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Impact statement

At present, N-acetylcysteine is still an only
drug approved by FDA to treat APAP poi-
soning. Due to high cost of new drug dis-
covery and development, re-purposing an
existing drug may be the best choice for a
new antidote development to treat APAP
hepatotoxicity. Glycyrrhizin, an active
ingredient of liquorice, has been clinically
used to ameliorate various chronic liver
diseases in Asia for many years. For the
first time, our studies indicate that post-
treatment with GL can attenuate the
hepatic mitochondrial damage and inhibit
the up-regulation of nNOS induced by
APAP. Subsequently, the APAP induced
hepatotoxicity is significantly decreased.
Importantly, these effects are independent
of inhibiting the metabolic activation of
APAP. Glycyrrhizin as a commercial drug
has a high potential to be used in treatment
for APAP poisoning in clinical practices.

Abstract

Overdose of acetaminophen (APAP) is responsible for the most cases of acute liver failure
worldwide. Hepatic mitochondrial damage mediated by neuronal nitric oxide synthase-
(NNOS) induced liver protein tyrosine nitration plays a critical role in the pathophysiology
of APAP hepatotoxicity. It has been reported that pre-treatment or co-treatment with gly-
cyrrhizin can protect against hepatotoxicity through prevention of hepatocellular apoptosis.
However, the majority of APAP-induced acute liver failure cases are people intentionally
taking the drug to commit suicide. Any preventive treatment is of little value in practice. In
addition, the hepatocellular damage induced by APAP is considered to be oncotic necrosis
rather than apoptosis. In the present study, our aim is to investigate if glycyrrhizin can be
used therapeutically and the underlying mechanisms of APAP hepatotoxicity protection.
Hepatic damage was induced by 300 mg/kg APAP in balb/c mice, followed with adminis-
tration of 40, 80, or 160 mg/kg glycyrrhizin 90 min later. Mice were euthanized and harvested
at 6 h post-APAP. Compared with model controls, glycyrrhizin post-treatment attenuated
hepatic mitochondrial and hepatocellular damages, as indicated by decreased serum glu-
tamate dehydrogenase, alanine aminotransferase, and aspartate aminotransferase activi-

ties as well as ameliorated mitochondrial swollen, distortion, and hepatocellular necrosis. Notably, 80 mg/kg glycyrrhizin inhibited
hepatic nNOS activity and its mRNA and protein expression levels by 16.9, 14.9, and 28.3%, respectively. These results were
consistent with the decreased liver nitric oxide content and liver protein tyrosine nitration indicated by 3-nitrotyrosine staining.
Moreover, glycyrrhizin did not affect the APAP metabolic activation, and the survival rate of ALF mice was increased by glycyr-
rhizin. The present study indicates that post-treatment with glycyrrhizin can dose-dependently attenuate hepatic mitochondrial
damage and inhibit the up-regulation of hepatic NNOS induced by APAP. Glycyrrhizin shows promise as drug for the treatment of
APAP hepatotoxicity.
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Introduction

Acetaminophen (APAP) is a most popular antipyretic and
analgesic over-the-counter medicine worldwide. It is safe at

ISSN 1535-3702

recommended doses; however, overdose of APAP can
cause severe liver damage,! which accounts for the major
acute liver failure (ALF) cases in Europe and USA.*™*

Experimental Biology and Medicine 2021; 246: 1219-1227

Copyright © 2020 by the Society for Experimental Biology and Medicine


https://orcid.org/0000-0002-0274-9627
mailto:ypill@163.com
mailto:;
mailto:adwen-2004@hotmail.com

1220 Experimental Biology and Medicine Volume 246 May 2021

Early mechanism studies in mice reveal that overdose of
APAP leads to its toxic metabolite N-acetyl-p-benzoqui-
none imine (NAPQI) formed excessively. NAPQI depletes
liver glutathione and binds to cellular proteins, which lead
to the initiation of APAP hepatotoxicity.>® This insight
results in the rapid development of N-acetylcysteine
(NAC), a precursor of glutathione to be an antidote to
treat APAP poisoning.” However, NAC is the only available
antidote approved by FDA since late 1970s,® despite its
limited effectiveness and anaphylactic risk."” Therefore,
novel therapeutic agents are urgently needed. There are
substantial progresses in further elucidating the detailed
mechanism of APAP hepatotoxicity.'"” Mitochondrial per-
oxynitrite formation is considered to be the later predomi-
nant cellular event in APAP hepatotoxicity."! Peroxynitrite
is highly reactive and leads to protein tyrosine nitration."?
The subsequent mitochondrial oxidant/nitrosative stress is
further amplified by JNK,'® and triggers permanently mito-
chondrial permeability transition pore opening.'* Finally,
the critical hepatic mitochondrial damage leads to the
nuclear DNA damage, necrotic cell death, and sterile
inflammation. '>'® More recent studies have demonstrated
that neuronal nitric oxide synthase (nNOS) identified in
hepatocytes is mainly responsible for the peroxynitrite for-
mation in APAP hepatotoxicity."”'® Hepatic nNOS is up-
regulated by APAP overdose.'” APAP-induced primary
hepatocytes death was significantly reduced by direct
pharmacological inhibition of nNOS, or interference with
calcium induction of nNOS."”"*! Compared with wild-type
mice, hepatic manganese superoxide dismutase nitration
and liver damage significantly decreased at 6 and 8h
after administration of APAP 300 mg/kg in nNOS knock-
out mice.”** This indicates that nNOS plays an crucial role
in the mitochondrial damage induced by APAP.'® Other
researchers also found no effect of inducible nitric oxide
synthase (iNOS) is involved in APAP hepatotoxicity.'>**
The molecule glycyrrhizin (GL), an active ingredient of
liquorice, has been clinically used to treat various chronic
liver diseases in Asia for many years.” For example, the GL
formulation SNMC (Stronger Neo-Minophagen C) suc-
ceeds in treating viral hepatitis in China and Japan by
inhibiting virus replication, anti-inflammatory, and immu-
nomodulatory effects. A clinical randomized controlled
trial showed that GL is effective in the treatment of severe
acute exacerbation of chronic hepatitis B.** Animal experi-
ments also showed that GL attenuates D-galactosamine/
lipopolysaccharides induced acute liver failure in rat
through anti-inflammatory effect.”” In fact, acute liver fail-
ure caused by viral hepatitis only accounts for about 10% of
all clinical acute liver failure cases, and drug-induced liver
cell damage especially APAP-induced liver cell damage is
the main cause of liver failure. Therefore, whether GL can
play a protective role in non-inflammatory acute liver fail-
ure and whether there is any other protection mechanism
are very attractive and should be investigated. More recent-
ly, it has been reported that preventive administration of
GL protected against APAP hepatotoxicity via alleviating
TNF-o mediated apoptosis.”® However, it has been widely
accepted that hepatocellular damage in mice and people
induced by APAP overdose is oncotic necrosis rather than

apoptosis.***” In addition, if GL could protect hepatocyte
from death through other mechanisms, the same results
would be obtained with the consequence of less inflamma-
tion.>" On top of that, the majority of patients with ALF
induced by APAP are intentionally taking the drug to
commit suicide**®® Any preventive treatment is of
little value in practice.®® In the present study, our aim is
to investigate the effects of post-treatment with GL on
APAP-induced hepatic mitochondrial and hepatocellular
damages in mice. Besides that, essential changes of hepatic
nNOS activity and its mRNA levers and protein expres-
sions were also investigated.

Materials and methods

Animals and treatments

Male Balb/c mice (six to eight weeks) were provided by the
Experimental Animal Center of Fourth Military Medical
University. The mice were fed adaptively for three days
in environmentally conditions at 22 +1°C, 55 + 5% humid-
ity, 12-h light/dark cycle, and unrestricted access to stan-
dard food and clean water.

After a 15h overnight fast, 40 mice were randomly
divided into five groups (1 =8 each). Mice in 2nd to 5th
groups were treated intraperitoneally with 300mg/kg
APAP (1.5%, Sigma-Aldrich), which was dissolved and
kept in warm saline in advance.*®> Ninety min post-
APAP® GL (0.2% for 40mg/kg, 0.4% for 80 mg/kg and
0.8% for 160mg/kg, Shanghai Aladdin Bio-Chem
Technology Co., Ltd) was administered intraperitoneally
to the mice in 3rd, 4th, and 5th groups, respectively. The
mice in 1st group, as normal controls, and in 2nd group, as
model controls, received equal injections of saline. All mice
were euthanized under isoflurane anesthesia at 6h post-
APAP. Mice blood and liver samples were harvested right
away. Portions from left lateral liver lobe were fixed prop-
erly for histology, transmission electron microscopy, and
immunohistochemistry analysis. The residual liver tissues
were quick-frozen and stored at —80°C for later analysis.””
To investigate the protective effects of GL in APAP-induced
ALF, mice were intraperitoneally injected with a lethal dose
of APAP (750mg/kg) and 80 mg/kg GL 90 min later, and
survival was monitored every 24h for sevendays.
Experimental procedures (approval no. 20161005) were
approved by the Animal Ethics Committee of Fourth
Military Medical University.

Biochemical assays

Serum was extracted by centrifugation of blood at 10,000/
min for 5 min. Serum glutamate dehydrogenase (GDH) was
detected using the kit (Beyotime Biotechnology). Serum
alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) activities were measured using the Kkits
(Mindray Bio-Medical Electronics Co., Ltd).

Histology and immunohistochemistry

The liver tissues were prepared and stained with
hematoxylin-eosin (H&E) according to the conventional
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method.” The degree of hepatocyte necrosis was evaluated
using optical microscopy.

3-nitrotyrosine, the representative of APAP-induced
protein tyrosine nitration was assessed by immunohisto-
chemistry as described using mouse anti-3-nitrotyrosine
antibody (1:100, Abcam).**

Transmission electron microscopy

In order to investigate whether APAP-induced mitochon-
drial damage was relieved by GL post-treatment, transmis-
sion electron microscopy was performed. Tissues from
the liver were fixed in cold 2% glutaraldehyde-2% parafor-
maldehyde solution prepared in 0.1 M PBS for 8 h. Tissue
samples were fixed in 2% osmium tetroxide for an addi-
tional 1h. After that, tissue samples were embedded in a
polymer resin. Ultrathin sections were prepared and
stained with uranyl acetate and Reynold’s lead citrate.
Mitochondrial damage in the liver was evaluated using
an electron microscope (JEM-1230; JEOL, Ltd).

LC-MS/MS analysis

In order to investigate whether GL protects APAP hepato-
toxicity through interference with the APAP metabolism,
LC-MS/MS analysis with a modified sample processing
method was performed.® Liver tissue was homogenized
and 4-aminobenzoic acid (PABA) (Kermel S.A.) was
added into the homogenate as the internal standard.
Proteins were precipitated using methanol and the super-
natant was dried using nitrogen. The precipitate was
re-dissolved and diluted to a concentration of 5%, and the
expression levels of 3-(cystein-S-yl)-acetaminophen (APAP-
cys), acetaminophen-glutathione (APAP-GSH), and 3-(N-
Acetyl-L-cystein-S-yl)-acetaminophen (APAP-NAC) were
determined and analyzed using an LC-MS/MS System
(API 4000; Thermo Fisher Scientific, Inc.). The ratio of
APAP-GSH and APAP-NAC standarded to PABA was cal-
culated and normalized to the total protein to evaluate the
effects of GL on APAP metabolites. The ratio of APAP-CYS
from digested APAP-protein adducts represented the level
of APAP-protein adduct formation.

Reverse transcription-quantitative PCR

Total RNA in the liver tissues was extracted and reverse
transcribed to cDNA using the TRIzol® RNA extraction kit
and cDNA synthesis kit, respectively (Invitrogen; Thermo
Fisher Scientific, Inc.). After that, the changes of nNOS and
iNOS at the gene expression levels were detected using a
real-time PCR detection system and SYBR Green PCR
Master Mix (Applied Biosystems). The primers used
were: nNOS, 5-CTACAAGGTCCGATTCAACAG-3' (for-
wards) and  5-CCCACACAGAAGACATCACAG-3
(reverse); INOS, 5'-TCGCTTTGCCACGGACGAGA-3' (for-
wards) and 5’"-TGGCCAGCTGCTTTTGCAGG-3' (reverse);
B-actin, 5-ACCACACCTTCTACAATGAG-3" (forwards)
and 5-ACGACCAGAGGCATACAG-3 (reverse).

Glycyrrhizin attenuates mitochondrial damage induced by acetaminophen

Western blotting

The primary antibodies included Rabbit anti-nNOS poly-
clonal antibody, rabbit anti-iNOS, and mouse anti-B-actin
(1:1000; Abcam). The secondary antibodies we used were
horseradish peroxidase-conjugated anti-rabbit and anti-
mouse IgG (1:2000; Shenzhen Bioeasy Biotechnology Co.,
Ltd). Western blotting was performed as described.'®
Protein brands were detected using chemiluminescence
(Shenzhen Bioeasy Biotechnology Co., Ltd) and gray
levels were quantified by Image ] system (National
Institutes of Health).

Hepatic NO content analysis

In order to evaluate the effect of GL on the catalytic capacity
of hepatic nNOS, hepatic nitric oxide (NO) content was
detected. Mice livers were homogenized and treated with
0.5% Triton-X 100. The supernatants were prepared by
centrifuging the mixtures at 10,000g for 10 min. The NO
contents were detected according to the procedure of NO
assay kit (Abcam, USA) using a multimode microplate
reader (Infinite 200 PRO, Tecan, Switzerland).

Statistics

All data were presented as mean +SE. Comparisons of
groups were assessed using ANOVA followed by Tukey
test through GraphPad Prism 8.02. P < 0.05 was considered
significant.

Results

Effects of GL on hepatic mitochondrial damages and
hepatotoxicity induced by APAP

In order to investigate the effects of GL post-treatment on
APAP-induced hepatic mitochondrial and hepatocellular
damages, the serum GDH, ALT, and AST activities were
measured in the serum. The results revealed that serum
GDH, ALT, and AST activities were markedly elevated
after APAP overdose. Serum GDH, ALT, and AST were
decreased by 24.7, 55.5, and 61.7% respectively, in the
mice post-treatment with 80mg/kg GL, and 304, 60.5,
and 57.4% respectively, in the mice post-treatment with
160mg/kg GL (P <0.01, Figure 1(a) to (c)). The survival
rate in GL-treated mice was much higher than that
observed in APAP-treated mice throughout the observation
period. At 24h after APAP injection, 100% of mode mice
were dead, whereas survival rate of GL-treated mice
was 70%, and 40% at the end of the experiment (P < 0.01,
Figure 1(d)) These results indicated that GL post-treatment
could significantly attenuate hepatic mitochondrial dam-
ages and hepatotoxicity induced by APAP overdose in
mice.

Effects of GL on hepatic histopathological lesion

To investigate the effects of GL post-treatment on hepatic
histopathological lesions, the liver sections were evaluated
with H&E staining. The results revealed that the liver injury
was characterized by cell swelling and lysis, loss of
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Figure 1. Glycyrrhizin (GL) attenuates hepatic mitochondrial and hepatocellular damages induced by acetaminophen as well as the survival rate of ALF. The activities
of serum (a) glutamate dehydrogenase (GDH), (b) alanine aminotransferase (ALT), and (c) aspartate aminotransferase (AST) were significantly decreased by 80 or
160 mg/kg GL. n = 8 mice per group; **P < 0.01 (versus normal control); P < 0.05, #P < 0.01 (versus model control). (d) Mice were administered a lethal dose of APAP
(750 mg/kg, i.p.), and survival rate was monitored at indicated time points (n = 10/group).

architecture, and inflammatory cell infiltration in the model
controls, which represent oncotic necrosis,?’ rather than cell
shrinkage or apoptotic bodies, which represent apoptosis.
This lesion was markedly ameliorated in the mice admin-
istered GL (Figure 2(a) to (f)).

As the mitochondria are the organelles that are primarily
damaged in APAP hepatotoxicity, electron microscopy
detection was used to evaluate hepatic mitochondrial
changes. The results demonstrated that the damaged mito-
chondria appeared swollen, distorted, and loss of double
limiting membranes, which were visibly alleviated in the
mice receiving GL (Figure 2(g) to (i)). This indicated that GL
post-treatment can decrease the mitochondrial damages
induced by APAP overdose.

GL did not affect APAP metabolic activation

In order to investigate whether GL interferes with the
APAP metabolic activation, in the present study, APAP-
protein adducts formation was detected with serious con-
cern. Our results showed that APAP metabolites, including
APAP-cys, APAP-GSH and APAP-NAC, were significantly
generated after APAP overdose, but there were no differ-
ences of APAP metabolites formation between model con-
trols and mice administered 80 mg/kg GL (Figure 3). These
results indicated that post-treatment with GL did not affect
APAP metabolism and APAP-protein adducts formation.

GL inhibited the up-regulation of hepatic nNOS

The levels of hepatic nNOS mRNA were investigated by
RT-gPCR assay. The results showed that hepatic nNOS
mRNA was significantly increased after APAP administra-
tion. Compared with the model controls, hepatic nNOS
mRNA was decreased by 14.9% in the mice receiving
80mg/kg GL (Figure 4(a)). Western blotting assay
showed that the protein expression of hepatic nNOS was
also significantly increased after APAP administration. The
nNOS protein expression was decreased by 28.3% with
administration of 80mg/kg GL, compared with the
model controls (Figure 4(b)). There is no significant differ-
ence in iNOS mRNA or protein levels among groups. These
results indicated that GL post-treatment could inhibit the
up-regulation of hepatic nNOS in APAP-induced hepato-
toxicity mice.

GL inhibited the production of NO and protein tyrosine
nitration

NO is the catalytic product of NOS. APAP-induced abnor-
mal up-regulation of hepatic nNOS activity was assessed by
detection of NO content in the liver homogenate. Hepatic
NO content was increased in the model controls, but it
was decreased by 16.9% in the mice receiving 80 mg/kg
GL, compared with model controls (Figure 5(a)). These
results indicated that GL post-treatment could inhibit the
production of NO in APAP-induced liver injury mice.
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Figure 2. Glycyrrhizin (GL) reduces hepatic histopathological lesion induced by acetaminophen. Hematoxylin and eosin staining represented that hepatocytes
swelling (arrow), lysis and loss of architecture and inflammatory infiltration (arrowhead) in the model control were alleviated by post-treatment with 80 mg/kg GL.
Apoptotic hepatocytes were very rare. Electron microscopy represented that cellular edema and mitochondrial swollen in hepatocytes of models were partially
recovered by post-treatment with 80 mg/kg GL. Normal controls (a,d,g), Model controls (b,e,h), 80 mg/kg GL post-treatment groups (c.f,i). C: central vein; P: portal
area; M: mitochondria. Scale bars, 200 um (a—c), 100 um (d-f), 0.5 um (g-i). n =8 mice per group.
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Figure 3. Glycyrrhizin (GL) has no effect on acetaminophen (APAP) metabolism and APAP-protein adducts formation. (a) HPLC-MS detected the metabolites of
acetaminophen, which are marked by the various peaks. (b) HPLC-MS analysis of PABA in liver tissue homogenate, as an internal standard. The protein contents of (c)
3-(cystein-S-yl) acetaminophen (APAP-cys), (d) acetaminophen-glutathione (APAP-GSH), and (e) 3-(N-Acetyl-L-cystein-S-yl) acetaminophen (APAP-NAC) were not
changed following GL treatment, as compared to the model control. n =8 mice per group.
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Figure 4. Glycyrrhizin (GL) inhibits the up-regulation of neuronal nitric oxide synthase (nNOS) in the liver tissue induced by acetaminophen overdose. (a) Reverse
transcription-quantitative PCR showed that the elevated nNOS mRNA levels were decreased by post-treatment with 80 mg/kg GL, whereas inducible nitrogen oxide
synthase (iNOS) mRNA levels were unchanged. **P < 0.01 (versus normal control); **P < 0.01 (versus model control). (b) The protein expressions of NNOS, but not
inducible nitrogen oxide synthase (iNOS), were increased in the liver tissue from the model control and were decreased following post-treatment with 80 mg/kg GL.
**P < 0.01 (versus normal control); **P < 0.01 (versus model control). n =8 mice per group.
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Figure 5. Glycyrrhizin (GL) inhibits the formation of nitric oxide (NO) and protein tyrosine nitration in liver tissue induced by acetaminophen overdose. (a) NO content in
the liver tissue homogenate was analyzed using a spectrophotometer. Post-treatment with 80 mg/kg GL inhibited the production of NO following acetaminophen
injury. **P < 0.01 (versus normal control); **P < 0.01 (versus model control). (b—d) The 3-nitrotyrosine staining (arrow) of hepatocytes especially around the central veins
was decreased by post-treatment with 80 mg/kg GL. Normal controls (b), model controls (c), 80 mg/kg GL post-treatment groups (d). C: central vein; P: portal area.
n =8 mice per group.
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The 3-nitrotyrosine staining was performed in order to
investigate the liver protein tyrosine nitration by peroxyni-
trite formation.? The results showed that the staining of 3-
nitrotyrosine antibody in the liver was much higher in the
model controls than in normal controls, which was more
extensive around the hepatic vessels, especially around the
central veins. Compared with the model controls, the stain-
ing of hepatic 3-nitrotyrosine was weakened in the mice
administered 80mg/kg GL. The results suggested that
GL post-treatment could decrease liver protein tyrosine
nitration (Figure 5(b) to (d)).

Discussion

Although it is quite urgent to develop novel antidotes
against APAP hepatotoxicity,® due to the high cost of
new drug development, re-purposing an existing drug
may be the best choice for a new antidote development
against APAP overdose.*’ The present study indicates
that post-treatment with GL can dose-dependently attenu-
ate acetaminophen hepatotoxicity in mice, which mimic
human poisoning very well.*® Because GL has been used
clinically for many years, and it is very safe even in end-
stage liver disease,”** it has a high potential to be thera-
peutically used in treatment for APAP hepatotoxicity in
clinical practices.

APAP is mainly metabolized into glucuronidated- and
sulfated-APAP at recommended doses in liver. These
metabolites are nontoxic and rapidly excreted into urine.
However, a very small portion of APAP is oxidized to
NAPQ]I, a toxic intermediate metabolite. Usually, NAPQI
is highly reactive and rapidly detoxified by glutathione
(GSH).* When APAP is overdose, a large portion of
APAP is metabolized into NAPQI mainly by cytochrome
P450 2E1. The excessive NAPQI depletes liver GSH and
covalently binds with sulthydryl groups in biomolecules,
particularly mitochondrial proteins, which trigger the mito-
chondrial dysfunction.** Since the excessive NAPQI forma-
tion plays a key role for initiation of the APAP
hepatotoxicity, it is not difficult to understand why an
inhibitor of P450 2E1 is effective for APAP hepatotoxicity,
only when administered as pre-treatment or co-
administered with APAP. In fact, so many natural products
are only effective for APAP-induced acute liver damage as
pre-treatment.®>** In our study, GL post-treatment did not
affect the metabolism of APAP, because there was no dif-
ference of APAP metabolites formation between the mice
receiving GL and model controls, as demonstrated by the
LC-MS/MS assay.

The present study revealed that post-treatment of GL
(80mg/kg) could markedly attenuate hepatic mitochondri-
al and hepatotoxicity induced by APAP, as shown by blood
biochemical indexes, survival rate test, transmission elec-
tron microscopy, and histopathological assays. Notably, the
up-regulation of hepatic nNOS, at early stages of APAP
poisoning, was also inhibited by GL post-treatment.
Compared with model controls, hepatic nNOS mRNA
levels, nNOS protein expression, and NO contents signifi-
cantly decreased in the mice receiving GL. Meanwhile, we
found that the protein tyrosine nitration in liver tissue

Glycyrrhizin attenuates mitochondrial damage induced by acetaminophen

decreased markedly as detected by 3-nitrotyrosine immu-
nohistochemistry assay in GL treated mice. Importantly, all
of these results are consistent with the findings that perox-
ynitrite, which lead to protein tyrosine nitration is formed
by the reaction of superoxide with nNOS originated NO in
APAP hepatotoxicity.'>*® We can conclude that GL can alle-
viate APAP-induced mitochondrial damage, and this effect
is related to the inhibition of nNOS. However, the exact
underlying mechanisms of GL post-treatment in attenuat-
ing the hepatic mitochondrial damage induced by APAP
remain unknown, except inhibiting the up-regulation of
hepatic nNOS and it is possible that there are other protec-
tive effects. Due to the different protective mechanisms
between GL and NAC, their synergistic effects also need
to be further investigated.

In conclusion, GL post-treatment can dose-dependently
attenuate the hepatic mitochondrial damage and inhibit the
up-regulation of nNOS induced by APAP. It is necessary to
further investigate the clinical application value of GL and
the detailed molecular mechanisms for GL protection
against APAP hepatotoxicity in mice.

AUTHORS’ CONTRIBUTIONS

ADW and PY designed the present study, PY, LS, and PH
designed the methodology, XLD, PY, LFY, JC, ZBJ, and LFL
performed the investigation, PH performed the data curation,
XLD, LFY, and PY drafted the manuscript, XLD worked with
the software, ADW and PY reviewed and edited the manu-
script, ADW and PY provided supervision and ADW provided
project administration.

ACKNOWLEDGMENTS

We thank Mr Bo Guo and Mrs Na Hu for the wonderful exper-
imental assistance.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

FUNDING

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: The present study was supported by the National
Natural Science Foundation of China [grant numbers
81803818, 81874378, and 81403170].

ORCID iD

Peng Yang (® https:/ / orcid.org/0000-0002-0274-9627

REFERENCES

1. Larson AM. Acetaminophen hepatotoxicity. Clin Liver Dis
2007;11:525-48

2. Bernal W, Auzinger G, Dhawan A, Wendon J. Acute liver failure. Lancet
2010;376:190-201

3. Lee WM. Acetaminophen (APAP) hepatotoxicity-Isn’t it time for APAP

to go away? | Hepatol 2017,67:1324-31


https://orcid.org/0000-0002-0274-9627
https://orcid.org/0000-0002-0274-9627

1226 Experimental Biology and Medicine Volume 246 May 2021

4.

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lee WM. Acetaminophen-related acute liver failure in the United
States. Hepatol Res 2008;38(Suppl 1):53-S8

Mitchell JR, Jollow DJ, Potter WZ, Davis DC, Gillette JR, Brodie BB.
Acetaminophen-induced hepatic necrosis. I. Role of drug metabolism.
J Pharmacol Exp Ther 1973;187:185-94

. Nelson SD. Molecular mechanisms of the hepatotoxicity caused by

acetaminophen. Semin Liver Dis 1990;10:267-78

. Akakpo JY, Ramachandran A, Duan L, Schaich MA, Jaeschke MW,

Freudenthal BD, Ding WX, Rumack BH, Jaeschke H. Delayed treatment
with 4-methylpyrazole protects against acetaminophen hepatotoxicity
in mice by inhibition of c-Jun n-terminal kinase. Toxicol Sci
2019;170:57-68

. Tobwala S, Khayyat A, Fan W, Ercal N. Comparative evaluation of

N-acetylcysteine and N-acetylcysteineamide in acetaminophen-
induced hepatotoxicity in human hepatoma HepaRG cells. Exp Biol
Med 2015;240:261-72

. Yamamoto T, Spencer T, Dargan PI, Wood DM. Incidence and manage-

ment of N-acetylcysteine-related anaphylactoid reactions during the
management of acute paracetamol overdose. Eur | Emerg Med
2014;21:57-60

Jaeschke H, Xie Y, McGill MR. Acetaminophen-induced liver injury:
from animal models to humans. | Clin Transl Hepatol 2014;2:153-61
Cover C, Mansouri A, Knight TR, Bajt ML, Lemasters JJ, Pessayre D,
Jaeschke H. Peroxynitrite-induced mitochondrial and endonuclease-
mediated nuclear DNA damage in acetaminophen hepatotoxicity.
] Pharmacol Exp Ther 2005;315:879-87

Radi R. Oxygen radicals, nitric oxide, and peroxynitrite: redox path-
ways in molecular medicine. Proc Natl Acad Sci U S A 2018;115:5839-48
Saito C, Lemasters JJ, Jaeschke H. c-Jun N-terminal kinase modulates
oxidant stress and peroxynitrite formation independent of inducible
nitric oxide synthase in acetaminophen hepatotoxicity. Toxicol Appl
Pharmacol 2010;246:8-17

Hu J, Ramshesh VK, McGill MR, Jaeschke H, Lemasters JJ. Low dose
acetaminophen induces reversible mitochondrial dysfunction associat-
ed with transient c-Jun N-terminal kinase activation in mouse liver.
Toxicol Sci 2016;150:204-15

Bajt ML, Ramachandran A, Yan HM, Lebofsky M, Farhood A,
Lemasters JJ, Jaeschke H. Apoptosis-inducing factor modulates mito-
chondrial oxidant stress in acetaminophen hepatotoxicity. Toxicol Sci
2011;122:598-605

Woolbright BL, Jaeschke H. Role of the
acetaminophen-induced liver injury and acute liver failure. | Hepatol
2017;66:836-48

Villanueva C, Giulivi C. Subcellular and cellular locations of nitric
oxide synthase isoforms as determinants of health and disease. Free
Radic Biol Med 2010;49:307-16

Burke AS, MacMillan-Crow LA, Hinson JA. Reactive nitrogen species
in acetaminophen-induced mitochondrial damage and toxicity in
mouse hepatocytes. Chem Res Toxicol 2010;23:1286-92

Ramachandran A, Jaeschke H. Acetaminophen hepatotoxicity. Semin
Liver Dis 2019;39:221-34

Banerjee S, Melnyk SB, Krager KJ, Aykin-Burns N, Letzig LG, James LP,
Hinson JA. The neuronal nitric oxide synthase inhibitor NANT blocks
acetaminophen toxicity and protein nitration in freshly isolated hepa-
tocytes. Free Radic Biol Med 2015;89:750-7

Banerjee S, Melnyk SB, Krager K], Aykin-Burns N, McCullough SS,
James LP, Hinson JA. Trifluoperazine inhibits acetaminophen-
induced hepatotoxicity and hepatic reactive nitrogen formation in
mice and in freshly isolated hepatocytes. Toxicol Rep 2017;4:134-42
Agarwal R, Hennings L, Rafferty TM, Letzig LG, McCullough S, James
LP, MacMillan-Crow LA, Hinson JA. Acetaminophen-induced hepato-
toxicity and protein nitration in neuronal nitric-oxide synthase knock-
out mice. | Pharmacol Exp Ther 2012;340:134-42

inflammasome in

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

. Agarwal R, MacMillan-Crow LA, Rafferty TM, Saba H, Roberts DW,

Fifer EK, James LP, Hinson JA. Acetaminophen-induced hepatotoxicity
in mice occurs with inhibition of activity and nitration of mitochondrial
manganese superoxide dismutase. ] Pharmacol Exp Ther 2011;337:110-6
Knight TR, Kurtz A, Bajt ML, Hinson JA, Jaeschke H. Vascular and
hepatocellular peroxynitrite formation during acetaminophen toxicity:
role of mitochondrial oxidant stress. Toxicol Sci 2001;62:212-20

Li J-y, Cao H-y, Liu P, Cheng G-h, Sun M-y. Glycyrrhizic acid in the
treatment of liver diseases:
2014;2014:872139

Hung C-H, Kee K-M, Chen C-H, Tseng P-L, Tsai M-C, Chen C-H, Wang
J-H, CK-C, Kuo Y-H, YY-H, Hu T-H, Lu S-N. A randomized controlled
trial of glycyrrhizin plus tenofovir vs. tenofovir in chronic hepatitis B

literature review. Biomed Res Int

with severe acute exacerbation. Clin Transl Gastroenterol 2017;8:e104
Wang W, Li X, Xu J. Magnesium isoglycyrrhizinate attenuates D-galac-
tosamine/lipopolysaccharides induced acute liver injury of rat via reg-
the p38-MAPK and NF-«B signaling pathways.
Immunopharmacol Immunotoxicol 2018;40:262-7

Yan T, Wang H, Zhao M, Yagai T, Chai Y, Krausz KW, Xie C, Cheng X,
Zhang J, Che Y, Li F, Wu Y, Brocker CN, Gonzalez FJ, Wang G, Hao H.
Glycyrrhizin protects against Acetaminophen-Induced acute liver
injury via alleviating tumor necrosis factor alpha-mediated apoptosis.
Drug Metab Dispos 2016,44:720-31

Gujral JS, Knight TR, Farhood A, Bajt ML, Jaeschke H. Mode of cell
death after acetaminophen overdose in mice: apoptosis or oncotic
necrosis? Toxicol Sci 2002;67:322-8

Jaeschke H, Guijral JS, Bajt ML. Apoptosis and necrosis in liver disease.
Liver Int 2004;24:85-9

Jaeschke H, Williams CD, McGill MR, Farhood A. Herbal extracts as
hepatoprotectants against acetaminophen hepatotoxicity. World |
Gastroenterol 2010;16:2448-50

Gunnell D, Murray V, Hawton K. Use of paracetamol (acetaminophen)
for suicide and nonfatal poisoning: worldwide patterns of use and
misuse. Suicide Life Threat Behav 2000;30:313-26

Larson AM, Polson ], Fontana R], Davern TJ, Lalani E, Hynan LS,
Reisch JS, Schiodt FV, Ostapowicz G, Shakil AO, Lee WM.
Acetaminophen-induced acute liver failure: results of a United States
multicenter, prospective study. Hepatology 2005;42:1364-72

Stine JG, Lewis JH. Current and future directions in the treatment and
prevention of drug-induced liver injury: a systematic review. Expert Rev
Gastroenterol Hepatol 2016;10:517-36

Du K, Ramachandran A, Weemhoff JL, Woolbright BL, Jaeschke AH,
Chao X, Ding W-X, Jaeschke H. Mito-tempo protects against acute liver
injury but induces limited secondary apoptosis during the late phase of
acetaminophen hepatotoxicity. Arch Toxicol 2019;93:163-78

McGill MR, Jaeschke H. Animal models of drug-induced liver injury.
Biochim Biophys Acta Mol Basis Dis 2019;1865:1031-9

Lu ], Wang H, Zhang R, Wan Z, Gao H, Cai ], Cheng Y, Pu D, Lin T, Fan
C, Sun Y. Effects of photoperiod on acetaminophen-induced hepatotox-
icity in mice. Dig Dis Sci 2020;65:178-88

McGill MR, Lebofsky M, Norris HR, Slawson MH, Bajt ML, Xie Y,
Williams CD, Wilkins DG, Rollins DE, Jaeschke H. Plasma and liver
acetaminophen-protein adduct levels in mice after acetaminophen
treatment: dose-response, mechanisms, and clinical implications.
Toxicol Appl Pharmacol 2013;269:240-9

Ferrer-Sueta G, Campolo N, Trujillo M, Bartesaghi S, Carballal S,
Romero N, Alvarez B, Radi R. Biochemistry of peroxynitrite and pro-
tein tyrosine nitration. Chem Rev 2018;118:1338-408

Rumack BH, Bateman DN. Acetaminophen and acetylcysteine dose
and duration: past, present and future. Clin Toxicol 2012;50:91-8

Du K, Ramachandran A, Weemhoff JL, Chavan H, Xie Y,
Krishnamurthy P, Jaeschke H. Editor’s highlight: metformin protects
against acetaminophen hepatotoxicity by attenuation of mitochondrial
oxidant stress and dysfunction. Toxicol Sci 2016;154:214-26

ulation of



42.

43.

44.

Dang et al.

Watanabe M, Uchida Y, Sato S, Moritani M, Hamamoto S, Mishiro T,
Akagi S, Kinoshita Y, Kohge N. Report of a case showing a recovery
from liver cirrhosis to chronic hepatitis, type C, after glycyrrhizin injec-
tion for 2 years and a sustained response by the following interferon
therapy. Am | Gastroenterol 2001;96:1947-9

Yan M, Huo Y, Yin S, Hu H. Mechanisms of acetaminophen-induced
liver injury and its implications for therapeutic interventions. Redox
Biol 2018;17:274-83

Tirmenstein MA, Nelson SD. Subcellular binding and effects on calci-
um homeostasis produced by acetaminophen and a nonhepatotoxic

Glycyrrhizin attenuates mitochondrial damage induced by acetaminophen

45.

46.

regioisomer, 3’-hydroxyacetanilide, in mouse liver. | Biol Chem
1989;264:9814-9

Du K, Jaeschke H. Liuweiwuling tablets protect against acetaminophen
hepatotoxicity: what is the protective mechanism? World | Gastroenterol
2016;22:3302-4

Du K, McGill MR, Xie Y, Bajt ML, Jaeschke H. Resveratrol prevents
protein nitration and release of endonucleases from mitochondria
during acetaminophen hepatotoxicity. Food Chem Toxicol 2015;81:62-70

(Received July 13, 2020, Accepted November 3, 2020)



