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Abstract

Acetaminophen (APAP) is a widely used analgesic and is safe at therapeutic doses. However, an overdose of APAP is hepa-
totoxic and accidental overdoses are increasingly common due to the presence of APAP in several combination medications.
Formation of protein adducts (APAP-CYS) is central to APAP-induced liver injury and their removal by autophagy is an
essential adaptive response after an acute overdose. Since the typical treatment for conditions such as chronic pain involves
multiple doses of APAP over time, this study investigated APAP-induced liver injury after multiple subtoxic doses and
examined the role of autophagy in responding to this regimen. Fed male C57BL/6J mice were administered repeated doses
(75 mg/kg and 150 mg/kg) of APAP, followed by measurement of adducts within the liver, mitochondria, and in plasma,
activation of the MAP kinase JNK, and markers of liver injury. The role of autophagy was investigated by treatment of mice
with the autophagy inhibitor, leupeptin. Our data show that multiple treatments at the 150 mg/kg dose of APAP resulted in
protein adduct formation in the liver and mitochondria, activation of JNK, and hepatocyte cell death, which was significantly
exacerbated by inhibition of autophagy. While repeated dosing with the milder 75 mg/kg dose did not cause mitochondrial
protein adduct formation, JNK activation, or liver injury, autophagy inhibition resulted in hepatocyte death even at this
lower dose. These data illustrate the importance of adaptive responses such as autophagy in removing protein adducts and
preventing liver injury, especially in clinically relevant situations involving repeated dosing with APAP.
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Abbreviations P-INK Phospho-JNK

ALT Alanine aminotransferase TUNEL Terminal deoxynucleotidyl transferase
AMAP N-Acetyl-m-aminophenol dUTP nick end labeling

APAP N-Acetyl-p-aminophenol, acetaminophen

APAP-CYS APAP-cysteine derived from protein adducts

CYP Cytochrome P450 Introduction

GSH Glutathione

H&E Hematoxylin and eosin At therapeutic doses, acetaminophen (APAP) is a safe and
INK C-jun N-terminal kinase effective analgesic and antipyretic drug; however, an over-
MPTP Mitochondrial permeability transition pore dose can cause severe liver injury or even acute liver failure
NAC N-Acetylcysteine (Jaeschke 2015; Lancaster et al. 2015; Yoon et al. 2016).
NAPQI N-Acetyl-p-benzoquinone imine Patients either intentionally ingest a single large overdose in

a suicide attempt or overdose unintentionally by taking dif-
ferent medications that contain APAP (Alhelail et al. 2011).
In the latter case, patients are not aware that numerous over-
the-counter drugs including cold and flu mediations and
sleep-aids all contain various doses of APAP (Kelly et al.
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this may occur over several days and the symptoms are ini-
tially milder, the patient may not recognize the problem
and will not generally seek medical attention immediately,
resulting in a delay in treatment. This is thought to be the
main reason why the detrimental clinical outcome (liver
injury and liver failure) is often more severe in unintentional
overdose patients (Lancaster et al. 2015).

A therapeutic dose of APAP is rapidly metabolized in the
liver by phase II reactions (glucuronidation and sulfation),
but a small portion of less than 10% of the dose is converted
to a reactive metabolite, presumably N-acetyl-p-benzoqui-
none imine (NAPQI) (McGill and Jaeschke 2013). NAPQI
is detoxified by glutathione and only very limited amounts
of protein adducts are formed after a therapeutic dose (Curry
et al. 2019; Heard et al. 2011; McGill et al. 2013). After an
overdose, NAPQI formation is increased, hepatic GSH is
depleted and protein adducts are formed in larger quantities
(McGill and Jaeschke 2013). Most of the adducts are a reac-
tion of NAPQI with sulfhydryl groups of proteins (Hoffmann
et al. 1985). The adducts can be found in both the cytosol
and the mitochondria (Tirmenstein and Nelson 1989). How-
ever, a comparison between APAP binding and toxicity and
its analog N-acetyl-m-aminophenol (AMAP) in mice showed
that both compounds caused protein adduct formation in the
cytosol, but only APAP caused protein adducts in the mito-
chondria, which correlated with liver injury (Tirmenstein
and Nelson 1989; Xie et al. 2015). Mitochondrial adducts
are initially responsible for a mitochondrial oxidant stress
(Nguyen et al. 2021), which triggers a complex MAP kinase
cascade activation ultimately resulting in activation of c-jun
N-terminal kinase (JNK) and the translocation of phospho-
rylated-JNK to the mitochondria (Hanawa et al. 2008; Win
et al. 2018). This amplifies the mitochondrial oxidant stress
(Saito et al. 2010), which then triggers the mitochondrial
permeability transition pore (MPTP) opening, thereby caus-
ing the collapse of the membrane potential and cessation of
ATP synthesis (Kon et al. 2004). As a consequence of the
MPTP formation, there is matrix swelling and rupture of
the outer mitochondrial membrane, with release of inter-
membrane proteins—some of which (e.g., endonuclease G)
translocate to the nucleus and cause DNA fragmentation
(Bajt et al. 2006). More recently, adaptive mechanisms to
the injury stress came into focus. This includes the removal
of damaged mitochondria by mitophagy (Ni et al. 2012;
Wang et al. 2019) and replacement by mitochondrial bio-
genesis (Du et al. 2017). These events are most effective
at the periphery of the necrotic area (Ni et al. 2013) where
mitophagy and biogenesis limit cell death and promote
recovery (Jaeschke et al. 2019).

Although mitochondrial protein adduct formation is con-
sidered a critical initiating event in the cell death mecha-
nisms of an acute APAP overdose, the role of cytosolic
protein adducts in the pathophysiology remains unclear.
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We have shown that cytosolic adducts are also removed by
autophagy (Ni et al. 2016); however, it is difficult to separate
the impact of autophagic removal of mitochondrial adducts
from the autophagic degradation of cytosolic proteins after a
high overdose that causes severe hepatotoxicity. To address
this important issue, we investigated the accumulation of
cytosolic adducts after multiple, moderate overdoses and
assessed the impact of autophagy inhibition on liver injury.

Materials and methods
Animals

Male C57BL/6 J mice (8—12 weeks old) were purchased
from Jackson Laboratories (Bar Harbor, ME) and kept in
an environmentally controlled room with 12 h dark/light
cycle. The animals had ad libitum access to food and water.
Food was removed right before APAP injection. APAP was
dissolved in warm saline and injected i.p. with doses of 75
or 150 mg/kg every 2 h. Leupeptin (40 mg/kg) (Sigma, St.
Louis, MO) and/or 4-methylpyrazole (50 mg/kg) were dis-
solved in saline and were co-treated with the first dose of
APAP. The animals were supplied with only water during
the experiments. Blood was drawn from the caudal vena cava
into syringes containing 50 pl of heparin, and plasma was
obtained after that by centrifugation at 18,000g for 2 min. A
section was taken from the left lobe of the liver and fixed in
10% phosphate-buffered formalin for histology. The caudate
and right lobes were used for mitochondrial isolation, and
the remaining portions were cut into small pieces and flash
frozen in liquid nitrogen for later biochemical analysis. All
experimental protocols followed the criteria of the National
Research Council for the care and use of laboratory animals
and were approved by the Institutional Animal Care and Use
Committee of the University of Kansas Medical Center.

Mitochondria isolation

Caudate and right lobes of the liver were homogenized
quickly in mitochondria isolation buffer (220 mM Man-
nitol, 70 mM sucrose, 2.5 mM HEPES, 10 mM EDTA, 1
mM EGTA, and 0.1% bovine serum albumin, pH 7.4) after
dissection using a tight-fitting Teflon pestle. Mitochondrial
and lysosomal/cytosolic fractions were isolated by differen-
tial centrifugation as described in detail (McGill et al. 2012).

Biochemical assays

Plasma ALT activities were measured using an ALT kit
(Pointe Scientific, MI). Hepatic levels of glutathione were
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measured with a modified Tietze assay as described in detail
(McGill and Jaeschke 2015).

APAP-protein adduct measurement

Small pieces of liver and isolated mitochondria were
homogenized in 10 mM sodium acetate (pH 6.5) and the
supernatants were collected after centrifugation at 16,000g
for 5 min. To remove low-molecular-weight compounds
including APAP-GSH conjugates and its metabolites that
might interfere with detection, the liver homogenates were
filtered through Bio-Spin 6 columns (Bio-Rad, Hercules,
CA), which were pre-washed with 10 mM sodium acetate.
The filtered samples were digested with proteases to free
APAP-CYS from proteins overnight and then precipitated
using 40% TCA for liver tissue or cold acetonitrile for mito-
chondrial samples. The supernatant of liver tissues was pel-
leted by centrifugation using filtered tubes. The supernatant
of mitochondria samples was evaporated at 55 °C and 16
psi and the protein-derived APAP-CYS containing residues
were re-suspended in small volumes of 10 mM sodium ace-
tate buffer with 20% TCA. APAP-CYS was measured using
HPLC with electrochemical detection as described (McGill
et al. 2012; Muldrew et al. 2002).

Western blots

The primary antibodies used in this study were rabbit anti-
JNK (Cat # 92528S), rabbit anti-p-JNK (Cat # 4668S), rab-
bit anti-LC3-II (Cat #12,741), and rabbit anti-$-actin (Cat
#4970L) from Cell Signaling Technology, Inc. (Danvers,
MA).

Histology

Formalin-fixed tissue samples were embedded in paraffin
and sections were cut and transferred to glass slides. The
sections were stained with hematoxylin and eosin (H&E) for
necrosis assessment. Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) was used to stain for DNA
fragmentation with the In Situ Cell Death Detection Kit, AP
(Roche Diagnostic, Indianapolis, IN).

Statistics

All data were expressed as mean + SEM. For normally dis-
tributed data, statistical significance was evaluated using
the Student’s ¢ test for comparisons between two groups,
or one-way analysis of variance (ANOVA) for multiple
groups, followed by Student—Newman—Keul’s test. For

non-normally distributed data, ANOVA was performed
using Kruskal-Wallis Test, followed by Dunn’s multiple
comparisons. P <0.05 was considered significant.

Results

Dose-response of liver injury after multiple doses
of APAP

Mice were treated with one to five doses of 75 mg/kg or
150 mg/kg APAP with 2 h between each dose and sacrificed
2 h after the last dose. Multiple doses of 75 mg/kg APAP
did not cause any significant increase in plasma ALT activi-
ties suggesting no liver injury (Fig. 1a). However, plasma
ALT activities started to increase after four doses of 150 mg/
kg APAP and then continued to further increase after the
fifth dose (Fig. 1a). No necrotic hepatocytes were observed
after three doses of 150 mg/kg APAP (Fig. 1b). In contrast,
minor necrosis after four doses and extensive centrilobular
necrosis was evident after five doses (Fig. 1b). These results
showed that repeated administration of subtoxic doses can
potentially lead to acute liver injury. Consistent with these
findings, JNK activation, a hallmark of APAP hepatotoxic-
ity, was only observed after four or five doses of 150 mg/kg
APAP, which correlates with the injury (Fig. 1¢). In contrast,
no JNK activation was observed after 75 mg/kg dosing (data
not shown).

Accumulation of protein adducts with increasing
number of doses of APAP

To investigate the relationship between plasma ALT activi-
ties and presence of APAP-protein adducts, we measured
APAP-protein adducts (APAP-CYS) in the whole liver,
mitochondria, and in plasma. Our data showed that doses of
150 mg/kg APAP in fed mice progressively increased pro-
tein adducts in the total liver and in mitochondria (Fig. 2a,
b). Plasma protein adducts did not increase until after the
fourth dose (Fig. 2c). There was only a mild increase of
adducts in the liver after the fourth and fifth dose of 75 mg/
kg APAP and only barely detectable adduct levels in mito-
chondria (Fig. 2a, b). Plasma adducts were below the limit of
detection (0.005 nmol/ml) after 75 mg/kg (Fig. 2¢). Hepatic
glutathione levels showed a minor decline after 3—5 doses
of 75 mg/kg APAP (Fig. 2d). In contrast, doses of 150 mg/
kg triggered a progressive depletion of GSH which reached
levels of —65 to —75% of baseline values at 3 and 5 doses,
respectively (Fig. 2d).
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Effect of autophagy on protein adducts
accumulation after multiple doses of APAP

We previously showed that autophagy is essential for adduct
removal after a single dose of APAP (Ni et al. 2016). To assess

A B

the role of autophagy after multiple subtoxic doses, we treated
mice with leupeptin, an inhibitor of multiple proteases, most
of which are found in lysosomes. Thus, leupeptin prevents
autophagic protein degradation (Ni et al. 2016). Three doses
of 150 mg/kg APAP did not cause liver injury (Fig. 3a). In
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contrast, co-treatment of leupeptin with the first dose of APAP
resulted in significant increases of ALT activities (Fig. 3a).
These results were confirmed with H&E staining of liver sec-
tions showing significant necrosis after three doses of 150 mg/
kg APAP and leupeptin treatment (Fig. 3e). In addition,
TUNEL-positive cells were found in the centrilobular area.
Significant increases in LC3-II in the leupeptin-treated ani-
mals support the conclusion that autophagic flux was inhibited
(Fig. 3b). Measurement of protein adducts indicated moderate
adduct levels after three doses of 150 mg/kg in the whole liver
and in mitochondria and very low levels in plasma (Fig. 3d).
Leupeptin co-treatment significantly increased adduct levels
in the liver, in mitochondria, and in plasma (Fig. 3d). Consist-
ent with the observations of increased mitochondrial adducts
formation and injury, leupeptin-treated animals showed JNK
activation in the cytosol (Fig. 3c).

When the effect of leupeptin was assessed after three
doses of 75 mg/kg APAP, plasma ALT activities increased
from baseline levels after APAP alone to about 500 U/L 2 h
after the last dose of APAP (Fig. 4a). Although single-cell
necrosis is difficult to see in the H&E-stained sections, the
TUNEL assay clearly shows that there is no cell death after 3
doses of 75 mg/kg APAP alone, but the additional treatment
with leupeptin caused cell death of individual hepatocytes
(Fig. 4e). LC3-1II levels also increased significantly, indi-
cating that leupeptin indeed inhibited autophagy (Fig. 4b).
The limited formation of APAP-protein adducts after APAP
alone was again enhanced by 100% in the liver after leu-
peptin treatment (Fig. 4c). Interestingly, adduct levels in
the mitochondria were very low and leupeptin had no effect
on mitochondrial adducts (Fig. 4c). There was also no JNK
activation after 75 mg/kg APAP alone and only a very mild
activation with leupeptin co-treatment (Fig. 4d). The limited
JNK activation with the lower dose of APAP + leupeptin is
further demonstrated when directly compared to samples
after 150 mg/kg APAP +leupeptin (Fig. 4d).

In the previous experiments, liver injury was evaluated
2 h after the last dose of APAP. To investigate whether
this injury can progress even when APAP treatments were
stopped, plasma ALT activities were measured 15 h after the
last dose of 75 mg/kg APAP + leupeptin. The ALT activities
more than doubled at that time, indicating that the cell death
process continued (Fig. 5a). Nevertheless, co-treatment with
the P450 inhibitor 4-methylpyrazole (Akakpo et al. 2018)
eliminated the increase in plasma ALT activities in the
APAP +leupeptin group (Fig. 5a). The enhanced injury with
leupeptin treatment was also confirmed by histology and the
TUNEL assay (Fig. 5d). In addition, protein adducts, which
were elevated in the liver but barely detectable in the mito-
chondria or plasma with these doses of APAP, significantly
increased in all three compartments by 15 h post-APAP
when the animals were co-treated with leupeptin (Fig. 5c).
Again, LC3-II levels increased after leupeptin indicating the
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inhibition of autophagy in these animals (Fig. 5b). However,
no JNK activation was detectable after three doses of 75 mg/
kg APAP with or without co-treatment of leupeptin by this
15 h time point (data not shown).

Discussion

The objective of the current study was to evaluate a potential
role of non-mitochondrial protein adducts in the mechanism
of toxicity and the impact of autophagy. Using two different
subtoxic doses and repeated treatments, we confirmed the
role of mitochondrial protein adducts with the higher doses,
but could provide evidence for an effect of non-mitochon-
drial protein adducts when not removed by autophagy.

Mitochondrial APAP-protein adduct accumulation
and liver injury after multiple doses of APAP

Treatment of fasted mice with a single dose of 150 mg/
kg APAP caused rapid GSH depletion but a full recovery
by 4-5 h after APAP administration (McGill et al. 2013).
Moderate protein adduct levels were observed in the total
liver and in mitochondria together with JNK activation, in
part reversible mitochondrial dysfunction, and mild liver
injury (McGill et al. 2013; Hu et al. 2016). In the present
study, using fed mice with higher baseline GSH levels, a
single dose of 150 mg/kg APAP triggered only very limited
adduct formation in the liver but not in mitochondria and
did not cause JNK activation or ALT increases. However,
when these doses were repeated every 2 h, which is not
long enough to fully recover hepatic GSH levels (McGill
et al. 2013), liver adducts continue to increase, relevant
mitochondrial protein adducts were detected after three
doses with JNK activation, and ALT increases occurring
after four and five doses. This time course of events was
accelerated when autophagy was blocked by leupeptin,
which is an effective lysosomal protease inhibitor (Ni et al.
2016; Ueno and Komatsu 2019). This is consistent with
both cytosolic adducts and damaged mitochondria being
removed by autophagy (Ni et al. 2012, 2016), which is an
adaptive response to the APAP-induced stress that limits cell
necrosis (Chao et al. 2018; Ni et al. 2013). Thus, repeated
dosing with 150 mg/kg APAP followed the same sequence
of events known to cause liver injury after a single high
overdose including substantial protein adducts accumula-
tion in the liver and in mitochondria and JNK activation,
which is a prerequisite for the amplification of the mito-
chondrial dysfunction characteristic of APAP hepatotoxicity
(Ramachandran and Jaeschke 2019). In addition, autophagy
effectively limited cell necrosis after multiple overdoses; the
beneficial effect of autophagy was even more pronounced in
this context than after a single high overdose.
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Liver injury after cytosolic APAP-protein adduct
accumulation after multiple doses of APAP

A dose of 75 mg/kg APAP causes a short-term depletion
of GSH and a rapid recovery even in starved mice (McGill
et al. 2013). As a result, this dose does only cause mild
adduct formation in the liver but not in mitochondria, and no
JNK activation or liver injury (Hu et al. 2016; McGill et al.
2013). In the current study using fed mice, the lack of effects
on adducts and injury with a single dose of 75 mg/kg APAP
could be confirmed. Importantly, even after up to five doses
in rapid succession, there was only a very limited increase
in total liver adducts, virtually no relevant increase in mito-
chondrial adducts, and no JNK activation or liver injury.
Quantitatively, these data are consistent with the time course
of the 150 mg/kg dose. Both the levels of total liver and
mitochondrial adducts after five doses of 75 mg/kg APAP
were well below the levels observed after three doses of
150 mg/kg where no JNK activation or injury was observed.
However, co-treatment with leupeptin increased plasma ALT
activities 2 h after the last dose of APAP indicating liver
injury. Importantly, a few hours later, ALT activities further
increased, which suggests progression of the injury when
autophagy is inhibited. Although both total liver and mito-
chondrial adduct levels increased, there was no JNK activa-
tion. Since the mitochondrial adduct levels were almost an
order of magnitude below the levels that did not cause JNK
activation and liver injury after 150 mg/kg, the results sug-
gest that the injury under these conditions is not caused by
the regular mechanism of mitochondrial adducts and JNK
activation. Nevertheless, this injury was still eliminated by
a potent Cyp inhibitor like 4-methyl-pyrazole, which effec-
tively reduces protein adduct formation after APAP in mice
(Akakpo et al. 2018) and humans (Kang et al. 2020). This
would indicate that the accumulation of adducts outside
mitochondria under conditions of autophagy inhibition can
cause liver injury.

Clinical significance of multiple doses of APAP

The multiple subtoxic doses represent the scenario of
unintentional overdosing, i.e., where a patient takes vari-
ous APAP-containing mediations in short order without
being aware of the APAP content in each drug. This can
lead to severe liver injury after several days. Our data sug-
gest that the cumulative overdosing results in liver injury
with mechanism similar to a single large overdose involv-
ing mitochondrial protein adducts that trigger a mitochon-
drial oxidant stress, which, after amplification by the JNK
pathway, induce the mitochondrial permeability transition
pore opening and necrotic cell death (Ramachandran and
Jaeschke 2019). Interestingly, the impact of autophagy
inhibition is more profound after multiple subtoxic doses
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than observed after a single large overdose (Ni et al. 2012,
2016). This is consistent with the concept that autophagy, as
an adaptive response to the drug-induced cellular toxicity,
is more effective with a more moderate stress (Chao et al.
2018; Ramachandran and Jaeschke 2020).

After multiple, very low doses of APAP, which result
in only minor protein adduct formation in the total liver
but not in mitochondria, no relevant cellular stress (JNK
activation, ALT release) was detectable. However, inhibi-
tion of autophagy increased the accumulation of adducts
and induces limited cell death but still without the relevant
protein adducts in mitochondria or JNK activation. This
indicates that the effective elimination of protein adducts by
autophagy (Ni et al. 2016) is the main reason why patients
can take therapeutic doses of APAP for years and do not
develop liver injury despite the continuous generation of
very low levels of adducts after each dose (Curry et al. 2019;
Heard et al. 2011).

Conclusions

Multiple subtoxic overdoses of APAP can cause accu-
mulation of protein adducts in the liver and in mitochon-
dria, which eventually leads to cell death involving JNK
activation and mitochondrial dysfunction. Inhibition of
autophagy strongly aggravates these mechanisms leading
to more severe injury. Multiple mild overdoses of APAP
do not result in relevant mitochondrial protein adduct
accumulation and JNK activation, and do not cause liver
injury. However, when autophagy is inhibited, the accumu-
lating adducts in hepatocytes eventually cause cell death.
Both approaches document the essential role of autophagy
in removing protein adducts and damaged mitochondria
after any dose of APAP.
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