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Abstract

 Background & Aims—Acetaminophen (APAP)-induced liver injury is the most frequent 

cause of acute liver failure in the US and many other countries. Metabolism of APAP results in 

formation of APAP protein adducts (APAP-AD) in hepatocytes and triggers mitochondrial 

dysfunction and necrosis. However, the mechanisms for how APAP-AD are removed from 

hepatocytes remain unknown.

 Methods—Mice or primary hepatocytes were treated with APAP. APAP-AD were determined 

by immunoblot, immunostaining and HPLC-ED analysis.

 Results—We found that APAP-AD were detected at 1 hr, peaked at approximately 2 hrs, 

declined at 6 hrs and almost full removed at 24 hrs post treatment with APAP in mouse livers and 

in primary mouse hepatocytes. APAP-AD displayed a punctate pattern and were co-localized with 

GFP-LC3 positive autophagosomes and Lamp1 positive lysosomes in APAP-treated primary 

hepatocytes. Moreover, isolated autophagosomes and autolysosomes from APAP-treated mouse 

livers contained APAP-AD, suggesting autophagy may selectively remove APAP-AD. APAP-AD 

were detected in both detergent soluble and insoluble pools in APAP-treated mouse livers and 

hepatocytes. More importantly, pharmacological inhibition of autophagy by leupeptin or 

chloroquine increased whereas induction of autophagy by Torin 1 decreased serum APAP-AD 

levels in APAP-treated mice, which correlated with alanine aminotransferase levels and liver 

necrosis. Furthermore, SQSTM1/p62, an autophagy receptor protein, was recruited to APAP-AD. 

Adenovirus-mediated shRNA knockdown of SQSTM1/p62 led to increased APAP-AD and 

necrosis in primary hepatocytes.

*Correspondence to: Wen-Xing Ding, Ph.D., Department of Pharmacology, Toxicology and Therapeutics, University of Kansas 
Medical Center, MS 1018, 3901 Rainbow Blvd., Kansas City, Kansas 66160, Phone: 913-588-9813, Fax: 913- 588-7501, 
wxding@kumc.edu. 

Contributions of the authors: H.M.N, M.M.R., C.X., D.K., W.J.A., X.Y. and W.X.D performed experiments. W.X.D and H.J. 
conceived the idea and supervised and wrote the manuscript. Everyone read this manuscript and approved for submission. There is no 
conflict of interests to claim for all the authors.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Hepatol. Author manuscript; available in PMC 2017 August 01.

Published in final edited form as:
J Hepatol. 2016 August ; 65(2): 354–362. doi:10.1016/j.jhep.2016.04.025.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 Conclusions—Our data indicate that APAP-AD are removed through selective autophagy. 

Pharmacological induction of autophagy may be a novel promising approach for treating APAP-

induced liver injury.
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 Introduction

Acetaminophen (APAP) is a safe drug at therapeutic levels, but an overdose can cause severe 

liver injury and even acute liver failure in animals and man [1]. It is well established that the 

formation of a reactive metabolite, presumably N-acetyl-p-benzoquinone imine (NAPQI), 

which causes the depletion of cellular glutathione (GSH) and APAP protein adduct (APAP-

AD) formation, is critical for the initiation of toxicity [1–4]. Initially, it was hypothesized 

that protein binding directly causes cell death [5]. However, this hypothesis was later refined 

by suggesting that critical proteins within cells were being adducted. Despite substantial 

efforts and some success in identifying APAP-AD, consequences of protein binding on 

certain enzyme activities in the cell could not explain the massive cell necrosis observed 

after APAP overdose [6, 7]. However, it was recognized that APAP overdose causes 

mitochondrial dysfunction, which is critical to trigger hepatocyte necrosis and subsequent 

liver injury [8–10]. The effects on mitochondria are thought to be initiated by APAP-AD 

formation. This hypothesis originated from the comparison between APAP, where 

mitochondrial APAP-AD and toxicity were observed, and 3′-hydroxyacetanilide (AMAP), a 

nonhepatotoxic regioisomer of APAP, which shows similar overall protein binding in the 

mouse liver but no adducts in mitochondria [11]. More importantly, similar to the mouse 

model, APAP-AD are formed in patients after APAP overdose [12], and we demonstrated 
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that mitochondrial damage is an important feature of APAP-induced liver injury in patients 

[8, 13]. Thus, APAP-AD formation is the critical initiation event for mitochondrial damage, 

which is vital for the amplification of cell death signaling events that determine APAP-

induced necrosis and liver injury [14]. Therefore, timely removal of APAP-AD and damaged 

mitochondria to maintain normal mitochondrial function and provide sufficient ATP is a 

critical process necessary for the recovery of mice and humans from APAP intoxication [15, 

16]. Despite the importance of APAP-AD formation, how hepatocytes remove APAP-AD is 

unknown.

Cells can respond and adapt to various forms of stress, which may limit the extent of cell 

death. One adaptation and protective mechanism to control cellular stress, protein 

homeostasis and maintain mitochondrial quality is autophagy. Autophagy is a highly 

conserved intracellular degradation pathway, which is activated in response to adverse 

environmental conditions, such as the deprivation of nutrients or growth factors, as a survival 

mechanism [17, 18]. Autophagy protects cells by selectively removing toxic protein 

aggregates and damaged mitochondria [19–21]. We previously demonstrated that APAP 

activates autophagy in primary cultured hepatocytes and in mouse livers to remove damaged 

mitochondria [21–23]. However, whether APAP-induced autophagy can also help remove 

APAP-AD is not known. Therefore, our goal in the present study was to assess the role and 

mechanisms of APAP-induced autophagy in removal of APAP-AD in primary cultured 

mouse and human hepatocytes as well as in a mouse model.

 Materials and Methods

 Antibodies and Reagents

Antibodies used in the study were p62 (Abnova), β-Actin (Sigma), GAPDH (Cell 

Signaling), Lamp1 (Developmental Studies Hybridoma Bank, Iowa City, IA), and the rabbit 

anti-APAP-adducts antibody was kindly provided by Dr. Lance Pohl (National Heart, Lung 

and Blood Institute) [24]. The rabbit polyclonal anti-LC3 antibody was described previously 

[25]. The secondary antibodies and other reagents were described in Supplemental 

Materials.

 Animal experiments

Wild-type mice were maintained in a C57BL/6 background. All animals received humane 

care and the procedures were approved by the Institutional Animal Care and Use Committee 

of the University of Kansas Medical Center. Mice were either given saline (i.p.) or APAP 

(500 mg/kg, i.p.). Mice were sacrificed at 0.5, 1, 2, 6 and 24 hrs. In some experiments, mice 

were treated with chloroquine (CQ, 60 mg/kg, i.p.) or leupeptin (Leu, 40 mg/kg, i.p.) 

simultaneously with APAP (500 mg/kg) for 3 and 6 hrs, respectively. For post treatment 

experiments, mice were either given saline or APAP (500 mg/kg, i.p) for 2 hrs followed by 

administration of vehicle (4% methyl-β-cyclodextrin in saline, i.p.) or Torin 1 (2 mg/kg, 

dissolved in 4% methyl-β-cyclodextrin in saline, i.p.) for another 6 hrs. Liver injury was 

assessed by the determination of serum alanine aminotransferase (ALT) activity and 

hematoxylin and eosin (H&E) staining of liver sections as we described previously [22]. 
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Total liver lysates were prepared using RIPA buffer (1% NP40, 0.5% sodium deoxycholate, 

0.1% sodium dodecyl (lauryl) sulfate).

 Acquisition of human samples

Blood samples were obtained from patients admitted to the University of Kansas Hospital in 

Kansas City, Kansas following APAP overdose and from healthy volunteers, as previously 

described [13].

 Hepatic GSH content and APAP-protein adducts measurement

GSH was measured using a modified Tietze assay, as described [26]. APAP-cysteine (APAP-

Cys) adducts were measured by high pressure liquid chromatography (HPLC) with 

electrochemical detection (ED) as we described previously [23]. Namely, sample dialysis 

was replaced with a rapid gel-filtration method to remove free APAP and APAP-GSH prior 

to digestion and analysis. Protein levels were determined using a standard bicinchoninic acid 

assay, and adducts were normalized to total protein in the liver homogenates.

 Primary hepatocytes culture

Murine and human hepatocytes were isolated by a retrograde, nonrecirculating perfusion of 

livers with 0.05% Collagenase Type IV (Sigma) as described previously [27, 28]. All cells 

were maintained in a 37°C incubator with 5% CO2.

 Immunoblot analysis for autophagy markers and APAP-AD from human blood samples

Twenty micrograms of serum proteins from healthy human volunteers and APAP-exposed 

humans were subjected to immunoblot analysis for APAP-AD and LC3. Human blood 

samples were obtained from APAP overdose patients and healthy volunteers as described 

previously [13].

Cellular fractionation for autophagosomes and lysosomes, preparation for detergent soluble 

and insoluble liver fractions, immunoblot assay, electron microscopy and fluorescence 

confocal microscopy were described in detail in Supplemental Materials.

 Statistical Analysis

Experimental data were subjected to Student t-test or one way analysis of variance analysis 

with Scheffé’s post hoc test where appropriate.

 Results

 Time-dependent changes of APAP-AD levels following APAP treatment

Using a specific antibody against APAP-AD and HPLC-ED analysis for APAP-cysteine 

(APAP-Cys) adducts, we performed a time-course study to determine dynamic changes of 

APAP-AD formation in the mouse liver following APAP treatment. We found three major 

APAP-adducted proteins at approximately 32, 45, and 60 kDa in APAP-treated mouse liver, 

and the 45 kDa protein was the most abundant (Fig. 1A). These bands were specific for 

APAP because they were barely detected in the control samples, and the pattern was 

consistent with previous reports using similar antibodies [29, 30]. APAP-AD increased after 
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1 hr treatment with APAP and reached a maximum around 2 hrs after treatment. APAP-AD 

began to decline at 6 hrs and further declined at 24 hrs after treatment. These results from 

western blot analysis were consistent with the results that were obtained by HPLC-ED 

analysis for APAP-AD (Fig. 1B). Hepatic GSH levels started to decline at 0.5 hr and reached 

the lowest levels at 2 hrs after APAP administration. The GSH levels started to recover at 6 

hrs following APAP administration and were completely recovered at 24 hrs (Fig. 1C). 

These data indicate that the depletion of GSH after APAP treatment correlates with 

increased formation of APAP-AD.

 Autophagy compartments are associated with APAP-AD

We next determined dynamic changes of APAP-AD in primary cultured mouse hepatocytes. 

We found that the levels of APAP-AD peaked at 6 hrs and declined at 24 hrs after APAP 

treatment in primary cultured mouse hepatocytes (Fig. 2A), which is similar to the changes 

of APAP-AD that we found in APAP-treated mouse livers (Fig. 1A). APAP treatment also 

increased autophagic flux in cultured hepatocytes as demonstrated by the time-dependent 

degradation of the autophagy substrate protein p62. The levels of LC3-II also decreased 

between 0.5 and 6 hrs, likely due to increased numbers of autolysosomes, which degrade 

LC3-II along with autophagic cargo after APAP treatment. Interestingly, the level of LC3-II 

increased again 24 hrs after APAP treatment, which was likely due to increased formation of 

early autophagosomes (Fig. 2A). Immunostaining for APAP-AD revealed that APAP 

treatment increased APAP-AD signals compared to non-treated control cells (Fig. 2B). 

Interestingly, APAP-AD signals displayed a punctate peri-nuclear pattern, where lysosomes 

are enriched. Indeed, more than 20% of GFP-LC3 puncta were colocalized with APAP-AD 

signals, which were further increased to approximately 50% in the presence of CQ, 

indicating that APAP-AD could be enveloped by GFP-LC3 positive AP/autolysosomes (Fig. 

2B & C). The increased colocalization of GFP-LC3 puncta with APAP-AD by CQ treatment 

could be due to blocking of autophagic degradation of APAP-AD. Moreover, we found that 

APAP-AD signals also colocalized with Lamp1, a lysosomal marker, and this colocalization 

was enhanced in the presence of CQ (Supplemental Fig 1). These findings indicate that 

autophagosomal and lysosomal compartments are closely associated with APAP-AD in 

hepatocytes. To further confirm that APAP-AD can be enveloped in the AP and lysosomes 

(Ly) in the liver, we purified AP and Ly from saline, APAP, APAP+CQ or CQ-treated mouse 

livers using a Nycodenz gradient centrifugation approach. These fractions were confirmed 

by WB analysis for the AP marker (LC3-II) and Ly marker (Lamp1) (Fig. 2D–E). 

Interestingly, APAP-AD were detected in both AP and Ly fractions in APAP-treated mouse 

livers but not in control saline-treated mouse livers (Fig. 2D). Moreover, the levels of APAP-

AD were higher in Ly fractions isolated from APAP+CQ-treated mice than APAP treatment 

alone (Fig. 2E). The WB analysis results were also confirmed by HPLC analysis for APAP-

Cys using purified Ly fractions, which showed a 2 fold increase of APAP-AD in Ly 

compartments in the presence of CQ (Fig. 2F). These results indicate that APAP-AD are 

indeed enclosed in AP and Ly compartments. Blocking lysosomal degradation by CQ further 

enhanced the colocalization of APAP-AD with autolysosomal compartments

We next determined the level of APAP-AD when mice were treated with APAP in the 

presence or absence of leupeptin (Leu) or chloroquine (CQ), which inhibits autophagy 
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degradation by blocking lysosomal proteases or increasing lysosomal pH. We found that 

serum ALT levels were almost 5-fold higher in APAP and Leu-treated mice compared to 

APAP alone-treated mice (Fig. 3A), suggesting that inhibition of autophagy by Leu further 

exacerbated APAP-induced liver injury, which is in agreement with our previous findings 

using CQ to inhibit autophagy [22]. To our surprise, the total liver APAP-AD levels were 

very comparable between the APAP and APAP plus Leu treatment groups. Leu alone and 

APAP plus Leu treatments increased LC3-II and p62 levels, indicating that Leu treatment 

indeed blocked hepatic autophagy (Fig. 3B). However, we found that APAP treatment 

increased blood APAP-AD levels, which were markedly enhanced in the presence of Leu 

likely due to elevated hepatocyte necrosis by Leu (Fig. 3C). Similar results were observed 

when autophagy was blocked by CQ (Supplemental Fig. 2). These data suggest that 

blocking autophagy may lead to overall increase of APAP-AD when hepatic and serum 

APAP-AD are taken into consideration. Interestingly, we found that inhibition of autophagy 

by Leu enhanced serum ALT levels almost 4-fold higher than APAP treatment alone as early 

as 3 hours (Supplemental Fig. 3A). Moreover, we also detected increased serum APAP-AD 

levels in APAP plus Leu treated mice but not in APAP alone-treated mice at such an early 

time point (Supplemental Fig. 3B). These data suggest that inhibition of autophagy may 

lower the threshold time to develop APAP-induced liver injury.

We only detected 34 kDa APAP-AD on isolated mitochondria but not the 45 and 60 kDa 

APAP-AD, suggesting the 34 kDa APAP-AD may be specific for mitochondria. 

Furthermore, we found 45 and 60 kDa APAP-AD were the predominant forms of APAP-

AD, whereas only a minimal amount of 34 kDa APAP-AD and no mitochondrial proteins 

(VDAC and Tom20) were detected in the serum (Supplemental Fig. 4A & B). These data 

suggest that autophagic removal of APAP-AD could be a specific separate event rather than 

just serving as a surrogate marker for removal of damaged mitochondria that are adducted 

by APAP. Since autophagy mainly degrades intracellular protein aggregates that are often 

detergent insoluble [20], we wondered whether APAP-AD could also form detergent 

insoluble aggregates in hepatocytes. Indeed, we found that APAP treatment induced both 

detergent soluble and insoluble APAP-AD, and the detergent insoluble APAP-AD levels 

were more predominant than the detergent soluble levels (Supplemental Fig. 5). Leu plus 

APAP treatment slightly decreased the detergent soluble APAP-AD and p62 levels but 

markedly increased the detergent insoluble APAP-AD and p62 levels (Fig. 3D & E), 

suggesting that blocking autophagy degradation results in selective accumulation of 

detergent insoluble APAP-AD and p62. Collectively, these data suggest that APAP-AD are 

associated with the autophagy-lysosomal pathway, and blocking autophagy degradation 

increases insoluble APAP-AD levels and necrosis in the liver as well as blood APAP-AD 

levels in mice.

 Post- and co-treatment with Torin 1 protects against APAP-induced liver injury

To determine whether pharmacological stimulation of autophagy after the peak of adduct 

formation can attenuate APAP-induced liver injury by accelerated removal of APAP-AD, 

mice were treated with Torin 1 (an mTOR inhibitor and autophagy inducer) 2 hrs after 

APAP administration. Therapeutic Torin 1 treatment markedly decreased blood ALT and 

APAP-AD levels at 8 hrs (Fig. 4A & D) and improved necrosis in the liver (Fig. 4B) 
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although did not affect the total hepatic APAP-AD levels (Fig. 4C). The levels of 

phosphorylated 4E-BP1 decreased by APAP or Torin 1 treatment (Fig. 4C), suggesting that 

Torin 1 inhibits mTOR in the mouse livers. Co-treatment of Torin 1 with APAP reduced 

blood APAP-AD to almost undetectable levels, but it did not affect hepatic APAP-AD levels. 

As a result, Torin 1 also significantly reduced APAP-induced increased serum ALT levels 

(Supplemental Fig. 6). These results suggest that pharmacological induction of autophagy 

may be beneficial for treating APAP-induced liver injury even after APAP is metabolized 

and APAP-AD is generated.

 p62 promotes autophagic removal of APAP-AD to reduce APAP-induced hepatotoxicity

We found that a small portion of APAP-AD stained positive for p62 in APAP-treated 

hepatocytes, which was markedly enhanced in the presence of CQ (arrows, Fig. 5A). These 

results together with the colocalization of APAP-AD with GFP-LC3 puncta (Fig. 2B–C) 

suggest that p62 could serve as a receptor for selective removal of APAP-AD by autophagy. 

Knockdown of p62 using an Adenovirus shRNA against p62 markedly reduced endogenous 

p62 levels in primary cultured hepatocytes but markedly enhanced APAP-AD levels in the 

soluble fractions but not in the insoluble fractions following APAP treatment (Fig. 5B). 

Knockdown of p62 also significantly reduced the colocalization of APAP-AD with GFP-

LC3 puncta (Supplemental Fig. 7A–C). Moreover, knockdown of p62 significantly enhanced 

APAP-induced necrosis in primary mouse hepatocytes compared with the shRNA control 

vector infected cells (Fig. 5C & D). These results suggest that p62 is associated with 

selective autophagic degradation of APAP-AD, which is an important cellular protective 

mechanism against APAP-induced cell death.

 Autophagy regulates APAP-AD in human hepatocytes

We found that APAP treatment induced typical necrosis (APAP 33% ± 3 vs control 11% ± 2) 

as demonstrated by propidium iodide (PI) staining in primary human hepatocytes (Fig. 6A & 

B). Similar to murine hepatocytes, APAP treatment increased the level of APAP-AD and 

inhibition of autophagy by CQ further enhanced the levels of APAP-AD in primary cultured 

human hepatocytes (Fig. 6C). These results suggest that the role of autophagy in removing 

APAP-AD is conserved from mouse to human.

 Serum levels of APAP-AD and autophagy markers in APAP overdosed humans

Since we found that modulating autophagy could affect the serum levels of APAP-AD in 

mice, we next determined the serum levels of APAP-AD in APAP overdose human patients 

that had low and high ALT values. We found that the serum levels of APAP-AD increased in 

APAP overdose humans with higher serum ALT levels (range: 3,131 – 5,365 U/L). APAP-

AD were almost undetectable in APAP overdose patients with lower ALT levels (6 – 47 

U/L) who did not develop liver injury. While we did not detect any LC3-II proteins in the 

blood samples from healthy human volunteers, we found LC3-II levels increased in all 

APAP overdose patients regardless of the ALT values (Fig. 7A). These results suggest that 

the serum levels of APAP-AD and LC3-II may be used as biomarkers to monitor APAP-

induced liver injury. The possible molecular events for how autophagy regulates APAP-AD 

levels and APAP-induced liver injury are summarized in Fig. 7B.
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 Discussion

Autophagy plays a critical role in liver physiology and various liver diseases including non-

alcoholic and alcoholic liver diseases, viral hepatitis, protein aggregates, drug-induced liver 

injury and liver tumorigenesis [19]. We have previously demonstrated that pharmacological 

induction of autophagy protects against APAP-induced liver injury, likely via removal of 

APAP-induced damaged mitochondria [21, 22]. The purpose of the present study was to 

investigate whether autophagy is involved in removing APAP-AD.

It is generally agreed that the metabolism of APAP mainly occurs in the liver, and the 

majority of APAP (approximately 90%) is linked to sulfide or glucuronide and secreted via 

the kidneys. The rest, approximately 5–10% is further metabolized via cytochrome P450 

enzymes (mainly Cyp2E1) to generate NAPQI. NAPQI further conjugates with cellular GSH 

without obvious harmful effects on hepatocytes under therapeutic dosing. Upon exposure to 

APAP overdose, cellular GSH is depleted and NAPQI then forms covalent links with the 

sulfhydryl group on cysteine components of many proteins to form APAP-AD. NAPQI 

adducted proteins may alter the functions of these proteins and contribute to APAP-induced 

liver injury. Indeed, the serum levels of APAP-AD are associated with APAP-induced liver 

injury in both mice and humans [15, 31]. Therefore, many early works have attempted to 

identify the key APAP-adducted proteins using either immunoblot analysis for subcellular 

liver fractions or mass spectrometry-based proteomic analysis of liver lysates from APAP 

overdose mice [30, 32]. Many of the proteins adducted by APAP identified from these 

earlier studies are cytoplasmic enzymes. However, the activities of these enzymes were only 

marginally affected by APAP adduction and seem not to be essential for APAP-induced 

hepatotoxicity [33]. Moreover, 3′-hydroxyacetanilide or N-acetyl-meta-aminophenol 

(AMAP), a regioisomer of APAP, can form protein adducts in mouse and human hepatocytes 

but only causes hepatotoxicity in humans [8]. Compared with APAP, fewer mitochondrial 

protein adducts are induced by AMAP in mice, but the amount of mitochondrial protein 

adducts are significantly increased by AMAP in primary cultured human hepatocytes [8]. 

Rats are resistant to APAP-induced liver injury because rats have fewer mitochondrial 

protein adducts compared with mice after APAP overdose despite almost the same amount 

of hepatic protein adducts are induced [34]. Thus, it appears that it is not the total amount of 

protein adducts formed but the sub-cellular location of the protein adducts that is important 

for hepatotoxicity triggered either by AMAP or APAP. Specifically, the formation of 

mitochondrial protein adducts is critical for mitochondrial damage and subsequent necrosis. 

Therefore, understanding the mechanisms by which APAP-AD are regulated after formation 

in hepatocytes may help to attenuate APAP-induced liver injury.

In the present study, we reported for the first time that APAP-AD were detected in isolated 

autophagosomes and autolysosmes from APAP-treated mouse livers. APAP-AD were 

closely associated with GFP-LC3 positive autophagosomes and Lamp1 positive lysosomes 

in primary cultured mouse hepatocytes. Moreover, pharmacological inhibition of lysosomal 

functions increased the retention of APAP-AD in autophagosomes and autolysosomes. 

Furthermore, APAP-AD had both detergent soluble and insoluble portions in the liver and 

cultured hepatocytes. Results from other cellular protein aggregate studies have revealed that 

cellular soluble protein aggregates can be removed by the ubiquitin proteasome system, but 
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the cellular insoluble protein aggregates can only be removed via autophagy [20]. 

Interestingly, we found that inhibition of lysosomal functions by Leu markedly increased the 

portion of detergent insoluble APAP-AD in APAP-treated mouse livers. Taken together, our 

data suggest that autophagy is an important mechanism for the regulation of APAP-AD 

levels in hepatocytes.

One of the intriguing findings in our present study was that modulation of hepatic autophagy 

(either by Torin 1-mediated induction of autophagy or by Leu- or CQ-mediated inhibition of 

autophagy) did not alter the total hepatic APAP-AD levels. However, induction of autophagy 

(Torin 1 treatment) significantly decreased whereas inhibition of autophagy (Leu or CQ 

treatment) increased blood APAP-AD levels. Increased blood APAP-AD levels have been 

detected in APAP overdose mice and humans as well as in humans with a therapeutic dose 

of APAP, which is likely due to the leakage of APAP-AD into the blood as a result of APAP-

induced hepatocyte necrosis [15, 31, 34]. Indeed, mice that were treated with APAP and 

Torin 1 had decreased blood APAP-AD and ALT levels and less liver necrotic areas. 

Conversely, mice that were treated with either Leu or CQ had markedly increased blood 

APAP-AD and ALT levels and more liver necrotic areas. Our results thus suggest that the 

levels of blood APAP-AD but not the hepatic APAP-AD levels seem to correlate with blood 

ALT levels and liver injury. In addition to the protective mitophagy that we previously 

demonstrated [21], results from the present study indicate that autophagy may also protect 

against APAP-induced liver injury by removing APAP-AD.

Accumulating evidence now supports that selective autophagic removal of protein 

aggregates and organelles is mediated by an autophagy-cargo receptor complex, which 

includes ubiquitin and p62 [35, 36]. Mechanistically, p62 directly binds to poly- or mono-

ubiquitin through its C-terminal ubiquitin-associated domain (UBA). p62 also binds directly 

with LC3 via its LC3-interaction region (LIR), and thus acts as a cargo adapter for 

ubiquitinated proteins and links them to autophagy degradation [37]. We found that p62 was 

co-localized with APAP-AD in primary hepatocytes. Moreover, detergent insoluble APAP-

AD levels decreased whereas detergent soluble APAP-AD levels increased in APAP-treated 

p62 knockdown hepatocytes. These results suggest that p62 may bind to APAP-AD and 

facilitate APAP-AD transition to the detergent insoluble “protein aggregate” like structure, 

which can only be removed by autophagy. Thus, p62 may serve as a selective receptor for 

APAP-AD for their selective autophagic removal. Increased necrosis in APAP-treated p62 

knockdown cells suggests that p62-mediated selective autophagy for APAP-AD plays a role 

in protection against APAP-induced necrosis. However, in addition to p62, several other 

autophagy receptor proteins such as NBR1 (Neighbor of BRCA gene 1) and ALFY 

(autophagy linked FYVE protein) have been reported to play a role in autophagic removal of 

protein aggregates [38, 39]. Whether NBR1 or ALFY also plays a role in autophagic 

removal of APAP-AD in hepatocytes remains to be studied.

In conclusion, we demonstrated that APAP-AD co-localized with GFP-LC3 positive 

autophagosomes, and isolated autophagosomes and autolysosomes contained APAP-AD in 

mouse livers. p62 was associated with APAP-AD, and knockdown of p62 increased hepatic 

APAP-AD levels and necrosis. Pharmacological modulation of autophagy can regulate the 

turnover of APAP-AD.
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 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Lay Summary

Acetaminophen overdose can form acetaminophen protein adducts and mitochondria 

damage in hepatocytes resulting in liver injury. Activation of autophagy-lysosomal 

degradation pathway can help to remove acetaminophen protein adducts. 

Pharmacological induction of autophagy may be a novel promising approach for treating 

APAP-induced liver injury.
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Figure 1. The dynamic change of APAP-AD levels in mouse livers
Male C57BL/6J mice were treated with APAP (500 mg/kg) for different time points and 

pooled liver lysates from 3–4 mice of each group were subjected to western blot analysis (A) 

or HPLC-ED analysis (B) for APAP-AD (means ± SE, n=3–4). (C) Mice were treated as in 

(A) and total hepatic GSH contents were determined and data are presented as means ± SE 

(n=3–5). * P<0.05. One way anova analysis with Scheffé’s post hoc test.
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Figure 2. Autophagy compartments are associated with APAP-AD
(A) Primary cultured mouse hepatocytes were treated with APAP (5 mM) for different time 

points and total cell lysates were subjected to western blot analysis. (B) Primary mouse 

hepatocytes were infected with adenovirus GFP-LC3 (10 moi) overnight and then treated 

with APAP (5 mM) in the presence or absence of CQ (20 μM) for 6 hrs. Cells were fixed and 
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immunostained for APAP-AD followed by confocal microscopy. Representative images are 

shown. The right panel image was an enlarged photograph from the boxed area. Arrows 

denote the colocalization of GFP-LC3 positive puncta with APAP-AD. GFP-LC3 puncta that 

were colocalized with APAP-AD per cell were quantified and data are presented as means ± 

SE (n=3 independent experiments, more than 15 cells were counted) (C). * P<0.05. One 

way anova analysis with Scheffé’s post hoc test. (D & E) Male C57BL/6J mice were treated 

with saline, APAP (300 mg/kg), CQ (60 mg/kg) or APAP (300 mg/kg)+CQ (60 mg/kg) for 4 

hrs. Mice were sacrificed and subjected to Nycodenz gradient centrifugation. Total lysates 

and isolated AP and Ly fractions were subjected to WB analysis. (F) Ly factions (200 μg) 

were combined from two mice and were further digested with proteinase K followed by 

HPLC analysis for APAP-Cys adducts.
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Figure 3. Inhibition of autophagy by Leu increases serum APAP-AD levels and liver injury in 
mice
Male C57BL/6J mice were treated with APAP (500 mg/kg), or APAP+Leu (40 mg/kg) or 

Leu (40 mg/kg) for 6 hrs. (A) Serum ALT levels were analyzed and data are presented as 

means ± SE (n=3–5). * P<0.05. One way anova analysis with Scheffé’s post hoc test. (B) 

Total liver lysates and (C) serum were subjected to western blot analysis for APAP-AD. 

Data (means ± SE) were from the densitometry analysis of LC3-II levels compared to the 

control groups. The membrane for the serum samples was further stained with Poncea red to 

serve as the loading control. Detergent soluble (D) and insoluble fractions (E) were prepared 

from the liver tissues and subjected to western blot analysis for APAP-AD.
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Figure 4. Activation of autophagy by Torin 1 decreases serum APAP-AD levels and liver injury 
in a post-APAP mouse model
Male C57BL/6J mice were first treated with APAP (500 mg/kg) for 2 hrs, then some mice 

were further treated with Torin 1 (2 mg/kg) or vehicle (4% methyl-β-cylcodextran in saline, 

i.p.) for another 6 hrs. (A) Serum ALT levels were analyzed and data are presented as means 

± SE (n=4–5). * P<0.05. One way anova analysis with Scheffé’s post hoc test. (B) 

Representative H & E staining images were shown. (C) Total liver lysates and (D) serum 

were subjected to western blot analysis for APAP-AD. The membrane for the serum samples 

was further stained with Poncea red to serve as the loading control.
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Figure 5. p62 is associated with APAP-AD and knockdown of p62 impairs the clearance of 
APAP-AD and enhanced APAP-induced hepatotoxicity
(A) Primary cultured mouse hepatocytes were treated with APAP (5 mM) in the presence or 

absence of CQ (20 μM) for 6 hrs. Cells were fixed and immunostained for APAP-AD and 

p62 followed by confocal microscopy. Representative images are shown. The right panel 
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images were enlarged photographs from the boxed areas. Arrows denote the co-localization 

of p62 proteins with APAP-AD. (B) Primary cultured mouse hepatocytes were infected with 

either an adenovirus negative shRNA or adenovirus p62 shRNA for 24 hrs and then treated 

with APAP (5 mM) for 6 hrs. Total cell lysates, detergent soluble and insoluble fractions 

were subjected to western blot analysis. The levels of APAP-AD were quantified by 

densitometry analysis and showed below the blot (n=3 independent experiments). (C) 

Experiments were performed as in (B) and the cells were further treated with APAP (5 mM) 

for 24 hrs. The cells were stained with PI (1 μg/mL) followed by fluorescence microscopy. 

Representative images for the overlayed phase-contrast and PI stained images are shown. 

The number of PI positive cells were quantified and data are presented as means ± SE (n=3 

independent experiments, more than 100 cells were counted in each experiment) (D). * 

P<0.05. One way anova analysis with Scheffé’s post hoc test.
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Figure 6. Autophagy regulates APAP-AD in human hepatocytes
Primary cultured human hepatocytes were treated with APAP (10 mM) for 24 hrs. The cells 

were further stained with PI (1 μg/mL) followed by fluorescence microscopy. Representative 

images for the overlayed phase-contrast and PI stained images are shown (A). The number 

of PI positive necrotic cells were quantified and data are presented as means ± SE (n=3 

independent experiments, more than 100 cells were counted in each experiment) (B). * 

P<0.05. One way anova analysis with Scheffé’s post hoc test. (C) Primary cultured human 

hepatocytes were treated with APAP (10 mM) in the presence or absence of CQ for 24 hrs. 

Total cell lysates were subjected to western blot analysis.
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Figure 7. Serum levels of APAP-AD and autophagy proteins in humans
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(A) Forty micrograms of serum from healthy volunteers or APAP overdose patients with 

either low or high ALT values were subjected to western blot analysis. The membrane was 

further stained with Poncea red to serve as the loading control. Lysates from 293 cells were 

used as a positive control for LC3-II. (B) A proposed model for the regulation of APAP-AD 

and APAP-induced hepatotoxicity by autophagy. In hepatocytes, APAP is first metabolized 

through the cytochrome P450 enzymes (mainly via CYP2E1) and generates reactive 

metabolites NAPQI, which bind to cellular and mitochondrial proteins to form APAP-AD. 

Mitochondrial APAP-AD can trigger mitochondrial damage. Damaged mitochondria can 

lead to necrotic cell death and subsequent liver injury. The autophagy receptor protein p62 is 

recruited to APAP-AD, which may facilitate APAP-AD transition to the detergent insoluble 

form and allow their recognition and enwrappment by autophagosomes. Pharmacological 

induction of autophagy (Torin 1) or inhibition of autophagy (Leu or CQ) improves or 

impairs autophagic removal of APAP-AD and results in protection or exacerbation of APAP-

induced necrosis and liver injury, respectively.
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