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Acetaminophen (APAP) overdose is the mgjor cause of acute liver failure (ALF) in the Western world. Extensive
research is ongoing to identify the mechanisms of APAP-induced ALF. APAP-induced acuteliver injury isalso
one of the most commonly studied drug-induced liver injury modelsin thefield of hepatotoxicity. APAPtoxicity
istriphasic and includes three mechanistically interlinked but temporally distinct phases of initiation, progres-
sion, and recovery/regeneration. Despite how commonly it is studied, the methods to study APAPtoxicity differ
significantly, often leading to confusing and contradictory data. There are number of reviews on mechanisms of
APAPtoxicity, but a detailed mechanism-based comprehensive method and list of assaysthat coversall phases
of APAP hepatotoxicity are missing. The goal of thisreview isto provide a standard protocol and guidelinesto
study APAP toxicity in miceincluding a “test battery” that can help investigators to comprehensively analyze
APAP toxicity in the specific context of their hypothesis. Further, we will identify the major roadblocks and
common technical problemsthat can significantly affect the results. This acetaminophen test battery (ATB) will
be an excellent guide for scientists studying this most common and clinically relevant drug-induced liver injury

and will aso be helpful as aroadmap for hypothesis development to study novel mechanisms.
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INTRODUCTION

Acetaminophen (APAP; also caled paracetamol) is
one of the most common antipyretic and analgesic agents
used worldwide. Whereas it is extremely effective at
therapeutic doses, overdose of APAP can cause signifi-
cant acute liver injury (ALI) leading to acute liver failure
(ALF). APAPoverdoseisthe most common cause of ALF
in the Western world". The mechanisms of APAP-induced
ALF have been under investigation for over four decades.
Apart from investigators interested in APAP toxicity itsdf,
many other researchers interested in studying the role of
their favorite molecules also use APAP-induced ALI asa
model of drug-induced liver injury (DILI)? Investigators
trying to identify therapeutic ability of herbal medicines
to inhibit or prevent DILI aso frequently use APAP-
induced AL I mouse model®. Because of this, the literature

of APAP-induced ALF is extremely vast. However, there
is no consensus among researchers despite significant
data on how to conduct APAP experiments, which has
led to confusions about exact mechanisms of toxicity and
several contradictory results. Fortunately, when devel-
oped with al necessary controls and keeping in mind its
limitations and requirements, the mouse model of APAP-
induced ALI faithfully mimics human disease®. APAP
toxicity unfoldsin three phases, including initiation, pro-
gression, and recovery/regeneration (Fig. 1). Whereas
these phases are temporally distinct, they are mechanis-
tically interlinked, and molecular changes in one phase
affects the other®. Because of this, it is very important to
consider investigation of all three phases while testing a
new hypothesisrelated to APAP overdose.

The initiation phase is most well characterized and
includes processes from APAP bioactivation to actua
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Figure 1. Parameters of the acetaminophen test battery (ABT). This scheme outlines the most important mechanistic components
of acetaminophen-induced ALI model in mice that can be easily measured. * indicates marker is measured in the liver tissue, and **
indicates marker is measured in serum. The “initiation phase” markers are in red, the “ progression phase” markers are in blue, and the

“recovery/regeneration phase’ markers arein green.

hepatocyte death within first 6 h after treatment of
mice with toxic doses of APAP. The initiation of injury
involves metabolism of APAP into its toxic metabolite
N-acetylbenzoquinonimine (NAPQI), which is generally
detoxified via glutathione (GSH) conjugation®. During
overdose situations, GSH rapidly depletes, resulting in
excessively free NAPQI, which induces many events
including APAP—protein adduct formation, free radicle,
and reactive oxygen species (ROS) generation especially
in mitochondria’®. Thisin turn triggers an intracellular cas-
cade of kinase activation (such asJNK, RIP, and GSK 3b),
which significantly exacerbates mitochondrial oxidant
stress, culminating in mitochondrial oxidative damage,
mitochondrial permeability transition, and necrotic cell
death”®. After the initial 6 h and centrilobular cell death,
the progression phase of injury begins, during which the
initial injury spreads further in the liver lobule, affecting
cellswell beyond the centrilobular zone depending on the
dose™. This phase is also associated with initial inflam-
matory signaling in response to cell death and infiltra-
tion of immune cells including monocytes, macrophages,
and neutrophils™™. Inflammatory signaling is triggered
by release of cellular damage-associated molecular pat-
terns (DAMPs), such as nuclear and mitochondrial DNA
and molecules like HMGB1"%, The progression phase
continues from 6 to 24 h after initia cell death and is

characterized by expansion of injury independent of
presence of APAP in the system. Thisis because, in most
cases, APAP s eliminated from the body within the first
6 to 12 h°, but the injury continues to expand. The first
signs of signaling associated with liver regeneration and
recovery are seen around 24 h after APAP treatment™.
Therecovery phaseis highly dose dependent and can last
from 24 to 96 h and beyond depending on the dose of
APAP and extent of initial injury™®. This phase is char-
acterized by removal of necrotic debris, presumably by
theinvading immune cells, and extensive autocrine, para-
crine, and exocrine signaling via chemokines, cytokines,
and growth factors that trigger promitogenic intracellu-
lar signaling leading to cell division>™. The cells that are
immediately next to the necrotic zone divide and replace
the dead cells, reestablishing the architecture and liver
function'®. At very high doses, this process is either sig-
nificantly slower or is completely inhibited, resulting in
either delayed or total inhibition of liver regeneration and
recovery, resulting in death by ALF**,

ASSESSING APAP-INDUCED ALI INMICE:
GENERAL CONSIDERATIONS
Dose Response

In most cases, investigators studying A PA P hepatotox-
icity or simply using APAP overdose as a model to test
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a particular hypothesis conduct the studies only at one
dose. This is problematic because APAP hepatotoxicity,
as for all toxic chemicals, is highly dose dependent™®®,
Increasing doses of APAPresult inincreasing liver injury
and also in increased liver regeneration up to a threshold
dose, beyond which liver regeneration is inhibited"",
This phenomenon of inhibited liver regeneration after
very high liver injury induced by high dosesiswell docu-
mented in the case of alarge number of chemicalsand is
not restricted to the liver™. Particularly in APAP-induced
ALF, it has been demonstrated that liver pathobiology
varies greatly following administration of different doses,
all of which can be designated as “ overdose” '****". When
using C57BL/6J strain of male mice and fasting before
APAP administration, doses beyond 250 mg/kg produce
significant liver injury that can be easily measured by
biochemical assays and histopathology. However, liver
injury and subsequent repair vary significantly over a
dose range of 250 to 750 mg/kg. Doses up to 550 mg/
kg induce a dose-dependent increase in injury followed
by corresponding increase in liver regeneration leading
to a complete recovery without any mortality. However,
beyond the threshold dose of 550 mg/kg, liver regenera-
tion isinhibited, recovery is delayed, and a dose-dependent
mortality is observed. These outcomes are clearly driven
by molecular changes that are highly dose dependent in
all three phases of toxicity. The dose response of APAPis
strain dependent. Different strains of mice have different
sensitivity to the same dose of APAP®. Thus, it is critical
to use multiple doses of APAP in the studies in order to
correctly test the hypothesis under investigation. We rec-
ommend studying APAPtoxicity using at least two doses:
one sublethal and another partially lethal dose.

Time Course

The mgjority of the studies using APAP as a model
generaly study only one time point (24 h after APAP
dose seems to be the favorite) after APAP administration
and use those data to make conclusions. Like most bio-
logical processes, APAP-induced ALI unfolds over atime
course of 0 to 96 h in mice®. The initiation phase of the
toxicity isOto 6 h, the progression of injury phaseisfrom
6 to 24 h, and the recovery and regeneration phase starts
from 24 and finishes by 96 h at nonlethal doses where
regeneration is robust and recovery is complete®®. At
higher doses, the recovery may be delayed and so is the
progression phase, while the duration of initiation phase
is generally unaffected™. It is critical to study at least
two to three time points to get a clear understanding of
the molecular and pathophysiological changes occurring
over the three phases of APAP toxicity. For investigators
who are interested in determining molecular mechanisms
of both APAP-induced liver injury and compensatory
liver regeneration, it is recommended to study a detailed
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time course including the O, 1, 3, 6, 12, 24, 48, and 72
h time points. However, for investigators interested in
using APAP overdose as a model to study the role of a
particular favorite molecule (i.e., not really interested in
APAP for the sake of it), an abridged time course of 0, 1,
6, 24, and 48 h (or at least 0, 6, and 24 h at the minimum)
is recommended, which still covers important aspects of
all three phases of APAP-induced liver injury. Of course,
consideration should also be given to the design and
goals of the study. For example, if the goal of a study is
to understand only the mechanisms of liver injury but not
regeneration, then investigating time points up to 24 h
can be appropriate. Further, if a study is designed to test
effect of an intervention given 2 h post-APAP, obviously
investigating atime point of 1 h post-APAPwill not serve
any purpose.

Strain, Sex, and Nutritional Status and Other Model
Considerations

Mice are the recommended speciesto study APAPtox-
icity asthey most closely simulate mechanisms of APAP
toxicity in humans and thus are exclusively discussed
in this review®*. Rats, in general, are resistant to APAP
toxicity and do not show toxicity mechanisms (such as
extensive mitochondrial dysfunction) relevant to humans,
and thus are not recommended™. Extent of APAPtoxicity
isalso greatly variable across different strains of mouse'®.
For instance, CD-1 and C3He/FeJ mice strains display
extensive hemorrhage in the liver, but not C57BL/6J".
We recommend using C57BL/6J mice mainly because of
the significantly higher mechanistic data availablein this
strain of mice. Even the difference in substrain of mice
can significantly impact extent of APAP toxicity. Studies
have shown that the C57BL/6N substrain of miceis more
susceptible to APAP as compared to the C57BL/6J sub-
strain of mice?®?. The mechanism behind this difference
is associated with increased mitochondrial dysfunction
in the C57BL/6N strain of mice®. These studies demon-
strate that considering the background strain of the mice
when using knockout mice for APAP studies is critical.
Thus, we recommend that the background of all knockout
mice to be used in APAP studies should be bred back to
the C57BL/6J strain.

Similarly, studies have shown that female mice are
resistant to APAP-induced ALI as compared to male
mice”. These differences are attributed to accelerated
recovery of mitochondrial GSH in the female mice after
APAP overdose®. Whereas the majority of mouse stud-
ies on APAP toxicity are conducted using male mice, it
is possible to conduct studies with female mice by using
higher doses of APAP in the experiments considering
high emphasis by NIH on determining the effect of sex
as a biological variable (SAVB). However, it should be
noted that the pathophysiological relevance of the female
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mouse model is questionable because females actually
appear to be more susceptible to APAP-induced ALF
compared to males in humans®.

To decrease intragroup variability in injury devel-
opment due to differences in nutritional status, we also
recommend overnight (1216 h) fasting prior to APAP
administration, especially when lower doses of APAP are
utilized. Fasting decreases variability in basal GSH and
glycogen levels, which are important for GSH conjuga-
tion and glucuronidation of APAP, respectively®. We also
recommend maintaining consistency with fasting period
within astudy as extent of fasting makes asignificant dif-
ference in magnitude of liver injury. Fresh cages should
be used for fasting to avoid any variation due to chow
deposits inside the cages. Fed conditions can also be uti-
lized with higher APAP dose or higher animal numbersin
specific circumstances when focus is on studying some
physiological parameters that are impacted by fasting
(such as autophagy).

Rodent models have a particular importance in study-
ing mechanisms of APAP overdose because of the lim-
ited utility of the cell culture models. Commonly used
hepatoma cell lines such as HepG2, Hep3B, and others
(except HepaRG) are not a good model to study APAP
toxicity because they lack the required enzymes to bio-
activate APAP into NAPQI, and cell death mechanisms
in these cell lines are not relevant to human or mice®*.
Thus, data obtained using hepatoma cells are incorrect
and irrelevant for APAP toxicity. Primary rodent and
human hepatocytes as well as the HepaRG cells are much
better models to study APAP toxicity, especially to study
initiation phase mechanisms™, but they are limited by the
fact that cultured hepatocytes cannot proliferate and the
regeneration and recovery phase of the APAP-induced
ALF cannot be modeled in vitro. Furthermore, recent
studies have indicated a significant role of nonparenchy-
mal cells in stimulating liver regeneration after APAP
overdose®, which cannot be modeled in hepatocyte-only
cultures.

Markers of Liver Injury, Function, and Regeneration

The focus of APAP-induced ALI studies is to deter-
mine ALI induced by APAP and, in more recent years,
to determine the subsequent liver regeneration following
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the injury. Few parameters of liver injury, function and
liver regeneration, if that is being studied, are obligatory
to all APAP overdose studies (Table 1). The most well-
established markers of liver injury are serum aanine ami-
notransferase (ALT) or aspartate aminotransferase (AST)
levels, which are biomarkers of hepatocyte death. ALT
analysis is recommended due to its greater specificity for
liver tissue. Additionally, serum total bilirubin should also
be assessed in order to determine changein liver function.
Whereas international normalized ratio (INR) is measured
routinely in the clinical samples as marker of liver func-
tion, it israrely investigated in mouse studies. The serum
marker data should be always confirmed by performing
histopathological analysis of liver hematoxylin and eosin
(H&E)-stained liver section as ALT/AST levels may not
always correlate with the extent of necrosis especially
during the recovery phase'®. Additionally, terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL)
assay can be performed to determine extent of liver necro-
sis. TUNEL staining isan excellent way to determine both
apoptotic and necrotic cell death®. In case of APAP over-
dose, TUNEL staining shows dark cytoplasmic staining
pattern”, which is especially easy to quantify using imag-
ing software in order to obtain percent necrosis scores, a
quantitative method to assess histological damage.

The most common method to study liver regeneration
after APAP overdose is to stain paraffin-embedded liver
section for proliferating cell nuclear antigen (PCNA) and
Ki-67, both markers of cell proliferation. PCNA stain-
ing is of particular use because it can detect cellsin all
phases of cell cycle including resting G,, G,, S, G,, and
M phase”. Quantifying number of cells in each phase
of cell cycle in three high-power (400x) fields per slide
per mouse can provide a quantitative measure of kinetics
of cell proliferation in the liver. The best time points to
determine liver regeneration are 24, 48, and 72 h after
APAP treatment in mice™.

ASSESSMENT OF INITIATION PHASE
OF APAP-INDUCED ALI

The initiation phase of injury in a mouse model of
APAP overdose runs from time of APAP administration
(O h) to approximately first 6 h. However, at higher doses,
these events may be a bit prolonged. A good indicator of

Table 1. Markersof Liver Injury and Regeneration After Acetaminophen (APAP)-Induced Acute Liver

Failure (ALF)

Phase of ALF Marker Material Needed  References

Liver injury ALT, AST, bilirubin Serumor plasma 10,41
Necrosis (H& E staining) Paraffin dlides

Liver regeneration  Cell proliferation (PCNA or Ki-67 staining) ~ Paraffin slides 10,41
Regression of necrotic areas Paraffin slides
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Table 2. Assessment of Initiation of APAP-Induced Liver Injury
Process Marker Sample Needed Reference(s)
APAP metabolism Phase I metabolism (sulfation and Plasmal/serum 31,32
glucuronidation)
CYP2E1 Liver (Western blot and activity assay) 31,41
APAP-protein adduct formation Liver (Western blot/HPLC) and serum (HPLC) 24,4445
GSH depletion Liver (enzymatic assay) 16,37
Intracellular signaling  INK, GSK3b, RIP1/3, ASK, etc. Liver (Western blot of total and active proteins) 8,9
ROS (GSSG/GSH) Liver (enzymatic assay) 51
RNS (nitrotyrosine—protein adducts) Liver (Western blot), paraffin sides (IHC) 45
Mitochondrial respiratory function Freshly isolated mitochondria (SeaHorse) 45

Mitochondrid injury (release of AIF,
Endo G, Cyto C, SMAC into cytosol)

Cytosolic and mitochondria fraction (both

45,51
needed for Western blot)

how long this phase can last is the half-life of APAP in
mice, which is approximately 60 min®. Thus, very little
APAPremainsin the system at 6 h if the starting dose is
300 mg/kg, but a larger dose would remain if the start-
ing dose is double (i.e., 600 mg/kg). The end result of a
plethora of mechanistic events during the initiation phase
issignificant centrilobular necrosisin theliver along with
rise in serum transaminases and other markers of ALI%.
These mechanistic events can be broadly broken down in
the following categories: APAP metabolism, GSH deple-
tion and APAP—protein adduct formation, generation of
ROS/reactive oxygen nitrogen (RNS) in mitochondria,
intracellular signaling (that exacerbates mitochondrial
oxidant stress), mitochondrial injury, and nuclear DNA
damage®. Depending on the goal of the study, the inves-
tigators can either choose to study several eventsin detail
or choose representative markers from each or some of
these events (Table 2).

Measuring Metabolism of APAP

Metabolism of APAP has been studied in detail, and
numerous methods exist to quantify APAP metabolitesin
serum and in the liver. APAP is primarily metabolized to
glucuronide and sulfate conjugates rapidly after absorp-
tion, leading to detoxification and elimination®. Any left-
over APAP is subjected to bioactivation by the CY P450
enzyme system. The primary CY Pinvolved in metabolic
activation of APAP to its reactive metabolite NAPQI is
CYP2EL in mice. Whereas other CY Ps such as CY P3A4
are involved in humans, the majority of the metabolic
activation in mice occurs via CY P2E1°.

Metabolic activation of APAP to NAPQI is an obliga-
tory step in APAP-induced ALI®. Because of this, it is
critical to determinethat CY P2E1 protein level or activity
is not changed (either inhibited or induced) by any inter-
vention or genetically modified mice under investigation.
It is relatively uncommon to measure the APAP sulfate
and glucuronic acid conjugates, but high-performance
liquid chromatography (HPL C)-based methods exist®"*.

However, it is absolutely critical to measure CY P2E1-
based metabolic activation of APAP to ensure that the
phenotype obtained (protection or exacerbation of injury)
is not due to alteration of metabolic activation®™*. Thus,
even before the actual experiments are undertaken, it is
recommended that investigators determine whether the
transgenic mice or other intervention being used is not
modulating CYP2E1 activity. The most common ways
to determine change in CYP2EL are Western blot analy-
sisfor CYP2E1 protein (MRNA is not very informative)
and, better yet, a CYP2EL activity assay, which can be
performed multiple ways including in house methods or
using akit®. Broader CY P activity assays have also been
utilized in previous studies since APAP metabolism by
other CY Ps cannot be ruled out completely®®. It should
also be noted that a competitive inhibitor of CYP activ-
ity can only be identified by testing chemical directly in
vitro, but not by measuring activity in tissue preparations
after in vivo treatment™.

A major consideration in using pharmacological inhib-
itors or any other chemical intervention is the choice of
solvents. Dimethyl sulfoxide (DMSO), the most com-
monly used solvent, inhibits APAP-induced liver injury
by multiple mechanismsincluding inhibition of CYPsand
quenching ROS®*. Because DMSO can interfere with
APAP metabolism at adose aslow as 0.1 ml/kg, it makes
using any chemicals that are soluble only in DM SO very
challenging®. A common practice is to use a high dose
of APAP in experiments or use other solvents or treat the
chemical 3-5 h after APAP treatment to avoid interfer-
ence with APAP bioactivation™®. It iscritical in such cases
to have a vehicle control included in the experiments.
Nevertheless, posttreatment of an inhibitor is always a
better approach compared to pretreatment because of its
clinical relevance.

Determining APAP Bioactivation After APAP Treatment

It is not necessary to comprehensively study APAP
metabolism or specific CY P activity, but it is absolutely
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required to assess if overall APAP bioactivation remains
intact after any intervention®. There are two ways to con-
firm that APAP bioactivation is not interfered after APAP
is administered: measuring GSH depletion and APAP—
protein adduct formation. Both these assays require liver
tissue and preferably at a very early time points between
30 min and 2 h after APAP administration. In our hands,
1 h post-APAP is a good time point to determine both
GSH depletion and formation of APAP adduct®**. The
NAPQI produced by CYP450-mediated metabolism of
APAP is rapidly quenched by cellular GSH. However,
because there is a finite amount of GSH in mouse liver
(approximately 8-10 mM/g liver tissue), after an overdose
of APAP, it is rapidly depleted within the first 30 to 60
min“. Depletion of GSH measured within 30-60 min after
APAP treatment is a good indicator of APAP metabolism
to its reactive metabolite in most of the cases. Analysis
of GSH depletion can also be done at 2 h or beyond, but
the investigators should be aware that it has lower sen-
sitivity to detect a delay in NAPQI formation and can
also be confounded by de novo synthesis of GSH, thus it
may not accurately reflect APAP metabolic activation®.
Subtle delay in APAP metabolic activation by interven-
tions under investigation has previously been reported to
significantly impair injury initiation, which can be most
accurately measured by analyzing rate of GSH depletion
within the first 30 min after APAP administration®.
APAP toxic metabolite, NAPQI, binds to celular mac-
romolecules, producing APAP adducts. Measuring APAP-
protein adducts is another biomarker of confirming that
APAP was metabolized to NAPQI, and this obligatory step
was not hampered. APAP—protein adducts can be simply
analyzed by Western blot or immunohistochemical tech-
niques (which are both less quantitative and accurate), but
more reliably by HPLC coupled with electrochemical or
mass spectrometric measurements®***, HPLC method-
ology has been developed for measuring protein-derived
APAP-cysteine adducts, since NAPQI is magjorly bound
to cysteine residues on proteins. Apart from using whole-
liver tissue, APAP—protein adducts can also be directly
measured in mitochondrial fractions given that mitochon-
dria are the major target of APAP toxicity®. Clinically,
APAP adducts can also be measured in serum as they are
leaked from the liver and their use has been proposed for
diagnosis and prognosis of APAP overdose patients®.
Depletion of GSH isan obligatory stepin APAP-induced
liver injury and is clearly demonstrated by the observe-
tion that N-acetylcysteine, the precursor of GSH synthe-
sis, is currently the only therapy for APAP overdose”.
N-acetylcysteine works via donating cysteine residues
needed for denovo synthesisof GSH. I nterestingly, within
an hour after GSH depletion, hepatocytes start “replen-
ishing” depleted GSH reserves, and studies indicate that
the rate of GSH replenishment isacritical determinant of
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progression of APAP-induced liver injury™®**. At high
doses, GSH replenishment is relatively slower, resulting
inhigher injury™. If GSH replenishment isexperimentally
inhibited, it resultsin higher injury even at lower doses®.
Thus, another important aspect of the initiation phase that
should be measured is the rate of GSH replenishment.
This can be achieved by measuring total GSH levels over
atime course of 0, 1, 3, and 6 h after APAP administra-
tion. Mechanistically, de novo synthesis of GSH is reg-
ulated by the nuclear receptor Nrf2, which controls the
expression of Gclc and Gelm genes, that codes for the
catalytic and modifier subunits, respectively, of the rate-
limiting enzyme (i.e., glutamate cysteine ligase) in GSH
production®. If asignificant differenceis noticed in GSH
replenishment, then Gclc and Gelm mRNA expression
should be measured to determine the mechanism behind
the decreased GSH production.

Measuring Oxidant Stress and Mitochondrial
Dysfunction

Oxidant stressinitiated by APAPadduct formation spe-
cifically in the mitochondria and ensuing mitochondrial
damage are considered the major cellular mechanisms of
APAP hepatotoxicity in both mice and humans’. Thus,
any model utilized to study APAP hepatotoxicity should
show features of significant mitochondrial oxidative
damage. Lipid peroxidation is not considered a relevant
mechanism for cell death during APAP hepatotoxicity®.
However, several studiesstill use MDA/TBARS assay (as
amarker of lipid peroxidation) to demonstrate the protec-
tive effect of their interventions on APAP hepatotoxicity
and show only minor changes in these parameters, which
arenot biologically relevant to cell death caused by APAP
overdose®. Since oxidant stress is a popular and relevant
mechanistic target to develop treatments for APAP toxic-
ity, it should be carefully examined. Reductionin ROS by
GSH isan important cellular antioxidant defense mecha-
nism. In this process, GSH itself gets oxidized to GSSG.
Thus, cellular GSSG levels or, more accurately, the ratio
of GSSG/GSH (as GSH itself is depleted after APAP
overdose) isagood indicator of oxidant stress, which can
be measured in liver homogenates by commercially avail-
able kits or in-house methodologies™. It should be noted
that use of slow-reacting GSH-trapping reagents such as
2-vinylpyridine (as utilized in many commercial assay
kits) for measuring GSSG may result in artificially high
GSSG values due to oxidation of samples over time. The
use of fast-reacting agents such as N-ethylmaleimide is
greatly preferred to obtain more accurate results*. During
APAP hepatotoxicity, superoxide radicalsreact with nitric
oxide to form the potent oxidant peroxynitrite, which is
generated mainly in mitochondria®. Peroxynitrite radi-
cals then react with tyrosine residues on proteins to form
nitrotyrosine—protein adducts, which further accentuates
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mitochondrial damage®. Nitrotyrosine—protein adducts
can be detected by immunohistochemistry in liver sec-
tions as well as by Western blot analysis using total
liver lysates or mitochondrial fractions™. In our hands,
using mitochondrial fractions increased the sensitivity
of this assay™. Both GSSG/GSH ratio and nitrotyrosine—
protein adduct formation can beinvestigated at 2—6 h after
APAP administration in mice. We recommend analysis
of these parameters at 6 h, if only one time point needs
to be selected because it is difficult to detect significant
changesat earlier time points. Onasimilar topic, itisvery
critical to consider preconditioning effect due to activa-
tion of antioxidant defense mechanisms when investi-
gating the role of any molecule in APAP-induced liver
injury. Any intervention (pretreatment) and gene deletion
(utilized to test direct role of any protein), which causes
hepatocyte stress, can result in induction of antioxidant
enzymes (such as metallothioneins, HO-1, and other
Nrf2 target genes) even prior to APAP administration®®.
This results in attenuation of APAP toxicity by reducing
oxidant stress, which can confound interpretation of the
results regarding the specific role of a molecule in other
investigated mechanisms of protection. Thus, status of
antioxidant defense mechanisms and preexisting stress
condition should be tested early on, especialy in trans-
gene models, before performing elaborate studies.
Prolonged and unchecked oxidant stress beyond a
threshold results in irreversible mitochondrial damage,
which is a requisite step for APAP-induced liver injury.
Extensive studies indicate that inhibition of mitochon-
drial damage resultsin halting the progression of APAP-
induced liver injury’. There are several techniques and
methods to assess mitochondrial injury after APAP over-
dose, including electron microscopy, fluorescence-based
approaches to determine mitochondrial membrane poten-
tial, Western blotting of mitochondrial proteins, and mea-
suring mitochondrial function. Out of these, the easiest
are measuring release of mitochondria proteins such as
cytochrome ¢, second mitochondria-derived activator of
caspases (SMAC), apoptosis-inducing factor (AlF), and
endonuclease G into cytosol using Western blotting™*".
Of these, AIF and endonuclease G are known to be criti-
caly involved in causing nuclear DNA fragmentation
leading to necrosis after APAP overdose™®. The analy-
sis of release of these mitochondrial proteinsinto cytosol
requiresisolation of mitochondrial and cytosolic fractions
from cells of liversfreshly after the APAP treatment. The
most critical time points for this analysis in mice are
between 2 and 6 h after APAP overdose. The freshly
isolated mitochondria or hepatocytes can also be used
to measure mitochondria respiration parameters related
to oxidative phosphorylation, which decreases during
APAP-induced liver injury due to mitochondrial dysfunc-
tion®. The most reliable method to measure oxidative
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phosphorylation is utilizing SeaHorse extracellular flux
analyzer. SeaHorse analysis can aso be utilized to sen-
sitively analyze early mitochondrial dysfunction (at time
points such as 1.5 h post-APAP) induced by APAP before
any overt oxidant stress and cell death can be detected™.
Other spectrophotometric approaches can also be utilized
to determine function of individual complexes of oxida-
tive phosphorylation for detailed analysis.

Assessment of Intracellular Sgnaling Involved
in APAP-Induced Liver Injury

The initial bioactivation of APAP to NAPQI, the
subsequent GSH depletion, adduct formation and early
mitochondrial dysfunction are very crucial for initiation
of APAP toxicity, but not sufficient to cause hepatocyte
death and necrosis’. Initial ROS generation triggers acas-
cade of intracellular signaling that exacerbates mitochon-
drial oxidant stress and ultimately results in irreversible
mitochondrial injury and necrotic cell death®. Thissignal-
ing process has a domino-like effect and involves several
kinases including ASK1, MLK3, MKK4, GSK3b, PKC,
AMPK, RIP1, RIP3, and JNK®®#5 The proapoptotic
protein Bax is also trandocated to mitochondria and is
involved in mitochondrial permeability transition but
not in apoptosis™®. Apoptosisis not considered a relevant
mechanism of APAP toxicity®?’. The most well studied
and obligatory step in this cascade of event is the acti-
vation of IJNK. Pharmacological and genetic inhibi-
tion of JNK inhibits progression of APAP-induced liver
injury®**", Several studies show that ASK 1, akinase sen-
sitive to ROS generation, is the upstream trigger for acti-
vation of INK®*®, Whereas one can measure activation
of al the different kinases involved, the most important
is assessment of JNK activation, which is measured by
Western blot analysis of total and phosphorylated INK
proteins using total cell lysates prepared from APAP-
treated cells or liver of APAP-treated mice. Significant
JINK activation can be detected as early as 1 h after APAP
treatment in mice®. Phosphorylated JNK is translocated
to mitochondria, which is considered important for caus-
ing mitochondrial dysfunction and damage®. Thus, total
and phosphorylated JNK levels can aso be measured
in both cytosolic and mitochondrial fractions to study
its mitochondria translocation. Unless required to elu-
cidate mechanisms, detailed analysis of other kinases is
not required. However, it should be noted that activity of
these kinases, rather than actual protein or mMRNA expres-
sion, is important for the abovementioned signaling
events. Analysis of only expression of some the signal-
ing mediators in previous studies has resulted in contra-
dictory interpretations™. It should also be emphasized
that the most important time points to study any signal-
ing events involved in initiation of APAP-induced liver
injury inmice are between 2 and 6 h after APAPoverdose.
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At later time points (such as 24 h, the most commonly
studied time point), the investigated signaling mediator
may also be involved in other phases of APAP-induced
ALI. Further, at later time points, it is more difficult to
analyze if the signaling event is merely a consequence of
initial injury or actual cause.

ASSESSMENT OF THE PROGRESSION PHASE
OF APAP-INDUCED AL

By 6 h after APAP administration, extensive centrilob-
ular necrosis is established in mice treated with an over-
dose of APAP®. The majority of APAP is also excreted
from the body by 6 h after lower doses of APAP (up to
400 mg/kg) due to its short half-life®. However, this ini-
tia liver injury further exaggerates between 6 and 24 h
after APAP administration and spreads even beyond the
centrilobular area, depending upon the dose. Liver injury
measured by serum transaminase levels peaks between
12 and 24 h post-APAP treatment’®. This progression
of injury from 6 h, mostly in the absence of APAR, is
independent of bioactivation of APAP to NAPQI and
may depend on delayed intracellular signaling cascade,
promoting cell death or extracellular mechanisms. The
mechanisms of this “progression phase” of liver injury
are not completely understood, but few events that take
place during the 6- to 24-h period have been consistently
recorded (as described below and Table 3).

Extensive studies have shown that the necrotic cell
death after APAP overdose results in release of DAMPs
such as HMGB1 and mitochondrial DNA™ %% These
DAMPsare crucia in aerting the rest of the body includ-
ing the immune system of the massive hepatocyte dam-
age, recruiting inflammatory cells, and sending signals
necessary for starting the regenerative process®. Serum
levels of HMGB1 and mitochondrial DNA can be mea-
sured as signals emitted by damaged liver to attract the
inflammatory cells.

One of the major features of APAP-induced ALI is
the sterile inflammatory response that follows after ini-
tial cell death. Therole of sterile inflammation in APAP-
induced liver injury is highly controversial and has been
extensively debated and reviewed" ™. Some studies have
claimed that increased inflammatory signaling resulting
in neutrophil infiltration in the liver is involved in the
further progression of liver injury™. However, significant
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contradictory evidence using time course studies shows
that inflammatory signaling, especially macrophage
activation, is involved in stimulation of liver regenera-
tion after APAP overdose by promoting phagocytosis
and, also possibly, by secreting proproliferative cytok-
ines and growth factors™ %%, Methods exist to study
the inflammatory response in detail using combination
of serum cytokine levels, immunofluorescence stain-
ing, and flow cytometry. To quickly determine changes
in major immune cell types and their chemoattractants,
a combination of immunohistochemistry (or immu-
nofluorescence) staining for Ly6G (neutrophil marker)
and F4/80 (macrophage marker) combined with mRNA
analysis for mgjor pro- and anti-inflammatory cytokines
such as tumor necrosis factor-a (TNF-a), interleukin-6
(IL-6), interferon-g (INF-g), 1L-10, IL-13, and IL-4 can
be performed. The best time points for initial analysis
are 24 and 48 h after APAPR, and additiona studies over
a detailed time course can be conducted later depending
on the goals of study™. For detailed analysis, it should be
emphasized that induction of cytokines/chemokines and
recruitment of inflammatory cells do not necessary mean
their role in aggravating liver injury, as they can also be
involved in removal of cell debris, liver regeneration, and
overall recovery™™, Thus, the causal role of any mediator
under investigation in injury progression or repair should
be assessed by more conclusive interventional studies.

One of the other hypothesesto explain the progression
of bioactivation-independent injury is that the cellular
proteases released from dying cells, termed “death pro-
teins’ (which get activated due to very high extracellular
Ca* levels), attack the neighboring healthy cells®. An
example of death protein is the cysteine protease called
calpain, whichisrapidly released from dying hepatocytes
and can affect the neighboring cells by degrading exposed
membrane proteins’™. Studies show that blocking cal-
pain activation using either pharmacological inhibitor or
overexpression of an endogenous inhibitor resultsin pro-
tection from APAP-induced liver injury™™. Measuring
calpain activity either in the liver or serum can provide
information about the death proteininvolvementin APAP-
induced liver injury. Overal the notion of spreading of
injury to hepatocytes that are not originally inflicted after
APAP overdose is poorly understood and still controver-
sial, which requires further future investigations.

Table 3. Assessment of Progression of APAP-Induced Liver Injury

Process Marker Samples Needed Reference(s)

Release of DAMPs  HMGB1 Liver and serum 66,67
Mitochondrial DNA Serum 65

Inflammation Ly6G and F4/80 Liver sections (IHC or IF) 13,82

Cytokines measurements

Liver (for mRNA) and serum (for secreted protein) 13,82




ACETAMINOPHEN TEST BATTERY

ASSESSMENT OF RECOVERY AND
REGENERATION PHASE OF
APAP-INDUCED ALI

For over three decades the majority of research on
APAP overdose was focused on understanding mecha-
nisms of liver injury. However, a number of studies on
APAP and other chemicals have shown that the final out-
come of APAPoverdose is dependent on the extent of liver
regeneration in response to the injury™®>*" Patients
with rapid and proportionate liver regeneration have sig-
nificantly higher transplant-free survival®™. This has
highlighted the need for understanding the mechanisms of
liver regeneration after APAP overdose, which can helpin
developing regenerative therapiesfor APAP-induced ALF.
Studies from our group in the last decade have revealed
the kinetics of dose-dependent regenerative response after
APAP overdose and several mechanisms involved in this
process'® 4457678 \Whereas studying liver regeneration
in detail isahighly involved process, some simple assays
performed at critical time points can provide a genera
idea of ongoing regenerative process.

In mice, the entire regeneration and recovery phase
typicaly startsat 12 hand canlast aslong as 120 h. During
the recovery phase of APAP-induced ALI, cell debrisin
the necrotic areasisremoved by infiltratingimmunecells,
and healthy cells surrounding the necrotic zones prolifer-
ate and replace the dead cells’. As previously described,
the kinetics of the recovery phase is highly dependent
on the dose of APAP. Liver regeneration increases pro-
portionately to the dose (and injury), but with a corre-
sponding delay in the onset of regenerative response.
Up to a threshold dose, this regenerative response leads
to spontaneous recovery as increased regenerative
response more than compensates for moderate delay in
the onset'®*®, However, beyond the threshold dose, liver
regeneration is significantly delayed and inhibited, lead-
ing to failed recovery and significant mortality’®*®. Any
investigation to study liver regeneration should include a
comprehensive time course analysis to sufficiently cover
the entire regeneration kinetics. If any manipulation to
investigate the role of any mediator in liver regenera-
tion causes impairment of regeneration, it isimportant to
know if it is causing only delay or complete inhibition
of liver regeneration. Further, it is highly recommended
to study liver regeneration using at least two doses of
APAP when testing interventions intended to improve
regeneration: one where regeneration is intact leading to
spontaneous recovery, and one where liver regeneration
is severely impaired leading to failed recovery and pro-
gression to ALF™. Although the molecular mechanisms
of liver regeneration can be studied at lower regenerat-
ing dose, from a therapeutic standpoint it is important to
study the mechanisms that impair liver regeneration at
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higher doses in order to find strategies to improve liver
regeneration in a clinically relevant setting®. Thus, if the
goal of any intervention isto improve liver regeneration,
the study should include a higher dose of APAP, where
animals cannot regenerate spontaneously. Since liver
regeneration is dependent on extent of initial injury, any
direct alteration of injury by anintervention can indirectly
affect amount of regenerative response®. If the goal of
a study is to investigate the direct role of any mediator/
intervention in liver regeneration, consideration should
be given to achieve equd initia liver injury in groups
under investigation. This can be achieved by performing
intervention after liver injury is aready established (e.g.,
after 12 h post-APAP)®. In cases where delayed interven-
tion is not possible due to the nature of the experiment
(for instance, transgenic mice showing different toxicity
at same dose of APAP compared to control mice), differ-
ent optimized dose of APAP can be utilized for different
groupsto achieve equal toxicity responsein groups under
investigation (equitoxic dose approach)®. Further, for
any promising intervention targeted specifically to alter
liver injury, its effect on liver regeneration should also be
characterized, which is rarely investigated. Any adverse
effect on liver regeneration by an intervention can ham-
per its potential to be a safe and effective treatment™. All
the variables that affect the extent of liver injury in any
experiment including the extent of fasting, metabolism,
and strain can aso indirectly or directly affect regen-
erative response, and thus should be considered while
designing any study. Effect of any manipulation on both
liver injury and liver regeneration should aso be char-
acterized at the basal level (without APAP treatment) in
order to investigate the direct role specific to the APAP
model, and this should be considered for interpretation
of theresults.

Assessment of Proliferative Markers and
Core Cell Cycle

In order to comprehensively study liver regeneration,
both immunohistochemical examination of markers of
proliferations (such as PCNA and Ki-67) and molecular
analysis of cell cycle machinery should be performed
(Table 4). PCNA nonspecifically detects cells in all
phases of cell cycle progression, but careful analysis (as
described previously) of PCNA-stained liver sectionscan
distinguish cellsin different stages (including G,, G,, S,
G,, and M phase)™. On the other hand, immunostaining
of liver sectionsfor Ki-67 can specifically detect cellsin
DNA synthesis (S phase). After treatment with the most
commonly used dose (300 mg/kg) of APAP (i.e., regen-
erative dose) in male C57BL6J mice (12 h fasted), faint
nuclear PCNA staining (indicator of G, phase) can be
observed starting at 12 h'°. Some of the cells undergo
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Table 4. Assessment of Liver Regeneration After APAP Overdose

Process Marker Sample Needed Reference(s)
Cell proliferation ~ PCNA/Ki-67/mitotic index Liver sections 10,45

Cell cycle CyclinsD, E, A, and B; pRb and CDK4 Liver (mRNA or protein) 10,41
Stimulus Cytokines and their receptors (IL6/STATS3; Liver (for mRNA/protein) and serum 10,78

TNF-a/NF-kB)
Growth factors and their receptors (HGF/MET;
EGFR ligandEGFR)

(for secreted protein)
Liver (for mRNA or protein) and serum 10,45
(for secreted protein)

DNA synthesis (S phase) by 24 h (as observed by dark
nuclear PCNA staining), and by 48 h, mgjority of the
cellsarein the S phase. By 72 h, the majority of the cells
are in the G, phase (as observed by diffuse cytoplasmic
PCNA staining), and regenerative response subsides by
96 h'. After regenerative (300 mg/kg) dose of APAP,
significant Ki-67 staining is observed only beyond 48
h. After nonregenerative dose of APAP (600 mg/kg), a
remarkably lower number of PCNA-positive cells are
observed (starting at 48 h), which are mostly in the G,
phase, and do not progress further through cell cycle and
do not stain positive for Ki-67". Because of the more
subjective nature of PCNA staining to analyze the spe-
cific phase of cell cycle, it is recommended to perform
Ki-67 staining to confirm if cells are undergoing DNA
synthesis. While both Ki-67 and PCNA staining capture
the cell stage at a particular time, peak of cell prolif-
eration can be missed if detailed time course analysisis
not performed. Since BrdU permanently labels cells that
have undergone DNA synthesis, it can be mixed in drink-
ing water, and BrdU staining can be performed on liver
sections to quantitate cumulatively all the cellsthat have
undergone DNA synthesis up to a particular time point.
Mitotic figures can also be observed on stained liver sec-
tions, and mitotic index can be calculated to quantitate
cellsin mitosis. Protein levels of PCNA can also be ana-
lyzed by immunaoblotting to corroborate the immuno-
histochemical findings, but immunoblotting aloneis not
very informative. Induction of various cyclinsincluding
cyclins D, E, A, and B, which are sequentially involved
in progression through various stages of cell cycle, can
be analyzed at the mRNA and protein levels. Further,
induction of various proteinsinvolved in mitosis such as
Polo-like kinase, Aurora B kinase, and Cdc20 can also
be analyzed at the mRNA level as indicators of mitosis.
Additionally, levels of cell cycleinhibitors (such as p21)
can also be investigated. It is important to know if any
intervention or manipulation aimed at improving liver
regeneration is causing complete progression through
cell cycle leading to cell division, as many strategies
can only cause cells to go into the G, phase, and cells
may not progress to mitosis. Detailed analysis as men-
tioned above will not only provide useful information

on progression through the entire cell cycle but also
help dissect if any intervention is altering any specific
stage of the cell cycle. Additionally, regression of liver
injury is an important indicator of overall recovery and
thus should be studied by quantifying the necrotic areas
(described previously)®. Serum ALT/AST level is not
considered a good indicator of extent of remnant necro-
sis during the later phase of APAP hepatotoxicity due to
the limited half-life of these injury markersin the circu-
lation. Researchers have observed discrepancy between
extent of necrosis and serum ALT/AST levels especially
during the recovery phase. Serum ALT declines sharply
at 48 h after treatment with 300 mg/kg APAP in mice,
even though significant necrotic areas are still pres-
ent and notable regression of liver injury occurs only
beyond 72 h'°.

Assessment of Regenerative Sgnaling Pathways

Further, various cell signaling pathways upstream to
core cycle machinery can be investigated based on rele-
vance to the study. Many extracellular signaling pathways
involving cytokines, chemokines, and growth factors are
known to orchestrate liver regeneration response after
APAP overdose, which are reviewed in detail el sewhere®.
Growth factors such as hepatocyte growth factor (HGF)
and epidermal growth factor receptor (EGFR) ligandsand
their receptors MET and EGFR, respectively, are gener-
ally considered most important in liver regeneration and
can be investigated®®. Activation of MET and EGFR
occurs dose dependently after APAP overdose and can be
investigated by studying their phosphorylation status and
phosphorylation of downstream proregenerative mitogen-
activated protein kinases (MAPKS) such as extracellu-
lar signal-regulated kinase 1/2 (ERK1/2)'**. Induction
of cytokines such as TNF-a and IL-6 is also known to
be important for timely liver regeneration, which can be
investigated along with downstream signaling of these
cytokines [i.e., nuclear localization of nuclear factor kB
(NFkB) and phosphorylation of STAT3, respectively]®.
Many cytokines are common to both inflammatory and
regenerative pathways, and it is hard to delineate their
rolein the two processes merely based on their induction.
It should be noted that activation of all these signaling
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mediators (mentioned above) may not necessarily cor-
relate with liver regeneration as many of these signaling
mediators (including MET/EGFR signaling, MAPKSs, and
IL-6/STAT3) remain highly activated even after severe
APAP overdose, where liver regeneration as measured
by actual cell division and reduction in injury (necro-
sis) isimpaired™. Thisis most likely due to concomitant
activation of cell cycle arrest pathways. For example,
TGF-b and p53/p21 signaling pathways are known to
actively inhibit liver regeneration after severe APAP
overdose by causing cell cycle arrest, which can also
be investigated***, Some of the cell cycle inhibitors
are also transiently induced during normal liver regen-
eration, which should be considered for interpretation of
data'®"’. Upstream signaling pathways should be looked
in relation to status of downstream cell cycle activation
and actual proliferation. Activity of b-catenin signaling
pathway (including nuclear localization of b-catenin)
is one of the signaling pathways that have been highly
correlated with extent of regenerative response in sev-
eral studies, even in ALF patients'®®%* p-Catenin sig-
naling is activated during robust proliferative response
after moderate APAP overdose and inhibited after severe
APAP overdose that causes impaired liver regeneration™.
It is noteworthy to mention that most of the abovemen-
tioned signaling pathways are activated very early even
before observable necrosis and normalize even before
peak of proliferation, which should be considered while
selecting time points to study signaling underlying liver
regeneration’®.

WHAT ISTHE MINIMUM | SHOULD DO?

It is clear that APAP-induced ALI and ALF is a com-
plicated, multiphasic processinvolving hepatic and extra-
hepatic tissues. Studying this clinically important DILI
in detail can be a highly involved and daunting task.
However, for an investigator using APAP overdose sim-
ply as a model to study role of a particular biomolecule
of interest, it is neither feasible nor necessary to perform
amulti-time course detailed study. Here, we provide rec-
ommendations for smaller study designs, which can test
the stated hypotheses without requiring extensive work.

Two study designs should be considered. In our expe-
rience, a study involving five time points including 0, 1,
6, 24, and 48 h after APAP overdose provides samples
necessary to measure markers of all three phases of
APAP-induced liver injury. Samples from 0 and 1 h after
APAP treatment can be used to confirm the bioactiva-
tion of APAP to NAPQI. The 6-h samples can be used
to determine changes in critical intracellular events such
as INK activation. Finally, the 24- and 48-h samples can
be used to assess both progression and recovery regen-
eration phases. Additionally, sasmples from O, 1, and 6 h
can be used to analyze GSH depl etion and replenishment.
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However, if it is not feasible to analyze five time points,
a shorter study with 0-, 6-, and 24-h samples can be per-
formed. Albeit definitely less informative, such a short
study can still provide enough information about all
three phases of APAP-induced liver injury up to acertain
extent. However, caution should be taken to avoid over-
interpretation of these data, and if needed, additional time
points should be added later.

APAP overdose is a clinically important model of
DILI and is very popular among liver pathobiologists.
The apparent simple (but highly deceiving) nature of this
model hasresulted initsuseto study variousbiomolecules
and processes. However, because many investigators do
not know the detailed mechanisms of APAP-induced
ALF and use either flawed or incomplete experimen-
tal designs, significant amount of incorrect studies are
published, adding to the controversies. We hope that the
experimental designs and details of the model outlined in
this article will help and guide investigators to not only
use the APAP model more frequently but also provide
excellent mechanistic information to better understand
this common DILI.
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