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Background: Acetaminophen (APAP) overdose results in the production of reactive
oxygen species (ROS), induces hepatocyte necrosis, and leads to acute liver failure.
Atractylenolide I (AO-I), a phytochemical found in Atractylodes macrocephala Koidz, is
known to exhibit antioxidant activity. However, its clinical benefits against drug-induced
liver injury remain largely unclear.

Purpose: This study aimed at evaluating the protective effects of AO-I against APAP-
induced acute liver injury.

Methods: C57BL/6 mice were administered 500mg/kg APAP to induce hepatotoxicity.
AO-Ⅰ (60 and 120mg/kg) was intragastrically administered 2 h before APAP dosing. Liver
histopathological changes, oxidative stress and hepatic inflammation markers from each
group were observed.

Results: We observed that AO-I treatment significantly reversed APAP-induced liver
injury, as evidenced by improved plasma alanine transaminase (ALT) level, aspartate
aminotransferase (AST) and liver H&E stain. APAP treatment increased liver
malondialdehyde (MDA) content and reduced catalase (CAT) and glutathione (GSH)
level; however, these effects were alleviated by AO-I intervention. Moreover, AO-I
treatment significantly inhibited APAP-induced activation of pro-inflammatory factors,
such as IL-1β, IL-6, and TNF-α, at both the mRNA and protein levels. Mechanistic
studies revealed that AO-I attenuated APAP-induced activation of TLR4, NF-κB and
MAPKs (including JNK and p38).

Conclusion: AO-I mediates protective effects against APAP-induced hepatotoxicity via
the TLR4/MAPKs/NF-κB pathways. Thus, AO-I is a candidate therapeutic compound for
APAP-induced hepatotoxicity.
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INTRODUCTION

Acetaminophen (APAP) is one of the most popular antipyretic
and analgesic (Lee 2017). The conventional treatment dose is
relatively safe for use in humans, but long-term or excessive use of
APAP can cause acute liver injury and may lead to death (McGill
and Jaeschke 2021). APAP overdose results in the overproduction
of reactive free radicals and n-acetyl-p-benzoquinoneimine
(NAPQI) (Masubuchi et al., 2005). NAPQI rapidly consumes
GSH inside cells and forms complexes with bioactive molecules,
which can induce oxidative stress, cause mitochondrial damage,
and eventually lead to liver cell damage (Yan et al., 2018).

The therapeutic options for treating APAP-induced
hepatotoxicity are currently limited. In recent years, some
traditional Chinese medicines and medical herb extracts have
been identified to be effective for the prevention and treatment of
APAP overdose (Lv et al., 2020; Yang et al., 2020). Thus, It is
necessary to explore and develop traditional Chinese medicines in
China, in order to obtain safer and effective therapeutic products
for the prevention and treatment of APAP-induced acute hepatic
injury. Atractylenolide I (AO-I) is a phytochemical found in
Atractylodes macrocephala Koidz (Fu et al., 2018). AO-I exhibits
several pharmacological activities, such as hepatoprotective
effects against immunological liver injury, gastrointestinal
mucosal injury, and improvement of kidney and lung function
(Guo et al., 2021; Song et al., 2017; Wang et al., 2012; Zhang et al.,
2015). However, the efficacy of AO-I for treating APAP remains
unknown. Therefore, in the present study, we evaluated the
protective activity of AO-I on APAP-induced liver injury in
mice and explored the potential underlying mechanisms.

MATERIALS AND METHODS

Chemicals
AO-Ⅰ was purchased from Chengdu Ruifensi Biotechnology Co.,
Ltd. (Chengdu, China, CAS: 73069-13-3). APAP was purchased
from Shanghai Wanjiang Biotechnology Co., Ltd. (Shanghai,
China, CAS: 103-90-2). NAC was obtained from Sigma-
Aldrich (St. Louis, MO, United States, CAS: A7250).

Animals Experiments
Animal care and experiments complied with National Institutes
of Animal Health guidelines on animal research. Male C57BL/6
mice were purchased from Shanghai SLAC laboratory animal Co.,
Ltd. (Beijing, China). Mice (8 weeks old) were housed at 22 ± 2°C
in a 12-h h light/dark cycle in an animal research center at
Zhejiang Chinese Medical University (Hangzhou, China).
Animals were allocated into the following groups (3–6 mice
each): APAP alone treated, APAP and 60 mg/kg AO-I treated,
APAP and 120 mg/kg AO-I treated, and APAP and 120 mg/kg
NAC treated. The mice were fasted for 12 h with free access to
water, and subsequently, intraperitoneally injected with APAP
(500 mg/kg) to induce hepatotoxicity. AO-Ⅰ (60 or 120 mg/kg) or
NAC (120 mg/kg) was intragastrically administered 2 h before
APAP administration. The mice were sacrificed at 8 h and their
livers and serum samples were pooled. A portion of the liver was

fixed in 4% formaldehyde, and the remaining liver tissue was flash
frozen in liquid nitrogen and stored at −80°C until subsequent
analyses.

Measurement of Plasma ALT and AST
Levels
Blood samples were collected from the inferior vena cava and
centrifuged at 3,000 rpm for 10 min. The plasma was collected as
the supernatant and subjected to ALT and AST analysis on an
automatic biochemical analyzer using commercial kits (Ningbo
MedicalSystem BioTech. Co. Ltd., Ningbo, China).

Histology
Liver tissues were fixed in 4% formaldehyde, embedded in
paraffin, sectioned (5 µm), and subjected to hematoxylin and
eosin (H&E) staining (Pi et al., 2021). Sections were examined
and imaged using a digital pathology scanner (model: VS120-S6-
W, OLYMPUS, Japan). Histological severity of the liver damage
was graded using Suzuki’s score criteria on a scale from 0 to 4
(Suzuki et al., 1993).

Measurement of Liver MDA, CAT, and GSH
Levels
For biochemical analysis, approximately 10–20 mg liver tissue
was homogenized in 1:9 (w/v) cold physiological saline. The
MDA, CAT and GSH levels were determined using commercial
kits (Nanjing Jiancheng BioTech. Co. Ltd., Nanjing, China)
according to the manufacturer’s instructions.

RNA Extraction and Real-Time
Quantitative PCR
Total RNA was extracted from the liver tissues using Trizol
reagent (Sangon Biotech Co., Ltd., Shanghai, China) according
to the manufacturer’s instructions. The RNA quality was
determined using NanoDrop (Thermo Fisher Scientific,
Waltham, MA, United States). Real time PCR was performed
using the iQ-SYBRGreen PCR Supermix (Bio-Rad, Hercules, CA,
United States) on a StepOnePlus real-time PCR system (Thermo
Fisher Scientific, Waltham, MA, United States). The primer
sequences are listed in Table 1. Relative gene expression was
calculated using the 2−(△△CT) analytical method with 18S as the
internal reference gene.

TABLE 1 | Primer sequence for quantitative real-time PCR.

Gene Primer sequence (59–39)

TNFA Forward CCCTCACACTCAGATCATCTTC
Reverse GTTGGTTGTCTTTGAGATCCAT

IL-1B Forward GAAATGCCACCTTTTGACAGTG
Reverse TGGATGCTCTCATCAGGACAG

IL-6 Forward CTCTGGGAAATCGTGGAAAT
Reverse CCAGTTTGGTAGCATCCATC

18S Forward GAATGGGGTTCAACGGGTTA
Reverse AGGTCTGTGATGCCCTTAGA
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Western Blotting
Western blotting was performed as described previously (Li
et al., 2014) using the following antibodies: anti-TLR4 (Santa
Cruz Biotechnology, Dallas, TX, United States); anti-NF-κB,
anti-Lamin B, anti-MyD88, anti-JNK, anti-phospho-JNK,
anti-p38, anti-phospho-p38, anti-NRF2, anti-HO-1 (Cell
Signaling Technology, Danvers, MA, United States); anti-
TNFα and anti-IL-1β (Abcam, Cambridge,
United Kingdom); anti-IL-6 (Proteintech, Rosemont, IL,
United States); anti-GAPDH (Boster Biological
Technology, Pleasanton, CA, United States). GAPDH and
Lamin B were used as loading controls. Blots were developed
using the appropriate HRP-conjugated secondary antibody
and ECL kit (Nanjing Vazyme Biotech Co. Ltd., Nanjing,
China).

Statistical Analysis
Statistical analysis was performed using the SPSS statistical
software (SPSS V.22.0, SPSS Inc., Chicago, Illinois,
United States). One-way ANOVA followed by the least
significant difference (LSD) post hoc test was used. Differences
between groups were considered statistically significant at
p < 0.05.

RESULTS

AO-I Protects Against APAP-Induced Liver
Injury
To determine whether AO-I attenuates APAP-mediated damage
in vivo, C57BL/6 mice were administered a single dose of APAP

FIGURE 1 | AO-I protects against APAP-induced liver injury. Mice were given AO-I (60 and 120 mg/kg) or NAC (120 mg/kg) via intragastric administration 2 h
before intraperitoneal APAP administration (500 mg/kg) (n � 4–6 in each group). (A,D) Plasma ALT level. (B,E) Plasma AST level. (C) Liver H&E staining (left panel) and
Suzuki score (right panel). All data are presented as the mean ± SEM. Bars with different characters present statistically significant results, p < 0.05.
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(500 mg/kg). Liver injury was determined by measuring plasma
ALT levels and observing histological features after 8 h. There was
a significant increase in plasma ALT and AST levels 8 h after
APAP administration (p < 0.05). Moreover, centrilobular
hepatocellular necrosis was observed in livers of mice
administered with APAP, as demonstrated by
histopathological analysis of H&E-stained liver sections and
Suzuki’s scores. In contrast, intragastric administration of AO-
I (60 and 120 mg/kg) significantly attenuated the increase in
plasma ALT and AST levels, and alleviated APAP-induced
hepatotoxicity (Figures 1A–C). These results suggest that AO-
I potentially protects against APAP-induced acute hepatic injury.

Current treatment for APAP intoxication is administration of
NAC (Yin et al., 2010). We compared protected effect between
AO-I and NAC, and observed that AO-I (120 mg/kg, intragastric
administration) pretreatment could reduce 76% APAP-induced
ALT increase, while the same dose of NAC treatment could
reduce 90% APAP-induced ALT increase (Figures 1D,E). Those
results indicated that NAC has slightly better protective effect
than AO-I. However, AO-I may still be an alternative drug to
prevent APAP induced liver injury, especially for people with
adverse reactions after taking NAC (18% of patients receiving IV
NAC reported anaphylactic reactions, including rash,
hypotension, wheezing, and shortness of breath) (Yarema
et al., 2018).

AO-I Ameliorates APAP-Induced Oxidative
Injury
Oxidative damage is one of the main characteristics of APAP-
induced acute hepatic injury (Wang et al., 2016). Therefore, we
investigated whether AO-I protected against oxidative stress-
induced hepatotoxicity. We measured MDA and GSH levels,
and CAT activity in liver tissues. Our results suggest that APAP
administration significantly promoted MDA synthesis, increased
GSH levels, and reduced CAT activity in mice livers (p < 0.05). In
contrast, pretreatment with AO-I markedly blocked these effects
(Table 2), and a high dose of AO-I (120 mg/kg) was more
efficacious.

AO-I Inhibits the Expression of
Inflammatory Factors Induced by APAP
Treatment
Since APAP-induced hepatotoxicity is associated with increased
inflammation (Liu et al., 2004), we analyzed APAP-induced
inflammatory response by assessing the expression of IL-1B,

IL-6, and TNFA in the livers of APAP-administrated mice
treated with or without AO-I. We found that the mRNA
expression of pro-inflammatory cytokines IL-1B, IL-6, and
TNFA significantly increased in the APAP-only treated group
(p < 0.05). In contrast, AO-I treatment reduced the expression of
these pro-inflammatory factors (Figures 2A–C).

AO-I Regulates the NF-κB Signaling
Pathway
Wemeasured the protein expression of the abovementioned pro-
inflammatory factors, and the results were consistent with those
of the mRNA expression (Figures 3A,B). In addition, we
analyzed the expression of NF-κB, a master transcription
factor involved in immune system functioning (Luo et al.,
2005). APAP administration induced NF-κB expression in the
nuclei of treated cells. However, AO-I treatment (60 and
120 mg/kg) significantly inhibited the nuclear translocation of
NF- κB (p < 0.05). Taken together, these results suggest that AO-I
attenuates APAP-induced liver inflammation by regulating
NF-κB.

AO-I Regulates the TLR4 Signaling Pathway
Activation of TLR4 is closely associated with the expression
of inflammatory factors involved in mediating liver injury in
APAP-treated mice (Xu et al., 2020). MyD88 is a key molecule
acting downstream of TLR4 (Płóciennikowska et al., 2015).
Our data demonstrated that APAP administration increased
TLR4 and MYD88 expression; however, AO-I pretreatment
(60 and 120 mg/kg) significantly reversed these effects (p <
0.05, Figures 4A,B), indicating that AO-I prevents APAP-
induced inflammatory reaction partly via inhibiting the NF-
κB pathway.

AO-I Regulates the MAPK Signaling
Pathway
Wemeasured the expression of proteins involved in the mitogen-
activated protein kinase (MAPK) signaling pathway in our study
to explore whether AO-I regulates MAPK pathway to alleviate
APAP-induced liver injury. Western blot analysis for evaluating
the expression of JNK, phosphorylated (p)-JNK, p38 and p-p38
proteins indicated that APAP treatment increased the activation
of JNK and p38, i.e., the expression of p-JNK and p-p38,
respectively. Compared with APAP-alone treated mice, AO-I
treated mice exhibited reduced expression of p-JNK and p-p38
(Figures 5A,B). These findings illustrate that MAPK signaling is

TABLE 2 | AO-I ameliorates APAP-induced oxidative injury.

Group MDA (nmol/mgprot) CAT(U/gprot) GSH(μmol/L)

Control 6.10 ± 1.01a 547.40 ± 45.19a 103.29 ± 32.69a

APAP (500 mg/kg) 20.07 ± 0.86b 341.50 ± 59.75b 5.62 ± 0.37b

APAP (500 mg/kg)+AO-Ⅰ(60 mg/kg) 9.22 ± 1.28c 422.05 ± 35.80c 13.57 ± 1.75c

APAP (500 mg/kg)+AO-Ⅰ(120 mg/kg) 4.63 ± 0.77a 510.12 ± 52.40a 22.89 ± 7.65c

Liver tissues were obtained from the mice 8 h after APAP, challenge for the measurement of MDA, content; CAT activity, and GSH, level. All data are presented as the mean ± SEM., bars
with different characters present statistically significant results, p < 0.05.
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FIGURE 2 | AO-I inhibits APAP-induced gene expression of inflammatory factors. Gene expression level of (A) IL-1B, (B) IL-6 and (C) TNFA. All data are presented
as the mean ± SEM. Bars with different characters present statistically significant results, p < 0.05.

FIGURE 3 | AO-I inhibits APAP-induced NF-κB signaling pathway. (A) Effect of AO-I on APAP-induced nuclear translocation of NF-κB, IL-1β, IL-6, and TNF-α in the
liver. (B) Quantitative map of NF-κB, IL-1β, IL-6, and TNF-α protein expression. All data are presented as the mean ± SEM. Bars with different characters present
statistically significant results, p < 0.05.

FIGURE 4 | AO-I inhibits APAP-induced TLR4 signaling pathway. (A) Effects of AO-I on APAP-induced TLR4 and MYD88 expression in the liver. (B) Quantitative
map of TLR4 and MYD88 protein expression. All data are presented as the mean ± SEM. Bars with different characters present statistically significant results, p < 0.05.
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involved in exerting the protective effects of AO-I in APAP-
induced liver injury.

DISCUSSION

In the present study, we have shown that AO-I, a phytochemical
found in A. macrocephala Koidz., protects against APAP-induced
hepatotoxicity in acute hepatic injury. We also provide evidence
that these beneficial effects partly through the NF-κB and MAPK
signaling pathways.

Natural products have made significant contributions to drug
discovery as they offer several potential advantages over
conventional chemical-based drugs. Several studies have
reported that plant extracts or pure compounds can reduce
APAP-induced hepatic injury (Leng et al., 2018; Zai et al.,
2018; Lv et al., 2020; Yang et al., 2020). AO-I, extracted from
A. macrocephala Koidz., has been reported to exert protective
effects against liver diseases (Wang et al., 2012). AO-I is widely
used in various fields and has various prospective useful
applications (Tang et al., 2017; Wang et al., 2019a; Zhu et al.,
2020). The anti-inflammatory and antioxidant effects of AO-I are
well-documented (Li et al., 2007; Zhang et al., 2015). Thus, in this
study, we sought to investigate the potential role of AO-I in
alleviating APAP-induced acute hepatic injury in vivo, which
remain largely unknown.We administered different doses of AO-
I before APAP administration, and analyzed liver histology, and
plasma ALT and AST levels to determine hepatocellular toxicity
following APAP injection. We found that hepatocytes are
extremely sensitive to APAP stimulation, as evidenced by high
plasma ALT and AST levels and pathological changes observed in
the livers of APAP-treated mice. Thus, our results showed that
AO-I could significantly reduce APAP-induced acute hepatic
injury in mice in a dose-dependent manner.

APAP overdose-induced hepatotoxicity is the most common
cause of acute-liver failure worldwide (Larson 2007). The APAP
overdose-induced fatal hepatotoxicity is characterized by multiple
indicators of cell damage activated by oxidative stress and
endoplasmic reticulum stress (Zhang et al., 2016). Excessive
oxidative stress leads to cell death and lipid peroxidation and
destroys cellular components (Li et al., 2015). MDA, an aldehyde

produced in the process of free radical-induced lipid peroxidation,
can reflect the degree of lipid peroxidation in the body and is amarker
of oxidative stress (Yamada et al., 2020; Zheng et al., 2019). CAT is a
vital oxidoreductase, which catalyzes the decomposition of hydrogen
peroxide into oxygen and water (Zhao et al., 2019). Thus, CAT
protects cells from oxidative stress. Hepatic GSH is one of the key
enzymes involved in the detoxification of NAPQI, the metabolic
product of APAP (He et al., 2017). Our results demonstrate that
APAP administration significantly reducedCAT andGSH levels, and
increased MDA levels. Thus, APAP dysregulates redox balance and
promotes reactive oxygen species (ROS) production, leading to lipid
peroxidation (Zhong et al., 2021). However, after pretreatment with
AO-I, theMDA levels were normalized, and the CAT andGSH levels
were restored in the liver. These results suggest that AO-I
intervention reduces ROS production to protect against APAP-
induced hepatotoxicity.

APAP-induced acute liver injury induces the expression of
proinflammatory factors (such as IL-1β, IL-6, and TNF-α), which
can then exacerbate organ damage, especially cause hepatocyte injury
to damage the liver (Chen et al., 2020; Raevens et al., 2020; Saad et al.,
2020; Chen et al., 2021). Therefore, inflammatory response is
considered one of the basic mechanisms of APAP-induced liver
injury (Huang et al., 2013). Furthermore, NF-κB induces the
expressions of various proinflammatory factors that play
important pathological roles in the liver (Wang et al., 2019b).
APAP-induced hepatotoxicity may result in the nuclear
translocation of NF-κB (p65). Activation of NF-κB induces the
transcription of some inflammatory genes, including IL-1B, IL-6,
and TNFA (Kawai and Akira 2007). Our results showed that the
mRNA expression level of IL-1B, IL-6, and TNFA was significantly
increased in the liver, and the results of protein expression level were
consistent with these findings. In contrast, AO-I pretreatment
inhibited the release of these proinflammatory cytokines following
APAP administration. Moreover, AO-I prevented APAP-induced
nuclear translocation ofNF-κB. It, therefore, seems that the inhibitory
effect on the expression of the NF-κB pathway may be the result of
the anti-inflammatory effects of AO-1.

TLR4 activation can induce innate immune response and
activate the NF-κB signaling pathway, thereby leading to the
release of various proinflammatory cytokines and a systemic
inflammatory response (Lawrence 2009; Takeda and Akira

FIGURE 5 | AO-I inhibits APAP-induced MAPK signaling pathway. (A) Effects of AO-I on APAP-induced p-JNK and p-p38 expression in the liver. (B) Quantitative
map of p-JNK and p-p38 protein expression. All data are presented as the mean ± SEM. Bars with different characters present statistically significant results, p < 0.05.
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2004). To further elucidate the molecular mechanism underlying
the protective effects of AO-I against APAP-induced
hepatotoxicity, we examined the TLR4 signaling pathway and
the expression of its downstream protein factor MYD88. We
found that AO-I significantly down-regulated the expression of
TLR4 and MYD88. MYD88 dependent pathway is one of the
main branches of the TLR4 signaling pathway. The subsequent
TLR4 signaling cascade can be summarized as follows: TLR4
binds explicitly to the MYD88 adaptor molecule, triggering a
series of interlocking reactions, resulting in the activation of
downstream tumor necrosis factor receptor-related factor
(TRAF6) (Cha et al., 2018), which in turn can induce two
different signal transduction pathways: MAPK and NF-κB
signaling pathway. MAPKs (including p38, ERK, and JNK)
play an essential role in liver injury, oxidative stress, and
apoptosis. Activation of JNK and p38 leads to mitochondrial
dysfunction, which in turn induces hepatocyte apoptosis in
APAP-induced liver injury (Tashiro et al., 2021). We found
similar findings in the present study; APAP significantly
increased the phosphorylation of JNK and p38. After AO-I
intervention, phosphorylation levels of JNK and p38 were
significantly downregulated. Taken together, these data suggest
that the protective effect of AO-I in suppressing APAP-induced
liver injury may be mediated via regulation of the TLR4/MAPK/
NF-κB signaling pathways.

In summary, the present study demonstrated that AO-I
exerts a potential therapeutic effect against APAP-induced
acute liver injury, which can be attributed to its anti-
inflammatory and anti-oxidative properties. The
therapeutic efficacy of AO-I against APAP-induced liver
injury may be due to the regulation of the TLR4/MAPK/
NF-κB pathways. Our study outcomes provide essential
insights into the mechanisms by which AO-I treatment
confers protection against hepatotoxicity. Moreover, our
findings suggest that AO-I may be as a potential
therapeutic agent for APAP-induced acute liver injury.
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