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INTRODUCTION 
 

Drug-induced liver failure is one of the most important 

reasons resulting in liver disease in the world [1]. 

Acetaminophen (APAP) is a widely used antipyretic 

and analgesic, while, overused APAP can induce acute 

liver failure [2]. Studies have shown that APAP can  

be metabolized by hepatic cytochrome enzyme  

P450 (cytochrome P450, CYP450) into N-Acetyl-P-

Benzoquinone Imine (NAPQI), which can bind to 

glutathione (GSH), to formation of APAP-glutathione, 

APAP-cysteine and APAP-N-acetylcysteine to detoxify 

[3]. However, excessive NAPQI will deplete intracellular 

GSH, and the remaining NAPQI covalently binds to  

cell biological macromolecules to form NAPQI protein 

adducts, disturbing the intracellular redox balance,  

and leading to oxidative stress injury, mitochondrial 

dysfunction, and nuclear DNA fragmentation, eventually, 

resulting in liver cell necrosis and liver damage [4]. 

 

Nuclear factor erythroid-2-related factor 2 (Nrf2) is a 

major antioxidant factor [5]. It has been reported that 

Nrf2 controls the expression of HO-1, GCLC, GCLM 
and NQO1 proteins [3]. In the event of oxidative stress, 

Nrf2 detaches from Keap1 and transfers into the nucleus 

and then combines with Maf. Nrf2-Maf heterodimer 
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ABSTRACT 
 

Overdose of acetaminophen (APAP) is currently one of the main causes of hepatoxicity and acute liver injury, 
which is often linked to oxidative stress. Phellinus linteus polysaccharides (Phps) have shown many 
hepatoprotective effects, however, the mechanism of Phps on APAP-induced acute liver injury has not been 
further elucidated. The aim of this study is to investigate the underlying mechanism of Phps to acute liver 
injury. The expression of AMPK/Nrf2 and autophagy were detected using western blot. The results indicated 
that Phps treatment effectively alleviated APAP-induced acute liver injury by reducing alanine transaminase 
(ALT) and aspartate aminotransferase (AST) levels in serum. Phps significantly attenuated myeloperoxidase 
(MPO) activity and glutathione (GSH) depletion. Meanwhile, Phps remarkably alleviated histopathological 
changes. Further research found that Phps promoted AMPK pathway and up-regulated nuclear factor erythroid-
2-related factor (Nrf2) transported into nucleus, and elevated heme oxygenase 1(HO-1), glutamate-cysteine 
ligase catalytic (GCLC), glutamate cysteine ligase modifier (GCLM) and quinone oxidoreductase (NQO1). 
Additionally, Phps apparently facilitated the expression of autophagy proteins (ATG3, ATG5, ATG7, and ATG12). 
However, the protection of pathologic changes was nearly absent in Nrf2-/- mice. Phps have potential in 
preventing oxidative stress in APAP-induced acute liver injury. 
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recognizes ARE to promote the expression of 

antioxidative and metabolic genes [6]. Nrf2-/- mice are 

widely used to study the etiology and mechanism of 

many diseases [7–9]. Multiple studies in Nrf2-/- mice 

have shown that Nrf2 has a protective effect on ethanol-

induced hepatotoxicity [10]. AMPK makes sense of 

maintaining energy balance in cell [11]. Previous study 

reported that AMPK activation is implicated in several 

signaling pathways involved in nitric oxide production, 

sensing and responding to oxidative stress and 

inflammation [12]. AMPK also induced the antioxidative 

heme oxygenase (HO-1) gene expression through the 

Nrf2/ARE pathway [13]. 

 

Recently, studies have shown that autophagy is directly 

involved in the pathophysiology of APAP-induced liver 

injury [14]. Autophagy deficiency promoted ROS 

production, mitochondrial membrane depolarization, and 

JNK activation in APAP-induced liver injury [15]. 

Autophagy-related proteins ATG3, ATG5 and ATG7 

have been reported to play an important role in 

promoting autophagy to improve liver injury [16–19]. 

APAP can form APAP adducts (APAP-AD) in mouse 

and human hepatocytes [20]. APAP-AD has also been 

detected in mitochondria and may contribute to APAP-

induced mitochondrial dysfunction and subsequent 

oxidative stress [21, 22]. Autophagy can remove APAP-

AD. Therefore, activated autophagy may have protective 

effect in APAP-induced acute liver injury. 

 

Phellinus linteus polysaccharides (Phps) are extracted 

from Phellinus linteus, which is a well-known 

medicinal and edible fungus. Phps are the main active 

ingredient, mainly in the shape of polysaccharides, 

glycoproteins and glycosides [23]. Studies have shown 

that Phps have numerous pharmacological effects such 

as immune regulation, anti-tumor, and anti-oxidation 

effects, etc [24]. However, there is rarely study reported 

that the protective effect of Phps in mice acute liver 

injury. The purpose of this study was to investigate 

whether Phps could motivate the AMPK/Nrf2 pathway 

to protect APAP-induced acute liver injury, and to 

provide a theoretical basis for the development of 

hepatoprotective drugs. 

 

RESULTS 
 

Effects of Phps on AST, ALT, MPO and GSH in 

APAP-induced acute liver injury 

 

We tested the levels of AST and ALT in serum. Results 

indicated that the level of AST and ALT expressions 

were increased after treated with APAP (Figure 1A, 

1B). While, wild-type mice treated with Phps showed 

obviously reduced compared with APAP group. GSH 

and MPO were necessary antioxidant in the de-

toxification of excessive APAP. The results showed that 

GSH was distinctly consumed (Figure 1D) and MPO 

were obviously increased (Figure 1C). The group 

treated with Phps could remarkably promote the level of 

GSH in liver and reduce the level of MPO. 

 

Effects of Phps on histological changes 

 

The results of H&E staining showed that the hepatocyte 

structures were damaged and necrotic with APAP 

treated. The degree of liver injury was significantly 

reduced, the number of cell necrosis and the condition 

of structure damage were obviously improved  

(Figure 1E) after the treatment of Phps. These results 

suggest that Phps reduced APAP-induced acute liver 

injury. 

 

Effects of Phps on AMPK/Nrf2 pathway in APAP-

induced acute liver injury 

 

AMPK plays a key role in energy and inflammation 

reaction and affects nuclear transcription levels of  

Nrf2 [25]. Therefore, we tested the protein expression  

of AMPK pathway. As shown in Figure 2A,  

APAP significantly inhibited the expression of p-ACC, 

p-AMPKβ, p-AKT, and AMPKα. However, Phps 

distinctly increased ACC, AMPKβ, AKT, AMPKα 

phosphorylation levels (Figure 2B–2E). Nrf2 protects 

cells from oxidative stress by inducing the expression of 

protective genes. The levels of Nrf2 transfer into nucleus 

were significantly increased by Phps (Figure 2F). 

Meanwhile, the expression of NQO1, HO-1, GCLM and 

GCLC were promoted (Figure 2F). 

 

Effect of Phps on autophagy pathway in APAP-

induced acute liver injury 

 

Autophagy can reply to oxidative stress, DNA damage 

and endoplasmic reticulum stress, which can participate 

in APAP-induced acute liver injury. The results  

shown in Figure 3 indicated that Phps could activate the 

expression of ATG7, ATG12, ATG5 and ATG3. 

Suggested that Phps could activate autophagy and 

increase the clearance capacity of the liver. 

 

Effect of Phps on APAP-induced acute liver injury 

were dependent on Nrf2 

 

In order to explore whether Phps alleviate acute liver 

injury through Nrf2 pathway, we used Nrf2-/- mice in 

further study. Phps could not inhibit AST, ALT 

elevations and alleviate GSH consumption (Figure 4A–

4C). We further examined histopathological changes 
and Nrf2 pathway proteins. As shown in Figures 4D, 5, 

with the Nrf2 knockout the protection of Phps were 

abolished in Nrf2-/- mice. 
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DISCUSSION 
 

APAP-induced liver injury remains the major factor of 

acute liver injury in the world. It has been shown that 

metabolism, oxidative stress, autophagy, inflammation 

participated in the development of liver failure [26]. 

Overdose of APAP depletes GSH, leading to oxidative 

stress and dysfunction [27]. In our research, Phps 

pretreatment could obviously up-regulate express of 

GSH and down-regulate MPO levels. Therefore, we 

preliminarily concluded that Phps pretreatment can 

improve the level of liver antioxidant stress. 

 

 
 

Figure 1. Phps decreased the accumulation of AST, ALT and up-regulated the levels of GSH and down-regulated the levels of 
MPO in mice; Phps reduced the number of cell necrosis and the condition of structure damage of WT mice. Haematoxylin and 

eosin staining of liver tissues. The mice were received Phps (40, 60, 80 mg/kg) prior 1 h APAP (500 mg/kg) injection. (A, B), the levels of AST 
and ALT. (C), the content of MPO in liver. (D), the levels of GSH in liver. (E) the liver sections by H&E staining (scale bars: 200 μm). All data are 
presented as mean ± SD (three independent experiments). #p < 0.05 and ##p < 0.01 vs. control group; *p < 0.05 and **p < 0.01 vs.  
APAP group. 
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Figure 2. Phps regulated the expression of p-ACC, p-AMPKβ, p-AKT, p- AMPKα, Nrf2, HO-1, GCLC, GCLM, NQO1 in APAP-
induced acute liver injury of mice. The mice were received Phps (40, 60, 80 mg/kg) prior 1h APAP (500 mg/kg) injection and liver was 

collected for Western blot. (A), the expression of p-ACC, p-AMPKβ, p-AMPKα and p-AKT in liver of mice. (B–E), Relative expression levels of all 
proteins including p-ACC, ACC, p-AMPKβ, AMPKβ, p-AKT AKT p-AMPKα and AMPKα. (F), the expression of Nrf2, HO-1 in nuclear protein and 
the expression of Nrf2, GCLC, GCLM, NQO1 in cytoplasmic protein. (G–L), Relative expression levels of all proteins including Nrf2, HO-1 in 
nuclear protein and Nrf2, GCLC, GCLM, NQO1 in cytoplasmic protein. All data are presented as mean ± SD (three independent experiments). 
#p < 0.05 and ##p < 0.01 vs. control group; *p < 0.05 and **p < 0.01 vs. APAP group. 
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Figure 3. Phps enhanced the expression of ATG7, ATG12, ATG5 and ATG3 in APAP-induced acute liver injury of mice. The mice 

were received Phps (40, 60, 80 mg/kg) prior 1h APAP (500 mg/kg) injection and liver was collected for Western blot. (A), the expression of 
ATG7, ATG12, ATG5 and ATG3 in liver of mice. (B–E), Relative expression levels of all protein of all proteins including ATG7, ATG12, ATG5 and 
ATG3. All data are presented as mean ± SD (three independent experiments). #p < 0.05 and ##p < 0.01 vs. control group; *p < 0.05 and  
**p < 0.01 vs. APAP group. 
 

 
 

Figure 4. Phps could not inhibit AST, ALT elevations and alleviate GSH consumption; Phps could not improve histopathological 
changes in Nrf2-/- mice. The mice were received Phps (80 mg/kg) prior 1 h APAP (500 mg/kg) injection (A, B), the levels of AST and ALT. 
(C), the levels of GSH in liver. (D) the liver sections by H&E staining (scale bars: 200 μm). All data are presented as mean ± SD (three 
independent experiments). #p < 0.05 and ##p < 0.01 vs. control group; *p < 0.05 and **p < 0.01 vs. APAP group. 
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Phellinus igniarius is a kind of precious edible and 

medicinal fungus parasitic on mulberry plants. Phps is 

the main component of Phellinus igniarius, having high 

activity and antioxidant capacity. Our results shown that 

Phps has protective effect on APAP-induced acute liver 

injury. As well as Phps down-regulated the levels of 

AST and ALT in blood. 

 

AMPK is found as a kind of energy sensor, but more 

and more studies have shown that AMPK plays an 

important role in energy and inflammation [28, 29]. 

AMPK also influences the level of Nrf2 nuclear 

transcription through GSK3β [30]. Nrf2 is an important 

part of antioxidative stress system. Nrf2 can protect 

body from oxidant stress and inflammation through 

adjusting a series of gene transcription (such as HO-1, 

NQO1). HO-1 has protective effect in cell and tissue 

damage, and has anti-inflammation and anti-oxidant 

[31]. Otherwise, GCLC and GCLM are participated in 

GSH synthesis steps, and the level of GSH reflects the 

ability of body anti-oxidant [32]. In this current study, 

Phps could improve AMPKα, AMPKβ and AKT 

phosphorylation, boosted levels of Nrf2 nuclear 

transcription as well. Moreover, the expression of anti-

oxidant levels related proteins (GCLC, GCLM, HO-1 

and NQO1) were significantly increased after protection 

by Phps, which improved the anti-oxidant ability of 

body. The results of Nrf2-/- mice indicated that Phps has 

protective effect on APAP-induced acute liver injury 

through activated Nrf2 pathway. 

 

 
 

Figure 5. Effect of Phps on APAP-induced acute liver injury were dependent on Nrf2. The mice were received Phps (80 mg/kg) 
prior 1h APAP (500 mg/kg) injection and liver was collected for Western blot. (A, B) are protein bands of Nrf2 signaling pathway; (C–F) 
represent the ratio of HO-1, GCLC, GCLM and NQO1protein to β-actin. All data are presented as mean ± SD (three independent experiments). 
#p < 0.05 and ##p < 0.01 vs. control group; *p < 0.05 and **p < 0.01 vs. APAP group. 
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Autophagy participates in multiple diseases. Study 

indicates that Autophagy was observed in hepatocytes 

and primary cultured cells of APAP-induced liver injury 

in mice [33]. Autophagosomes maintain cell homeostasis 

by degrading damaged organelles and biomolecules. The 

present study uncover that Phps could significantly up-

regulate ATG7, ATG12, ATG5 and ATG3 levels, which 

is the same with previous studies [14, 34, 35]. 

 

In a word, our study demonstrated that Phps has a 

protective effect on APAP-induced acute liver injury in 

mice, and its main mechanism is to alleviate oxidative 

stress by activating Nrf2 signaling pathway; on the other 

hand, Phps activates autophagy pathway and relieves 

liver damage. 

 

CONCLUSIONS 
 

In conclusion, as shown in the current study demonstrated 

that Phps treatments strongly protected APAP-induced 

acute liver injury against oxidative and autophagy. This 

research offers a piece of powerful evidence for the 

protective effects of Phps in APAP-induced acute liver 

injury. 

 

MATERIALS AND METHODS 
 

Acetaminophen (APAP) was brought from Sigma-

Aldrich (St. Louis, MO, USA), Phps was obtained from 

Baoyifeng Biology of Xi’an (Shaanxi, China). 

Glutathione (GSH), myeloperoxidase (MPO), aspartate 

aminotransferase (AST) and glutamic-pyruvic trans-

aminase (ALT) detection kits were acquired through the 

Jiancheng Bioengineering Institute of Nanjing (Nanjing, 

Jiangsu, China). Primary antibodies against HO-1, 

AMPKα, phosphorylation-AMPKα (p-AMPKα), 

AMPKβ, phosphorylation-AMPKβ (p-AMPKβ), AKT 

and phosphorylation-AKT (p-AKT), were procured from 

Cell signal Technology (Boston, MA, USA). Antibodies 

against GCLC, GCLM, NQO1 were acquired by Abcam 

(Cambridgeshire, CA, UK). Anti-Nrf2 was gained from 

Affinity Biosciences. Antibodies against Lamin B, β-

actin were acquired from Proteintech Group Inc. (Boston, 

MA, USA). HRP-conjugated goat anti-·rabbit and goat 

anti-mouse antibodies were afforded by Boster Biological 

Technology (Wuhan, Hubei, China). All other chemicals 

were of reagent grade. 

 

Animals 

 

Nrf2-/- (knockout) and wild-type (WT) male C57BL/6 

mice (18-22 g, 6-8 weeks old) were obtained by the 

Jackson Laboratory (Bar Harbor, ME, USA) and 
Liaoning Changsheng Biotechnology (Shen Yang, 

China). The mice were maintained in polypropylene 

cages in cages with the temperature of 24 ± 1° C 

(relative humidity 40-80%). All animal experiments 

were reviewed and approved by the Animal Welfare 

and Research Ethics Committee at Jilin University 

(approval number of ethics: SY202106005). 

 

Animals treatment 

 

The wild-type mice were divided into 6 groups and 

treated as follow: control group, APAP (500 mg/kg) 

group, Phps (80 mg/kg) group, Phps (40 mg/kg) and 

APAP (500 mg/kg) group, Phps (60 mg/kg) and APAP 

(500 mg/kg) group, Phps (80 mg/kg) and APAP (500 

mg/kg) group; the Nrf2-/- mice were randomly separated 

into 4 groups: control group (WT), APAP (500 mg/kg) 

group (WT), Phps (80 mg/kg) and APAP (500 mg/kg) 

group (WT), Phps (80 mg/kg) and APAP (500 mg/kg) 

group (Nrf2-/-), 6 mice for each group. The mice were 

treated with intraperitoneal injection of 200 μL 

Physiological saline containing Phps (40, 60, 80 

mg/kg). Injected APAP (500 mg/kg) 200 μL through 

intraperitoneal injection at 1h later. After 5 hours, the 

blood was collected through retro-orbital venous plexus. 

And then the liver tissues were removed for 

histopathological examination and protein extraction. 

 

Histopathological evaluation 

 

The part of liver in each group was isolated and 

followed formalin fixation for 6 hours. All specimens 

were embedded by paraffin wax. And then we used 

hematoxylin and eosin (H&E) to evaluate the injury 

degree. 

 

Serum ALT and AST level 

 

Bloods were placed at 4° C for 18 hours, and then 

centrifugated at 3000 rpm for 10 min. the serum were 

detected for ALT and AST followed with the kit 

instructions. 

 

MPO and GSH analyses 

 

The liver tissues were homogenized with normal saline 

and then operated according to the instructions. The 

absorbancy was gauged at 460 nm. At last calculated 

the activity of MPO level followed by formula. The 

liver GSH level measured as the instructions. Briefly 

liver tissues were homogenized in special buffer 

solution at 4° C. Then, the absorbancy was detected at 

412 nm. Finally, the liver GSH levels were normalized 

to the protein concentration. 

 

Western blot analysis 

 

The liver tissues were lysed by Radio Immunoprecipitation 

Assay (RIPA) containing 1 mM phenyl methane sulfonyl 
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fluoride (PMSF) to get protein. In addition, extracted 

nuclear and cytoplasmic protein was under the guidance 

of the instructions. The protein concentration was 

quantified using BCA protein assay kit, and equal 

amounts of protein (20 μg) were separated by 12% 

sodium dodecyl sulfate (SDS)-polyacrylamide gel. And 

then transfer onto polyvinylidene fluoride (PVDF) 

membranes. The membranes were blocked in 5% non-fat 

milk for 3 hours. Incubated with primary antibodies and 

second antibody. Subsequently the membranes were 

detected with enhanced chemiluminescence (ECL) and 

analyzed the bolt with Image-Pro Plus. 

 

Statistical analysis 

 

Three independent data of experiment were collected and 

applied for one-way ANOVA by the GraphPad Prism 

5.0. *P<0.05 or **P<0.01 make sense in statistics. The 

data was presented as mean ± SD. All the experiment 

results are repeated three times independently. 

 

Data availability statement 

 

All relevant data about this research can be requested 

from the corresponding author. 
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APAP: Acetaminophen; Phps: Phellinus linteus 

polysaccharides; ALT: Alanine transaminase; AST: 

Aspartate aminotransferase; MPO: Myeloperoxidase; 

GSH: Glutathione; Nrf2: Nuclear factor erythroid-2-

reated factor; HO-1: Heme oxygenase 1; GCLC: 
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cysteine ligase modifier; NQO1: Quinone oxidoreductase; 

AMPK: Adenosine5’-monophosphate (AMP)-activated 

protein kinase. 

 

AUTHOR CONTRIBUTIONS 
 

Haihua Feng, Lilei Zhao and Lianwen Zheng contributed 

to the design. Zheng Li, Jiaqi Cheng and Meiyu Jin did 

the data collection. Qi Wang, Jinxia Li contributed for the 

analysis. Lilei Zhao and Lianwen Zheng contributed for 

the writing of the article. Haihua Feng did the revisions 

of the article. 

 

CONFLICTS OF INTEREST 
 

The authors declare no potential conflicts of interest 

with respect to this study. 

 

ETHICAL STATEMENT 
 

All animal experiments were reviewed and approved by 

the Animal Welfare and Research Ethics Committee at 

Jilin University (approval number of ethics: 

SY202106005). 

 

FUNDING 
 

This work was supported by grants from the National 

Natural Science Foundation of China (No.31970507 

and No.31772798). 

 

REFERENCES 
 
1. Hassan A, Fontana RJ. The diagnosis and management 

of idiosyncratic drug-induced liver injury. Liver Int. 
2019; 39:31–41. 

 https://doi.org/10.1111/liv.13931 PMID:30003672 

2. Yoon E, Babar A, Choudhary M, Kutner M, Pyrsopoulos 
N. Acetaminophen-Induced Hepatotoxicity: a 
Comprehensive Update. J Clin Transl Hepatol. 2016; 
4:131–42. 

 https://doi.org/10.14218/JCTH.2015.00052 
PMID:27350943 

3. Wu CT, Deng JS, Huang WC, Shieh PC, Chung MI, 
Huang GJ. Salvianolic Acid C against Acetaminophen-
Induced Acute Liver Injury by Attenuating 
Inflammation, Oxidative Stress, and Apoptosis through 
Inhibition of the Keap1/Nrf2/HO-1 Signaling. Oxid Med 
Cell Longev. 2019; 2019:9056845. 

 https://doi.org/10.1155/2019/9056845 
PMID:31214283 

4. Saito C, Yan HM, Artigues A, Villar MT, Farhood A, 
Jaeschke H. Mechanism of protection by 
metallothionein against acetaminophen hepatotoxicity. 
Toxicol Appl Pharmacol. 2010; 242:182–90. 

 https://doi.org/10.1016/j.taap.2009.10.006 
PMID:19835899 

5. Loboda A, Damulewicz M, Pyza E, Jozkowicz A, Dulak J. 
Role of Nrf2/HO-1 system in development, oxidative 
stress response and diseases: an evolutionarily 
conserved mechanism. Cell Mol Life Sci. 2016; 
73:3221–47. 

 https://doi.org/10.1007/s00018-016-2223-0 
PMID:27100828 

6. Tonelli C, Chio IIC, Tuveson DA. Transcriptional 
Regulation by Nrf2. Antioxid Redox Signal. 2018; 
29:1727–45. 

 https://doi.org/10.1089/ars.2017.7342 
PMID:28899199 

7. Beyer TA, Xu W, Teupser D, auf dem Keller U, Bugnon 
P, Hildt E, Thiery J, Kan YW, Werner S. Impaired liver 
regeneration in Nrf2 knockout mice: role of ROS-
mediated insulin/IGF-1 resistance. EMBO J. 2008; 
27:212–23. 

 https://doi.org/10.1038/sj.emboj.7601950 

https://doi.org/10.1111/liv.13931
https://pubmed.ncbi.nlm.nih.gov/30003672
https://doi.org/10.14218/JCTH.2015.00052
https://pubmed.ncbi.nlm.nih.gov/27350943
https://doi.org/10.1155/2019/9056845
https://pubmed.ncbi.nlm.nih.gov/31214283
https://doi.org/10.1016/j.taap.2009.10.006
https://pubmed.ncbi.nlm.nih.gov/19835899
https://doi.org/10.1007/s00018-016-2223-0
https://pubmed.ncbi.nlm.nih.gov/27100828
https://doi.org/10.1089/ars.2017.7342
https://pubmed.ncbi.nlm.nih.gov/28899199
https://doi.org/10.1038/sj.emboj.7601950


www.aging-us.com 7001 AGING 

PMID:18059474 

8. Wakabayashi N, Skoko JJ, Chartoumpekis DV, Kimura S, 
Slocum SL, Noda K, Palliyaguru DL, Fujimuro M, Boley 
PA, Tanaka Y, Shigemura N, Biswal S, Yamamoto M, 
Kensler TW. Notch-Nrf2 axis: regulation of Nrf2 gene 
expression and cytoprotection by notch signaling. Mol 
Cell Biol. 2014; 34:653–63. 

 https://doi.org/10.1128/MCB.01408-13 
PMID:24298019 

9. Lahvis GP, Lindell SL, Thomas RS, McCuskey RS, 
Murphy C, Glover E, Bentz M, Southard J, Bradfield CA. 
Portosystemic shunting and persistent fetal vascular 
structures in aryl hydrocarbon receptor-deficient mice. 
Proc Natl Acad Sci USA. 2000; 97:10442–7. 

 https://doi.org/10.1073/pnas.190256997 
PMID:10973493 

10. Lamlé J, Marhenke S, Borlak J, von Wasielewski R, 
Eriksson CJ, Geffers R, Manns MP, Yamamoto M, Vogel 
A. Nuclear factor-eythroid 2-related factor 2 prevents 
alcohol-induced fulminant liver injury. 
Gastroenterology. 2008; 134:1159–68. 

 https://doi.org/10.1053/j.gastro.2008.01.011 
PMID:18395094 

11. Grahame Hardie D. AMP-activated protein kinase: a 
key regulator of energy balance with many roles in 
human disease. J Intern Med. 2014; 276:543–59. 

 https://doi.org/10.1111/joim.12268 PMID:24824502 

12. Hulo S, Tiesset H, Lancel S, Edmé JL, Viollet B, Sobaszek 
A, Nevière R. AMP-activated protein kinase deficiency 
reduces ozone-induced lung injury and oxidative stress 
in mice. Respir Res. 2011; 12:64. 

 https://doi.org/10.1186/1465-9921-12-64 
PMID:21595935 

13. Liu XM, Peyton KJ, Shebib AR, Wang H, Korthuis RJ, 
Durante W. Activation of AMPK stimulates heme 
oxygenase-1 gene expression and human endothelial 
cell survival. Am J Physiol Heart Circ Physiol. 2011; 
300:H84–93. 

 https://doi.org/10.1152/ajpheart.00749.2010 
PMID:21037234 

14. Ni HM, Bockus A, Boggess N, Jaeschke H, Ding WX. 
Activation of autophagy protects against 
acetaminophen-induced hepatotoxicity. Hepatology. 
2012; 55:222–32. 

 https://doi.org/10.1002/hep.24690  
PMID:21932416 

15. Igusa Y, Yamashina S, Izumi K, Inami Y, Fukada H, 
Komatsu M, Tanaka K, Ikejima K, Watanabe S. Loss of 
autophagy promotes murine acetaminophen 
hepatotoxicity. J Gastroenterol. 2012; 47:433–43. 

 https://doi.org/10.1007/s00535-011-0500-0 
PMID:22124574 

16. Liu R, Cui J, Sun Y, Xu W, Wang Z, Wu M, Dong H, Yang 
C, Hong S, Yin S, Wang H. Autophagy deficiency 
promotes M1 macrophage polarization to exacerbate 
acute liver injury via ATG5 repression during aging. Cell 
Death Discov. 2021; 7:397. 

 https://doi.org/10.1038/s41420-021-00797-2 
PMID:34930917 

17. Shao L, Xiong X, Zhang Y, Miao H, Ren Y, Tang X, Song J, 
Wang C. IL-22 ameliorates LPS-induced acute liver 
injury by autophagy activation through ATF4-ATG7 
signaling. Cell Death Dis. 2020; 11:970. 

 https://doi.org/10.1038/s41419-020-03176-4 
PMID:33177520 

18. Zhou S, Gu J, Liu R, Wei S, Wang Q, Shen H, Dai Y, Zhou 
H, Zhang F, Lu L. Spermine Alleviates Acute Liver Injury 
by Inhibiting Liver-Resident Macrophage Pro-
Inflammatory Response Through ATG5-Dependent 
Autophagy. Front Immunol. 2018; 9:948. 

 https://doi.org/10.3389/fimmu.2018.00948 
PMID:29770139 

19. Pei L, He L. Hepatoprotective effect of anemoside B4 
against sepsis-induced acute liver injury through 
modulating the mTOR/p70S6K-mediated autophagy. 
Chem Biol Interact. 2021; 345:109534. 

 https://doi.org/10.1016/j.cbi.2021.109534 
PMID:34051206 

20. Alonso EM, James LP, Zhang S, Squires RH, and 
Pediatric Acute Liver Failure Study Group. 
Acetaminophen Adducts Detected in Serum of 
Pediatric Patients With Acute Liver Failure. J Pediatr 
Gastroenterol Nutr. 2015; 61:102–7. 

 https://doi.org/10.1097/MPG.0000000000000814 
PMID:25859823 

21. Qiu Y, Benet LZ, Burlingame AL. Identification of the 
hepatic protein targets of reactive metabolites of 
acetaminophen in vivo in mice using two-dimensional 
gel electrophoresis and mass spectrometry. J Biol 
Chem. 1998; 273:17940–53. 

 https://doi.org/10.1074/jbc.273.28.17940 
PMID:9651401 

22. Xie Y, McGill MR, Du K, Dorko K, Kumer SC, Schmitt TM, 
Ding WX, Jaeschke H. Mitochondrial protein adducts 
formation and mitochondrial dysfunction during N-
acetyl-m-aminophenol (AMAP)-induced hepatotoxicity 
in primary human hepatocytes. Toxicol Appl 
Pharmacol. 2015; 289:213–22. 

 https://doi.org/10.1016/j.taap.2015.09.022 
PMID:26431796 

23. Yang Y, Zhang J, Liu Y, Tang Q, Zhao Z, Xia W. Structural 
elucidation of a 3-O-methyl-D-galactose-containing 
neutral polysaccharide from the fruiting bodies of 
Phellinus igniarius. Carbohydr Res. 2007; 342:1063–70. 

https://pubmed.ncbi.nlm.nih.gov/18059474
https://doi.org/10.1128/MCB.01408-13
https://pubmed.ncbi.nlm.nih.gov/24298019
https://doi.org/10.1073/pnas.190256997
https://pubmed.ncbi.nlm.nih.gov/10973493
https://doi.org/10.1053/j.gastro.2008.01.011
https://pubmed.ncbi.nlm.nih.gov/18395094
https://doi.org/10.1111/joim.12268
https://pubmed.ncbi.nlm.nih.gov/24824502
https://doi.org/10.1186/1465-9921-12-64
https://pubmed.ncbi.nlm.nih.gov/21595935
https://doi.org/10.1152/ajpheart.00749.2010
https://pubmed.ncbi.nlm.nih.gov/21037234
https://doi.org/10.1002/hep.24690
https://pubmed.ncbi.nlm.nih.gov/21932416
https://doi.org/10.1007/s00535-011-0500-0
https://pubmed.ncbi.nlm.nih.gov/22124574
https://doi.org/10.1038/s41420-021-00797-2
https://pubmed.ncbi.nlm.nih.gov/34930917
https://doi.org/10.1038/s41419-020-03176-4
https://pubmed.ncbi.nlm.nih.gov/33177520
https://doi.org/10.3389/fimmu.2018.00948
https://pubmed.ncbi.nlm.nih.gov/29770139
https://doi.org/10.1016/j.cbi.2021.109534
https://pubmed.ncbi.nlm.nih.gov/34051206
https://doi.org/10.1097/MPG.0000000000000814
https://pubmed.ncbi.nlm.nih.gov/25859823
https://doi.org/10.1074/jbc.273.28.17940
https://pubmed.ncbi.nlm.nih.gov/9651401
https://doi.org/10.1016/j.taap.2015.09.022
https://pubmed.ncbi.nlm.nih.gov/26431796


www.aging-us.com 7002 AGING 

 https://doi.org/10.1016/j.carres.2007.02.019 
PMID:17359952 

24. Chen H, Tian T, Miao H, Zhao YY. Traditional uses, 
fermentation, phytochemistry and pharmacology of 
Phellinus linteus: A review. Fitoterapia. 2016; 113:6–26. 

 https://doi.org/10.1016/j.fitote.2016.06.009 
PMID:27343366 

25. Mo C, Wang L, Zhang J, Numazawa S, Tang H, Tang X, 
Han X, Li J, Yang M, Wang Z, Wei D, Xiao H. The 
crosstalk between Nrf2 and AMPK signal pathways is 
important for the anti-inflammatory effect of 
berberine in LPS-stimulated macrophages and 
endotoxin-shocked mice. Antioxid Redox Signal. 2014; 
20:574–88. 

 https://doi.org/10.1089/ars.2012.5116 
PMID:23875776 

26. 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. 

 https://doi.org/10.1016/j.redox.2018.04.019 
PMID:29753208 

27. McGill MR, Williams CD, Xie Y, Ramachandran A, 
Jaeschke H. Acetaminophen-induced liver injury in rats 
and mice: comparison of protein adducts, 
mitochondrial dysfunction, and oxidative stress in the 
mechanism of toxicity. Toxicol Appl Pharmacol. 2012; 
264:387–94. 

 https://doi.org/10.1016/j.taap.2012.08.015 
PMID:22980195 

28. Hardie DG, Ross FA, Hawley SA. AMPK: a nutrient and 
energy sensor that maintains energy homeostasis. Nat 
Rev Mol Cell Biol. 2012; 13:251–62. 

 https://doi.org/10.1038/nrm3311 PMID:22436748 

29. Lyons CL, Roche HM. Nutritional Modulation of AMPK-
Impact upon Metabolic-Inflammation. Int J Mol Sci. 
2018; 19:3092. 

 https://doi.org/10.3390/ijms19103092 
PMID:30304866 

30. Joo MS, Kim WD, Lee KY, Kim JH, Koo JH, Kim SG. 
AMPK Facilitates Nuclear Accumulation of Nrf2 by 
Phosphorylating at Serine 550. Mol Cell Biol. 2016; 
36:1931–42. 

 https://doi.org/10.1128/MCB.00118-16 
PMID:27161318 

31. Chen B, Lu Y, Chen Y, Cheng J. The role of Nrf2 in 
oxidative stress-induced endothelial injuries. J 
Endocrinol. 2015; 225:R83–99. 

 https://doi.org/10.1530/JOE-14-0662  
PMID:25918130 

32. Du F, Wang X, Shang B, Fang J, Xi Y, Li A, Diao Y. 
Gastrodin ameliorates spinal cord injury via antioxidant 
and anti-inflammatory effects. Acta Biochim Pol. 2016; 
63:589–93. 

 https://doi.org/10.18388/abp.2016_1272 
PMID:27474401 

33. Ni HM, McGill MR, Chao X, Du K, Williams JA, Xie Y, 
Jaeschke H, Ding WX. Removal of acetaminophen 
protein adducts by autophagy protects against 
acetaminophen-induced liver injury in mice. J Hepatol. 
2016; 65:354–62. 

 https://doi.org/10.1016/j.jhep.2016.04.025 
PMID:27151180 

34. Lin Z, Wu F, Lin S, Pan X, Jin L, Lu T, Shi L, Wang Y, Xu A, 
Li X. Adiponectin protects against acetaminophen-
induced mitochondrial dysfunction and acute liver 
injury by promoting autophagy in mice. J Hepatol. 
2014; 61:825–31. 

 https://doi.org/10.1016/j.jhep.2014.05.033 
PMID:24882054 

35. Zhang Y, Pan Y, Xiong R, Zheng J, Li Q, Zhang S, Li X,  
Pan X, Yang S. FGF21 mediates the protective effect  
of fenofibrate against acetaminophen -induced 
hepatotoxicity via activating autophagy in mice. 
Biochem Biophys Res Commun. 2018; 503:474–81. 

 https://doi.org/10.1016/j.bbrc.2018.04.157 
PMID:29730296 

https://doi.org/10.1016/j.carres.2007.02.019
https://pubmed.ncbi.nlm.nih.gov/17359952
https://doi.org/10.1016/j.fitote.2016.06.009
https://pubmed.ncbi.nlm.nih.gov/27343366
https://doi.org/10.1089/ars.2012.5116
https://pubmed.ncbi.nlm.nih.gov/23875776
https://doi.org/10.1016/j.redox.2018.04.019
https://pubmed.ncbi.nlm.nih.gov/29753208
https://doi.org/10.1016/j.taap.2012.08.015
https://pubmed.ncbi.nlm.nih.gov/22980195
https://doi.org/10.1038/nrm3311
https://pubmed.ncbi.nlm.nih.gov/22436748
https://doi.org/10.3390/ijms19103092
https://pubmed.ncbi.nlm.nih.gov/30304866
https://doi.org/10.1128/MCB.00118-16
https://pubmed.ncbi.nlm.nih.gov/27161318
https://doi.org/10.1530/JOE-14-0662
https://pubmed.ncbi.nlm.nih.gov/25918130
https://doi.org/10.18388/abp.2016_1272
https://pubmed.ncbi.nlm.nih.gov/27474401
https://doi.org/10.1016/j.jhep.2016.04.025
https://pubmed.ncbi.nlm.nih.gov/27151180
https://doi.org/10.1016/j.jhep.2014.05.033
https://pubmed.ncbi.nlm.nih.gov/24882054
https://doi.org/10.1016/j.bbrc.2018.04.157
https://pubmed.ncbi.nlm.nih.gov/29730296

