4502E expression.
Simultaneously, HRW could facilitate hepatocyte mitosis
to promote liver regeneration.

liver injury.
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INTRODUCTION
Acetaminophen (N-acetyl-p-aminophenol, APAP) is a
widely used analgesic and antipyretic drug in the clinic.
APAP is believed to be safe within therapeutic doses,
but overdose causes centrilobular hepatic necrosis
[1]
that leads to acute liver failure (ALF) . Surveys have
shown that APAP poisoning accounts for approximately
one-half of ALF in the US today, which costs as much
[2]
as $87 million dollars to treat annually .
The severity of APAP-induced liver injury has
been the focus of many research studies, and a
variety of mechanisms of toxicity both in animals
[3,4]
. According
and humans have been elucidated
to pharmacological research, overdoses of APAP
can promote the generation of the toxic metabolite
N-acetyl-p-benzoquinone imine (NAPQI), which is
immediately conjugated with glutathione (GSH) to
[5,6]
form the nontoxic metabolite cysteine . However,
when the GSH is exhausted, NAPQI turns to covalently
bind with other proteins to form the protein adducts
[7]
that directly lead to cell death . Some studies have
reported that oxidative stress plays an important
[8]
role in APAP hepatotoxicity . Both the intracellular
(mitochondria) and extracellular (inflammatory cells)
sources of reactive oxygen species (ROS) contribute
[9-11]
. Many antioxidant agents have been
to liver injury
studied in experimental and clinical studies to reduce
or prevent APAP-induced hepatotoxicity. Meanwhile,
there is some evidence that APAP administration leads
to an increase in the pro-inflammatory cytokines, and
treatment of APAP-intoxicated mice with either antitumor necrosis factor (TNF)-α or anti-interleukin (IL)[12]
1β can prevent hepatotoxicity . Some proteins or
enzymes, such as cytochrome P4502E (CYP2E1),
inducible nitric oxide synthase (i-NOS) and c-Jun-NH2terminal protein kinase (JNK), play important roles in
[6,13-16]
.
the pathological process of APAP-liver injury
More recently, the role of gap junctions, which
represent an elegant mechanism for direct commu
nication between neighboring cells, has been studied
[17]
in drug-induced hepatic injury . In liver, connexin
32 (Cx32), the predominant gap junction protein
expressed in the liver, has been demonstrated to
aggravate drug-induced hepatic injury by enabling
direct intercellular communication between coupled
[18]
cells and the amplification of liver inflammation .

CONCLUSION: HRW has significant therapeutic
potential in APAP-induced hepatotoxicity by inhibiting
oxidative stress and inflammation and promoting liver
regeneration.
Key words: Hydrogen; Liver regeneration; Reactive
oxygen species; Acetaminophen; Connexin 32
© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Acetaminophen (APAP)-induced liver injury is
a devastating and fatal disease. Hydrogen is a newlydeveloped antioxidant that has an obvious effect
of selectively reducing the strongest oxidants, such
as hydroxyl radicals and peroxynitrite. We launched
a research study to evaluate the protective role of
hydrogen-rich water on APAP-induced hepatotoxicity
in mice. We found that hydrogen-rich water treatment
was effective in counteracting APAP-induced hepatic
damage, oxidative stress and cellular necrosis. It could
also promote hepatocyte proliferation and inhibit the
expression of connexin 32, cytochrome P4502E and
JNK phosphorylation after APAP administration. These
results provide a potential therapy for APAP-induced
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[19]

Patel et al
found that mice deficient in Cx32 were
protected against thioacetamide (TAA)-induced liver
damage. Inhibition of Cx32 by a pharmaceutical
[19]
strategy can also decrease the TAA or APAP toxicity .
Molecular hydrogen, the lightest and most
abundant chemical element in nature, has therapeutic
efficacy in many diseases through its efficient antioxidant, anti-inflammatory, anti-apoptotic, and
anti-allergy effects[20,21]. Although the protective
effects of hydrogen on liver diseases including
ischemia reperfusion injury, concanavalin-A-induced
hepatitis, schistosomiasis-associated liver injury, and
[22-24]
nonalcoholic steatohepatitis
have been confirmed,
the effect of hydrogen on APAP-induced liver injury
has not been studied. Hydrogen-rich water (HRW)
is an effective, convenient way to deliver molecular
hydrogen, which has the same effectiveness as
inhalation of hydrogen gas and is more suitable for
application. Therefore, the main aim of our study was
to assess the protective role and potential mechanisms
of HRW in APAP-induced hepatic injury in mice.

following three groups: (1) normal saline (NS) control
group, mice received equivalent volumes of NS
intraperitoneally (ip); (2) hydrogen-rich water control
group, mice received HRW (same volume as NS); (3)
APAP + NS group, mice received NS ip (5 mL/kg body
weight, twice per day at 8 am and 5 pm) after APAP
injection; and (4) APAP + HRW group, mice received
HRW (same volume as NS treatment) after APAP
challenge.
In the first experiment, mice (NS control and HRW
control groups, n = 5; APAP + NS and APAP + HRW
groups, n = 15) were randomly divided as described
above and received a lethal dose of 750 mg/kg APAP,
administered ip, at 8 am on the first day, and they
were monitored for mortality over the next 5 d.
In the second experiment, acute liver injury (ALI)
was induced by a sub-lethal dose of 500 mg/kg APAP
administered ip at 8 am on the first day. Mice were
treated ip with NS or HRW (5 mL/kg, twice a day at 8
am and 5 pm) for 3 d after APAP challenge. Six mice
per group were used in this study. Blood samples were
collected from all groups by cutting the tail at 24 and
48 h after APAP administration. Mice were sacrificed
at 72 h after APAP administration and blood samples
were collected from the eyeballs. The serum was
separated by centrifugation at 4 ℃, 3000× g for 15
min. The liver was removed immediately from each
mouse and kept at -80 ℃ until further analysis.

MATERIALS AND METHODS
Experimental animals and preparation of HRW

This study was conducted using male C57Bl/6 mice
(4-5 wk old, 21-26 g) (Animal Feeding Center of Xi’
an Jiaotong University Medical School). The animals
were acclimatized to laboratory conditions (23 ℃,
12 h/12 h light/dark, 50% humidity, and ad libitum
access to food and water) for one week prior to
experimentation. All mice were housed (5 per cage)
in clear, pathogen-free polycarbonate cages in the
animal care facility, and they were fed a standard
animal diet and water ad libitum under controlled
temperature conditions with 12-h light-dark cycles.
They were cared for in accordance with the Ethical
Committee, Xi’an Jiaotong University Health Science
Center. The study was reviewed and approved
by the Xi’an Jiaotong University Health Science
Center Institutional Review Board. All procedures
involving animals were reviewed and approved by
the Institutional Animal Care and Use Committee of
the Xi’an Jiaotong University Health Science Center
(IACUC protocol number: NO.XJTULAC2014-207). The
animal protocol was designed to minimize pain and
discomfort to the animals. All animals were euthanized
by isoflurane gas for tissue collection. The HRW was
produced by Naturally Plus Japan International Co,
Ltd, and was stored under atmospheric pressure at
4 ℃ in an aluminum bag with no dead volume. Gas
chromatography was used to confirm the content
of hydrogen by the method described by Ohsawa et
al[20] (hydrogen concentration of the HRW used in this
study: 0.83-0.91 mmol/L).

Measurement of liver function

The serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total bilirubin and alkaline
phosphatase (ALP) activities were determined by an
automated procedure in the Department of Inspection,
The First Affiliated Hospital of Xi’an Jiaotong University.

Cytokine measurement in murine serum

The levels of serum TNF-α and IL-6 were measured
with commercial ELISA kits according to the instruc
tions of the manufacturer (Dakewe, Shenzhen, China).

Measurement of hepatic oxidative stress

The liver tissue was homogenized, and the tissue
myeloperoxidase (MPO), malonaldehyde (MDA), supe
roxide dismutase (SOD), catalase (CAT), glutathione
(GSH), glutathione peroxidase (GSH-Px) activities were
measured using the activity assay kits from NanJing
JianCheng Bioengineering Institute; the methods were
[25]
previously described .

Histological study

Samples from the liver were fixed in 10% formalin
solution and embedded in paraffin. Serial sections
of 5-μm thickness were obtained and stained with
hematoxylin eosin (HE) to evaluate the morphology.
Two researchers examined the results in a blinded
fashion. For electron microscopy examination, liver
tissues were preﬁxed immediately after harvesting

Study design

Mice in the present study were divided into the
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Anderson Cancer Center, University of Texas, United
States; and Professor Ya-Feng Dong from University of
Kansas School of Medicine, United States.

with 1.5% glutaraldehyde and 0.8% paraformaldehyde
(0.1 mol/L cacodylate buffer) at room temperature,
and they were postﬁxed in an aqueous solution of 1%
OsO4 and 1.5% K4(FeCN)6. Then, the specimens were
embedded into Epon by routine procedures. Ultrathin
sections (50 nm) were contrasted with lead citrate and
uranyl acetate and studied with a CM100 transmission
electron microscope.

RESULTS
HRW decreased liver injury in APAP-challenged mice
and improved the survival rate

The administration of 500 mg/kg APAP caused a
severe illness in the mice, which was characterized by
weakness and loss of body weight. After a lethal dose
of APAP administration (750 mg/kg), NS treatment
resulted in a 73.3% mortality rate in a 5-d observation
period, while HRW could improve the 5-d survival rate
to 60% (Figure 1A). Three days after a sub-lethal
APAP challenge (500 mg/kg), mice were sacrificed with
cervical dislocation. Necrosis, dropsy and petechiae
could be observed in the liver tissue, which could be
obviously mitigated by HRW treatment (Figure 1B-D).
HE results also showed that HRW could alleviate the
centrilobular necrosis, fatty infiltration and lymphocyte
infiltration (Figure 1D). Meanwhile, the liver function
detected by the serum ALT, AST, bilirubin, ALP and
lactate dehydrogenase (LDH) activities was measured
at 24, 48, and 72 h after APAP challenge. Compared
with APAP + HRW mice, APAP + NS mice showed a
significant increase in the serum ALT, bilirubin, AST,
ALP and LDH levels (Figure 1E).

Immunohistochemistry

Immunohistochemistry (IHC) analysis were performed
with 4HNE, nitrotyrosine, bromodeoxyuridine (BrdU),
Ki-67, PCNA and Cx32 antibodies (Beijing Biosynthesis
Biotechnology Co., Ltd) using previously described
[26]
methods . Mice given BrdU (0.5 mg/mL) in their
drinking water 4 d before APAP administration were
analyzed by immunohistochemistry for liver nuclearlabeling indices.

RNA isolation and quantitative reverse transcriptionpolymerase chain reaction analysis

Total RNA was isolated from liver samples using the
RNAfast200 kit (Fastagen Biotech, Shanghai, China).
Reverse transcription was performed using the
PrimeScript RT reagent kit (TaKaRa Biotechnology,
Dalian, China). The mRNA expression was assayed
in triplicate and normalized to the 18S mRNA
expression. The relative levels were calculated using
the Comparative-Ct Method (ΔΔCt method). The
primers used in the study are: TNF-α: (Forward
5’-AAGCCTGTAGCCCACGTCGTA-3’ and Reverse
5’-AGGTACAACCCATCGGCTGG-3’); IL-6: (Forward
5’-TCCATCCAGTTGCCTTCTTG-3’ and Reverse
5’-TTCCACGATTTCCCAGAGAAC-3’); Cx32: (Forward
5’-TGAGGCAGGATGAACTGGACAGGT-3’ and Reverse
5’-CACGAAGCAGTCCACTGT-3’); 18S: (Forward
5’-AAACGGCTACCACATCCAAG-3’ and Reverse 5’CCTCCAATGGATCCTCGTTA -3’).

HRW inhibited oxidative stress, inflammation and
peroxynitrite formation in the liver

Oxidative stress and inflammation could be induced
by APAP administration, which played an initial,
augmented role in the development of APAP
hepatotoxicity. Three days after 500 mg/kg APAP
administration, liver samples were removed to
assess the oxidative stress in mice. The oxidative
stress parameters, including MDA and MPO, in the
liver were significantly increased in the APAP + NS
group compared with the HRW-treatment group. The
protective indicator, SOD, significantly increased with
the use of HRW. HRW could also reverse the depletion
of GSH and increase the GSH-Px caused by APAP
(Figure 2A). Peroxynitrite (NT) formation and 4-HNE
expression were also inhibited by HRW treatment
(Figure 2B and C). Meanwhile, we also tested the
effect of HRW on inflammatory cytokines in the blood
and liver tissues 3 d after APAP challenge. The levels of
IL-1β and TNF-α in the peripheral blood were markedly
increased in the APAP + NS group compared with the
normal control and APAP + HRW groups. Meanwhile,
HRW could decrease the IL-1β and TNF-α mRNA levels
in the liver (Figure 3).

Western blot analysis

The anti-cyclin D1, PCNA, JNK, phospho-JNK, CYP2E1,
and β-actin monoclonal antibodies were purchased
from Beijing Biosynthesis Biotechnology CO., Ltd.
The protein concentration was determined by the
BCA method. Western blot analysis was performed as
previously described[27].

Statistical analysis

The survival and mortality rates are expressed as
percentages and analyzed using the Kaplan-Meier
method. The measurement data are expressed as the
mean ± SD. Differences between the experimental and
control groups were assessed by either the analysis of
variance (ANOVA) or t test, as applicable, using SPSS
18.0 (SPSS, 165 Inc.). A P value of less than 0.05 was
considered to be statistically signiﬁcant.
The statistical methods of this study were reviewed
by Dr. Kai Xu from Department of Epidemiology, MD

WJG|www.wjgnet.com

HRW protected the endoplasmic reticulum and
mitochondria in the liver

Three days after APAP administration, mice were
sacriﬁced and the liver tissue was obtained to assess
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Figure 1 Hydrogen-rich water leads to an obvious enhancement in the survival and decrease in the liver injury after acetaminophen challenge. A: KaplanMeier survival curve for mice in three groups in 5 d after a single, lethal dose of 750 mg/kg acetaminophen (APAP) [normal saline (NS) control or hydrogen-rich
water (HRW) control groups, n = 5; APAP + NS or APAP + HRW groups, n = 15]; B: Liver tissues were harvested 3 d after a sub-lethal dose of 500 mg/kg APAP.
The liver index was used to evaluate the liver injury and it was decreased by HRW administration (n = 6, mean ± SD, aP < 0.05 vs NS control group, bP < 0.05 vs
HRW control group, and cP < 0.05 vs APAP + NS group; C: Percent necrosis of mice in different groups (n = 6, mean ± SD, aP < 0.05 vs NS control group, bP < 0.05
vs HRW control group, and cP < 0.05, vs APAP + NS group); D: The representative appearance of livers and HE staining of murine liver sections. Decreased liver
hemorrhaging, necrosis, and acute inflammation were observed in the HRW treated mice; E: After a sub-lethal dose of 500 mg/kg APAP administration, blood samples
were harvested by tail cutting at 24 and 48 h and eyeball removal at 72 h. Serum was separated by centrifugation from blood to evaluate the liver function. Total
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control group; bP < 0.05 vs HRW control group; and cP < 0.05 vs APAP + NS group). ALT: Alanine aminotransferase; AST: Aspartate aminotransferase.
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Figure 2 Hydrogen-rich water decreases the oxidative stress and nitrotyrosine formation in the liver after acetaminophen administration. Three days after
a sub-lethal dose of 500 mg/kg acetaminophen (APAP) challenge, blood samples and liver tissues were harvested to evaluate the oxidative stress, inflammation
and nitrotyrosine formation. A: Hydrogen-rich water (HRW) protected against APAP-induced elevated malonyldialdehyde (MDA) and myeloperoxidase (MPO) levels,
decreased superoxide dismutase (SOD), catalase (CAT), glutathione (GSH) and glutathione peroxidase (GSH-px) activities; B: HRW inhibited the expression of 4-HNE
in the liver; C: HRW inhibited the nitrotyrosine (NT) protein adduct formation in the liver (n = 6, mean ± SD, aP < 0.05 vs NS control group; bP < 0.05 vs HRW control
group; and cP < 0.05 vs APAP + NS group).
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Magnification × 10000

Magnification × 50000

APAP + HRW
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Magnification × 5000

Figure 4 Hydrogen-rich water protects the integrity and stability of organelles after acetaminophen challenge. Representative electron microscopy of
endoplasmic reticulum distension, hyperplasia and dissolution as well as hepatocyte megamitochondria in the acetaminophen (APAP) challenged mice. Hydrogen-rich
water (HRW) treatment can alleviate the damage to a relatively normal level. NS: Normal saline.

D1 and PCNA expression in the control group was
minimal. In contrast, cyclin D1 and PCNA expression
was clearly observed in HRW-treated animals at 72 h
after APAP administration (Figure 5B).

the hepatic subcellular structure injury. Electron
microscopy revealed that APAP induced endoplasmic
reticulum distension, hyperplasia and breakdown. It
could also induce megamitochondria, mitochondria
pyknosis, distension and flocculent degeneration.
These injuries could be alleviated by different degrees
of HRW treatment (Figure 4).

HRW inhibited Cx32 expression to alleviate liver injury

Three days after APAP administration, mice were
sacriﬁced, the liver tissue was obtained and immuno
histochemical analysis was performed to ascertain
the localization and expression of Cx32 in liver
tissue. Mice treated with APAP displayed signiﬁcant
immunoreactivity for Cx32 around the central veins in
the liver. In contrast, the group of mice treated with
HRW had lower Cx32 transcription and protein levels
(Figure 6A-C).

HRW promoted hepatocyte proliferation in vivo after
APAP challenge

Hepatocyte proliferation was a key step in recovery
from liver injury. Therefore, we hypothesized that
HRW might also increase hepatocyte proliferation after
APAP overdose. To test this hypothesis, mice were
killed at 72 h after APAP administration, and livers
were harvested to determine the BrdU, Ki67 and PCNA
staining. The tissue from the APAP-challenged mice
displayed a small increase in the number of positive
staining hepatocytes, which were confined to the
centrilobular areas, but HRW signiﬁcantly enhanced
the BrdU, Ki67 and PCNA staining compared with
NS-treated APAP-challenged mice (Figure 5A). The
induction of cyclin D1 is the most reliable marker for
cell cycle (G1 phase) progression in hepatocytes.
Western blot was performed using whole-cell extracts
prepared from liver tissue to assess the expression of
cyclin D1 and PCNA in mice subjected to ALI or the
control procedure. As observed in Figure 5B, the cyclin
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HRW inhibited APAP-induced phosphorylation of JNK
and activation of CYP2E1

JNK activation is mediated by oxidative stress and
plays pathogenic roles in a diverse array of cellular
programs, including cell differentiation, movement,
proliferation and death. Three days after APAP
administration, mice were sacriﬁced and the livers
were collected to investigate the mechanism for APAPinduced necrotic hepatocyte death; we studied the
JNK activation involved in the signal transduction in
the hepatic tissues. Western blot analyses showed a
signiﬁcant enhancement in the expression of phospho-
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Figure 5 Hydrogen-rich water facilitates hepatocyte proliferation after acetaminophen challenge. A: Representative immunohistochemistry staining of
BrdU, Ki67 and PCNA in the saline plus acetaminophen (APAP) as well as hydrogen-rich water (HRW) plus APAP treatment mice. The quantification of hepatocyte
proliferation was assessed by calculating the positive cells observed by microscopy (magnification × 200); B: Western blot analysis for the protein content of cyclin D1
and PCNA proteins in response to APAP and HRW treatment in the liver. β-actin was used as an internal control (n = 6, mean ± SD, aP < 0.05 vs NS control group, bP
< 0.05 vs APAP+NS group, and cP < 0.05 vs HRW control group). NS: Normal saline.
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Figure 6 Hydrogen-rich water inhibited connexin 32 expression in the liver tissue. A: Representative photographs of connexin 32 (Cx32) expression in the liver.
The acetaminophen (APAP)-challenged mice had more Cx32 immunopositive staining, as indicated by the brown color, while treatment with hydrogen-rich water (HRW)
can significantly reduce Cx32 immunostaining; B: The Cx32 IHC staining score indicated that hydrogen therapy could significantly lower the staining score and reduce
its activation and expression; C: The relative Cx32 mRNA levels in the three groups; D: Western blot analysis for the protein content of JNK and cytochrome P4502E
(CYP2E1) proteins in response to APAP and HRW treatment in the liver. β-actin was used as an internal control (n = 6, mean ± SD, aP < 0.05 vs NS control group; bP
< 0.05 vs APAP + NS group, and cP < 0.05 vs HRW control group). NS: Normal saline.

JNK after APAP challenge, which could be reduced by
the administration of HRW. No signiﬁcant changes were
found in the expression of total JNK. Furthermore,
we investigated the effect of APAP on the CYP2E1
protein level and the result showed that the CYP2E1
protein level was much higher in the APAP + NS group
compared with the APAP + HRW group (Figure 6D).

WJG|www.wjgnet.com

DISCUSSION
Progress has been achieved in the research of hydrogen
therapy in diseases such as metabolism disorders,
cancer, tissue ischemia reperfusion injury and more.
Hydrogen has antioxidant, anti-inflammatory, antiapoptotic and other protective effects, and it selectively
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Figure 7 Schematic representation of the proposed effect of the hydrogen molecule in acetaminophen-induced hepatic injury. After acetaminophen (APAP)
administration into the hepatocytes, APAP is first metabolized through the cytochrome P4502E (CYP2E1) and generates N-acetyl-p-benzoquinone imine (NAPQI),
which binds with glutathione (GSH) and increases reactive oxygen species (ROS) and RNS formation as well as the level of inflammatory cytokines. It can also cause
JNK phosphorylation that damages the mitochondria and endoplasmic reticulum. Meanwhile, connexin 32 (Cx32) can be induced with oxidative stress, which can
promote the amplification of liver injury. The hepatic self-repair function is also activated after APAP administration, which can promote the cell mitosis to facilitate liver
regeneration. In the present study, we found that hydrogen can reduce APAP hepatotoxicity by inhibiting APAP metabolism, ROS and RNS formation, Cx32 expression
and promote hepatocyte proliferation.

However, treatment with HRW effectively reduced
these alterations and improved the 5-d survival,
demonstrating its hepatoprotective effects. The
histopathological analysis of liver sections indicated
moderate centrilobular necrosis, fatty infiltration and
lymphocytic infiltration in the HRW + APAP treated
mice with respect to the NS + APAP treated mice.
CYP2E1 is the major catalyst involved in the
metabolism of drugs, and APAP is mainly metabolized
by CYP2E1 to form an electrophilic metabolite, NAPQI,
which is primarily inactivated by conjugation with
GSH and posterior binding with other proteins to
form protein adducts[30,31]. The accumulation of the
intermediate metabolites and depletion of GSH are
key mechanisms of APAP-hepatotoxicity that directly
[6]
cause liver damage . To detect whether the protective
effects of HRW on the liver are associated with the
inhibition of CYP2E1, we investigated the expression
of CYP2E1 protein levels in different groups. The
results suggest that HRW could obviously reduce
APAP-induced CYP2E1 expression, which reduces
NAPQI formation associated with APAP hepatotoxicity
and effectively protects the liver against that
pathophysiology.
A number of pieces of evidence implicate the roles
of ROS and inflammation in the development of APAP-

quenches detrimental ROS, such as hydroxyl radicals
and peroxynitrite, but it does not have an effect on
physiological ROS, such as superoxide anion radical,
[20]
hydrogen peroxide, and nitric oxide . Because of its
advantageous distribution characteristics, hydrogen
can penetrate biomembranes and diffuse into the
cytosol, mitochondria, and nucleus, successfully
[28]
targeting organelles . In this study, we found that
hydrogen could reduce APAP-related liver injury by
reducing hepatic necrosis, improving survival, reducing
oxidative stress and inflammatory reaction in the liver,
facilitating liver regeneration, protecting the integrity
and stability of the hepatocyte organelles and inhibiting
the expression of Cx32, CYP2E1 and phospho-JNK
(Figure 7).
APAP is a widely used, safe, effective analgesic
when used within therapeutic doses. However, longterm and overdose use of APAP can induce severe
hepatotoxicity and nephrotoxicity in both animals and
humans[29]. The transport function and membrane
permeability are impaired by APAP-induced hepatocyte
injury, leading to leakage of enzymes from these
cells. Therefore, the marked elevated levels of serum
transaminases, bilirubin, ALP and LDH activities could
be used to detect severe damage to hepatic tissue
membranes during APAP-induced hepatotoxicity.
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changes in cyclin D1 expression were associated with
decreased serum ALT/AST levels and improvement of
liver regeneration in HRW-treated mice that received
APAP, suggesting that HRW facilitates the activation of
cyclin D1-mediated regeneration pathways.
The endoplasmic reticulum (ER) is the major cellular
site of protein folding and modiﬁcation. ER stress
occurs when the level of APAP-induced protein adducts
[40,41]
entering the ER exceeds its folding capacity
.
Meanwhile, APAP metabolites not only damage the
structural integrity of mitochondria, resulting in
membrane fracture and electronic leak, they also lead
to dysfunction of the respiratory chain and energy
generation[42]. Mitochondrial dysfunction is believed to
be the propagating event of APAP toxicity, resulting
in loss of ATP production, mitochondrial swelling,
generation of ROS, formation of the mitochondrial
permeability transition pore and the release of
mitochondrial contents, all of which ultimately result
in hepatic necrosis[30,43]. In this study, treatment with
HRW could protect the integrity and function of the ER
and mitochondria.
Gap junctions are plasma membrane spatial
microdomains constituted by assemblies of channel
proteins called connexins, which provide direct
intercellular communication pathways, allowing cellto-cell rapid exchange of ions and metabolites[44].
Cx32 is the major gap junction protein in the liver,
and previous studies have shown that interfering
with Cx32 greatly reduces liver damage due to
several toxic agents, including carbon tetrachloride,
D-galactosamine, TAA and APAP[19,45]. In this study,
we found that the expression of Cx32 was obviously
elevated in the APAP-challenged mice and HRW +
APAP administration could significantly reduce the
expression compared with the APAP + NS treated
group.
In conclusion, the results of the present study
demonstrate that HRW has a prophylactic as well
as a therapeutic role in preventing APAP-induced
hepatotoxicity, most likely due to its unique cytopro
tective properties such as antioxidant and antiinflammation activities. Most importantly, HRW can
maintain the stability of the cellular structure, promote
hepatocyte regeneration and inhibit the expression
of the Cx32 gap junction, JNK phosphorylation and
CYP2E1 after APAP challenge. All of these findings
indicate that HRW can be a potential therapy for
preventing liver injury caused by APAP overdose.

induced liver injury. For instance, excess depletion of
GSH beyond a critical level leads to oxidative stress
and exacerbates the hepatotoxicity. The masses of
the metabolites produced by APAP are also found to
[32,33]
generate ROS in biological systems
. Therefore,
we measured the intracellular ROS production,
inflammatory cytokines levels, GSH contents, lipid
peroxidation, activities of the antioxidant enzymes
and oxidation products (SOD, CAT, MDA, and 4-HNE)
in hepatic tissues. APAP intoxication signiﬁcantly
increased the intracellular ROS production, inflam
mation levels and lipid peroxidation as well as
decreased the GSH content. APAP intoxication also
decreased the activities of the antioxidant enzymes
SOD and CAT. However, the effect of HRW compared
to the APAP + NS treatment, which was consistent
with previous studies, indicates that hydrogen has a
powerful anti-inflammatory and antioxidant effect.
ROS are not only the direct damaging factors to the
liver, they are also important signaling molecules
which can activate JNK[34]. JNK activation is a pivotal
regulator of mitochondrial permeabilization and
plays a key role in the development of APAP-induced
[35]
hepatotoxicity . ROS may activate JNK through the
oxidation of kinase inhibitors, which can inhibit JNK
[36]
or upstream ASK1 . It can also lead to the redox
inactivation of JNK phosphatase, which sustains JNK
[37]
activation . To check whether HRW could inhibit
APAP-induced JNK phosphorylation, we tested the
JNK phosphorylation by Western blot analysis. The
results of our study showed that HRW could greatly
attenuate the expression of phospho-JNK in the liver
tissue to alleviate liver injury. It is also well established
that APAP overdose induces peroxynitrite formation,
as indicated by the appearance of nitrotyrosine
protein adducts in centrilobular hepatocytes. Also, we
found that hydrogen could inhibit the APAP-induced
peroxynitrite formation, which might partly explain its
protective mechanism.
To determine the deeper mechanism of the
protective effect of HRW against APAP-induced
hepatotoxicity, we focused on the effect of hydrogen
on the hepatocyte proliferation, maintaining the
stability of subcellular fraction and Cx32 expression.
Liver regeneration is a compensatory process after
a toxic insult, which guarantees the replacement of
necrotic cells and full recovery of organ function[38].
The exposure of hepatocytes to growth factor leads
to the expression of cell cycle proteins. Cyclin D1 is
the most reliable marker for cell cycle (G1 phase)
progression in hepatocytes. Once hepatocytes express
cyclin D1, they have passed the G1 restriction point
and are committed to DNA replication[39]. Notably, in
the current investigation, we found that HRW could
promote BrdU, ki-67 and PCNA expression in the
APAP-challenged liver, and these are the iconic markers
for liver regeneration. Meanwhile, the Western blot
data showed that HRW markedly increased the level
of cyclin D1 in the APAP-challenged liver tissue. These
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Acetaminophen (N-acetyl-p-aminophenol, APAP) is a widely used analgesic
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and antipyretic drug in the clinic. APAP is believed to be safe within therapeutic
doses, but overdose usage causes a centrilobular hepatic necrosis that leads to
acute liver failure. Overdoses of APAP can promote the generation of the toxic
metabolite N-acetyl-quinoneimine (NAPQI), which is immediately conjugated
with glutathione (GSH) to form the nontoxic metabolites cysteine. However,
when the GSH is exhausted, NAPQI covalently binds with other proteins to form
protein adducts, directly leading to cell death.

8

Research frontiers

Hydrogen therapy is a new medical approach that has recently become
increasingly appreciated. Hydrogen has anti-oxidant, anti-inflammatory, antiapoptotic, anti-allergy, and anti-cancer effects. Several methods invented to
deliver hydrogen, including inhalation, drinking hydrogen-rich water (HRW) and
injection with hydrogen-saturated saline, are valid and reliable. In the area of
prevention of APAP-induced liver injury, a research hotspot is to search for more
effective and convenient methods that more people will accept. Meanwhile, the
mechanism of a new medicine is another hotspot.

9

Innovations and breakthroughs

10

The authors investigated the effects of HRW on APAP-induced liver injury in
mice. The present study concluded that HRW can significantly prevent the
APAP-induced acute hepatotoxicity by enhancing the hepatic antioxidant
activity, reducing inflammation, protecting the hepatic subcellular structure,
promoting liver regeneration, and inhibiting CX32, CYP2E1 and phospho-JNK
activation.

11

Applications

Hydrogen therapy might be safe and effective for preventing liver injury derived
from APAP application.

12

Terminology

Hydrogen is the lightest gas in nature, but it has anti-oxidant and antiinflammatory effects. It has been proven effective in treating many diseases.
HRW is produced by pressurizing the hydrogen gas into the water by a specific
device under high pressure.

13

Peer-review

The manuscript is well-written and interesting because it investigates the
hepatoprotective effects and mechanisms of HRW in APAP-induced liver
injury in mice. The authors first generated a murine model of APAP-induced
liver injury; then, HRW was administered intraperitoneally for 3 d to explore
whether HRW has a hepatoprotective effect. They then go on to detect the
change in the liver injury index and several cytokines. Meanwhile, they found
that HRW promoted hepatocyte proliferation and liver regeneration after APAP
administration, indicating that HRW is expected to be a potent hepatoprotective
agent in the future and the hepatoprotective effect of HRW is worth studying.
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