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ABSTRACT Acetaminophen (APAP) is one of the most wide-
ly used drugs. Though safe at therapeutic doses, overdose
causes mitochondrial dysfunction and centrilobular necrosis in
the liver. The first studies of APAP metabolism and activation
were published more than 40 years ago. Most of the drug is
eliminated by glucuronidation and sulfation. These reactions are
catalyzed by UDP-glucuronosyltransferases (UGT Al and |A6)
and sulfotransferases (SULT IAI, 1A3/4, and |EI), respectively.
However, some is converted by CYP2EI and other cyto-
chrome P450 enzymes to a reactive intermediate that can bind
to sulthydryl groups. The metabolite can deplete liver glutathi-
one (GSH) and modify cellular proteins. GSH binding occurs
spontaneously, but may also involve GSH-S-transferases.
Protein binding leads to oxidative stress and mitochondrial
damage. The glucuronide, sulfate, and GSH conjugates are
excreted by transporters in the canalicular (Mrp2 and Bcrp)
and basolateral (Mrp3 and Mrp4) hepatocyte membranes.
Conditions that interfere with metabolism and metabolic acti-
vation can alter the hepatotoxicity of the drug. Recent data
providing novel insights into these processes, particularly in
humans, are reviewed in the context of earlier work, and the
effects of altered metabolism and reactive metabolite formation
are discussed. Recent advances in the diagnostic use of serum
adducts are covered.
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INTRODUCTION

At therapeutic doses, acetaminophen (APAP) is a safe and
effective analgesic and fever reducer. In fact, it is the most
commonly used drug in the United States (1). In 2008
alone, more than 24.6 billion doses were sold (2).
However, overdose of APAP can cause severe liver
injury. The first cases of APAP hepatotoxicity were
reported in 1966 (3). It is now the principal cause of
acute liver failure in many Western countries (4-8). In
the U.S., APAP overdose is responsible for 50-80,000
emergency department visits each year (9,10), as well as
26,000 hospitalizations and nearly 500 deaths (9).
Fortunately, early mechanistic studies in mice led to
the discovery that N-acetyl-cysteine (NAC) is a very
effective antidote for APAP overdose when administered ear-
ly, during APAP metabolism. The primary therapeutic effect
of NAC 1is replenishment of glutathione (GSH), which
can scavenge the reactive metabolite of APAP (11,12).
However, later effects include the scavenging of reactive oxy-
gen in mitochondria and support of mitochondrial energy
metabolism (13,14).

The year 2013 marks the 40th anniversary of the publi-
cation of a series of seminal papers that played a major part
in the clinical development of NAC (15-18). Recent re-
search has focused heavily on the later events in the mech-
anism of APAP toxicity (Fig. 1). It is now believed that
protein binding and mitochondrial damage are central in
the toxicity of APAP. In mice, liver mitochondria display
altered morphology (19), have reduced respiration (20), and
have signs of oxidative stress after APAP treatment (21-23).
The initial reactive oxygen species (ROS) formation leads to
activation of the mitogen-activated protein kinase (MAPK)
c-Jun N-terminal kinase (JNK) through mixed lineage kinase
3 (MLK3) (24) and apoptosis-signal regulating kinase 1
(ASK1) (25), and translocation of active JNK into
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Necrosis

Fig. | Late mechanisms in APAP hepatotoxicity. Protein binding, particu-
larly to mitochondrial proteins, leads to oxidative stress and mitochondrial
dysfunction. The initial oxidative stress activates the mitogen-activated
protein kinases MLK3 and ASKI, which activate JNK in turn. JNK trans-
locates to into the mitochondria, amplifying the oxidative stress and injury.
Occurrence of the mitochondrial permeability transition (MPT) and rupture
of the outer membrane result in release of the endonucleases apoptosis-
inducing factor (AIF) and endonuclease G (EndoG), which enter the
nucleus and degrade nuclear DNA.

mitochondria exacerbates the oxidative stress and cell injury
(26-30) (Fig. 1). The occurrence of the mitochondrial mem-
brane permeability transition (MPT) results in collapse of
mitochondrial membrane potential (31,32) and is the likely
cause of the reduced respiration. Also, translocation of Bax
to the mitochondria and loss of that organelle’s membrane
integrity lead to release of mitochondrial proteins, including
endonucleases that can translocate to the nucleus and cleave
nuclear DNA (33—35). The result of these events i1s hepato-
cyte necrosis (36). Although it has been occasionally sug-
gested that apoptosis may be an important mode of cell
death during APAP hepatotoxicity, the preponderance of
data argue against this (30,36). Importantly, while most of
work described above has been done in rodents, the same
mechanisms appear to be relevant in humans (37-39).
Together, these studies have provided great insight into
the mechanisms of APAP hepatotoxicity. However, it is
important to remember that the later mechanisms in APAP
hepatotoxicity critically depend upon the metabolism of
APAP that occurs upstream. Unfortunately, despite decades
of progress, questions remain regarding the effect of metah-
olism and metabolic activation in APAP hepatotoxicity. The
trigger of the initial oxidative stress in mitochondria and
specific targets of the reactive metabolite of APAP that can

explain the cell injury have yet to be identified (reviewed in
30,40).

The purpose of this review is to summarize and discuss
the cumulative knowledge regarding the metabolism and
hepatotoxicity of APAP, including the latest advances in
these fields, and how they are related. Phase I, II, and III
metabolism will be included (beginning with phase II, which
is first in the timeline for APAP). Importantly, recent work
toward an understanding of the specific targets of APAP-
protein binding and new developments in the possible clin-
ical use of measurements of acetaminophen-protein binding
will be reviewed.

ACETAMINOPHEN METABOLISM
Absorption and Phase Il Metabolism
Absorption and Glucuronidation

APAP 15 a weak acid with pKa=9.5. Thus, at physiological
pH it is almost entirely neutral and is therefore rapidly
absorbed from the duodenum. Because of this, measure-
ment of plasma APAP levels following ingestion is a conve-
nient way to assess gastric emptying rates in clinical studies
(41,42) and has been used for decades for this purpose. In
humans, the half-life of APAP in blood after a therapeutic
dose 1s 1.5-3 h (43,44), but increases after toxic doses and
with liver injury (45). Elimination occurs in the liver, where
the majority of the drug is either glucuronidated or sulfated
and then excreted in the urine. APAP-glucuronide accounts
for 50-70% of the administered drug after a therapeutic
dose in humans. Glucuronidation is catalyzed by UDP-
glucuronosyl transferases (UGT) (Fig. 2). These enzymes
transfer the glucuronosyl group of uridine 5'-diphospho-
glucuronic acid (UDP-glucuronic acid) to target molecules,
making them more water-soluble. A number of UGTs have
been described in humans and rodents, belonging to four
families (UGT1, UGT2, UGT3, and UGTS) (46). It was
shown in the 1980s that Gunn rats, which are known to be
poor bilirubin glucuronidators, were more susceptible to
APAP hepatotoxicity than other strains, which were com-
pletely resistant (47). The increase in injury was probably
due to increased formation of the downstream reactive
metabolite (47). These findings were extended to humans
in a clinical study comparing APAP glucuronidation and
bioactivation in UGT-deficient Gilbert’s syndrome patients
and normal volunteers (48). It was later found that the
primary defect in Gilbert’s syndrome is in the promoter
for UGTIAL (49,50). There is now evidence for involve-
ment of several UGTs in APAP glucuronidation from both
in vitro and i viwo experiments (48,51,52). The strongest
evidence from humans suggests that 1Al and 1A6 are
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Fig. 2 Metabolism and metabolic activation of APAR Most of the drug is glucuronidated or sulfated before excretion, catalyzed by UDP-glucuronosyl-
transferases (UGT) and sulfotransferases (SULT), respectively. A small percentage is converted to a reactive metabolite (NAPQI) by cytochromes P450
(primarily CYP2ELI). This may be regulated in part by nuclear receptors such as CAR, PXR, and RXR. The metabolite can be detoxified by conjugation with
glutathione (GSH). Alternatively, it can react with protein thiols. There is evidence that mitochondrial proteins in particular are targeted by NAPQI.

critical. The role of 1Al has been questioned on the basis of
conflicting data from other work with individuals with
Gilbert’s syndrome (53,54). However, some of the discrep-
ancy may be due to differences in experimental design,
including patient selection criteria and normalization of
the dose of APAP (48). It has also been suggested that
concurrent mutations in other UGTs associated with 1Al
through linkage disequilibrium in some Gilbert’s syndrome
patients could account for the differences (54). Interestingly,
it was recently shown that obese mice with steatosis have
higher expression of UGTs than wildtype controls, and
samples from these animals had higher concentrations of
APAP-glucuronide (55,56). The mechanism by which obe-
sity leads to increased glucuronidation in mice is not yet
known. A trend toward increased expression of certain
UGTs has also been observed in humans with non-
alcoholic fatty liver disease (57). However, this trend did
not achieve significance for any isoform and there was no
difference in APAP-glucuronidation activity compared with
controls (57).

Sulfation

Relatively less work has been done to understand APAP
sulfation. It is known that 25-35% of a therapeutic dose of
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APAP is recovered as APAP-sulfate (Iig. 2). Interestingly, it
has been shown that mice lacking NaS1, a kidney transport-
er that is involved in reabsorption of inorganic sulfate
(SO,7), are more susceptible to APAP hepatotoxicity, and
NaS1 polymorphisms are known to occur in humans (58).
Sulfation is catalyzed by sulfotransferase (SULT) enzymes.
Generally, these enzymes transfer a sulfo group from 3'-
phosphoadenosine-5'-phosphosulfate (PAPS) to an acceptor,
like APAP. PAPS is synthesized from sulfate derived from
diet. At least thirteen SULT isoforms are known in humans
and are organized into four families (59). Sulfation of xeno-
biotics, in particular, is usually catalyzed by cytosolic SULT's
(the other major group, Golgi membrane-associated
SULTS, act on larger substrates, including proteins) (59).
Using platelet preparations as surrogates for xenobiotic
metabolism in the liver, it was shown that human
SULT1ALI and 1A3/4 (thermostable and thermolabile sul-
fotransferases, respectively) can catalyze APAP sulfation
(60). These findings were recently confirmed through i vitro
assays using fetal human liver samples, and expanded to
include SULTI1EI (61). Moreover, increased protein levels
of SULTTALI have been observed in pregnant mice with a
corresponding increase in APAP-sulfation activity in liver
fractions (62). Studies of APAP pharmacokinetics in humans
with polymorphisms in these SULTs would be helpful to
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determine which isoforms are clinically relevant.
Interestingly, new data have shown that SULT1ALI protein
is significantly increased in liver from humans with steatosis,
and microsomal fractions from these samples had higher
APAP-sulfation activity (57).

Before moving on, it is worth noting that most of the
above work was done in humans and human models.
Differences in metabolism are known to exist between
humans, mice, and rats. Much of our knowledge concerning
specific enzymes and processes involved in phase I APAP
metabolism has come from rodent studies, with limited
corroboration in human models. Thus, interpretation of
these data and extrapolation to humans must be carried
out with caution.

Phase | Metabolism
Cytochrome P450-Mediated Metabolic Activation

After a therapeutic dose of APAP, about 5-15% is excreted
in urine as a mercapturic acid or cysteine conjugate (Fig. 2).
This is due to conversion of APAP to a reactive intermediate
which can bind to the cysteine thiol of GSH. While the
glucuronide and sulfate conjugates of APAP are directly
excreted in urine, APAP-GSH is initially excreted in bile,
degraded in other organs including the kidney (63,64),
and the degradation products are ultimately excreted in
urine (65).

The metabolic activation of APAP is principally cata-
lyzed by cytochrome P450 enzymes (17) and the reactive
metabolite of greatest relevance for hepatotoxicity is gener-
ally believed to be N-acetyl-p-benzoquinone imine (NAPQI)
(66). NAPQI is a soft electrophile that reacts readily with
nucleophilic sulthydryl groups. Overdose of APAP results in
formation of excess NAPQI, which can deplete GSH levels
and bind to proteins (16). Evidence for GSH depletion and
protein binding is not limited to rodents. In patients given
bromosulphthalein, the plasma concentration of the GSH
conjugate of this drug was decreased after APAP overdose
(67). More convincingly, increasing therapeutic doses of
APAP were found to increase the turnover of GSH in
volunteer subjects (68) and APAP-protein adducts can be
measured in samples from APAP overdose patients (69).
Cysteine residues are the major targets for covalent modifi-
cation by the reactive intermediate of APAP (70), though
binding to lysine has also been reported and may contribute
to mitochondrial damage during APAP toxicity (71) and it is
possible that other amino acids react with NAPQI under
certain conditions. The observation that alcohol and isoni-
azid could affect APAP-induced liver injury led to the hy-
pothesis that GCYP2E] is the major P450 responsible for
conversion of APAP to NAPQI (72-77). Accordingly,
Cyp2el knockout mice were found to be less susceptible to

APAP-induced liver injury (78). In addition, beta-catenin
gene-deficient mice show almost complete elimination of
Cyp2el and Cypla2 protein levels, which correlated with
resistance to APAP hepatotoxicity (79). CYP1A2, 2D6, and
3A4 have also been shown to activate APAP in various
model systems (80-82). However, Cypla2 —/— mice were
not protected against APAP toxicity (83). Moreover, the
finding that Cyp2el —/— mice were resistant to the hepa-
totoxicity caused by high doses of APAP, while the same
knockout mice transgenically expressing human CYP2EI
were susceptible (84) indicates that CYP2E] is indeed the
main P450 enzyme involved in APAP activation. Data from
humans support this conclusion (85,86). One flaw in the
latter studies is reliance upon pharmacological CYP
inducers and inhibitors which may or may not be specific.
More importantly, only low doses of APAP could be given in
the human experiments and there is evidence from mice
that other P450s, including CYP1A2, become important
with increasing exposure (87). Consistent with this, APAP-
protein adducts and toxicity have been measured in APAP-
treated human HepaRG cells (37), which express relatively
low levels of CYP2E1 (88). Some studies with human liver
microsomes also suggest that CYP3A4 are more important
than CYP2EI1 (89). Together, the data suggest that CYP2EI
is the primary enzyme responsible for conversion of APAP
to its reactive intermediate, but a role for P450s other than
CYP2EI1 (particularly 1A2 and 3A4) cannot be ruled out.

Induction of some cytochrome P450 enzymes is known to
occur after APAP treatment. Limited evidence suggests that
the constitutive androstane receptor (CAR), the pregnane X
receptor (PXR), and the retinoid X receptor alpha (RXRa)
are activated during APAP toxicity and can potentiate
APAP hepatotoxicity through upregulation of P450
enzymes or altered GSH homeostasis (90-93). However,
the results of these studies should be interpreted with cau-
tion as CAR and PXR increase expression of P450 enzymes
other than Cyp2el. As mentioned, these other P450 iso-
forms likely have only a minor contribution to NAPQI
formation. In fact, CAR activation was found to modestly
decrease Cyp2el (90). Thus, the proposed mechanisms in
the above papers may not be correct (94). In contrast to
these nuclear receptors, activation of the peroxisome
proliferator-activated receptor alpha (PPAR«) reduces
APAP-induced injury, though this may not involve changes
in metabolism (95,96). Similarly, farnesoid X receptor
(FXR) and liver X receptor (LXR) activation appear to
protect by decreasing expression of phase I enzymes and/or
increasing expression of protective and detoxifying enzymes
(97,98). However, these data are limited at best.

Recent reports indicated that deficiency of natural killer
T cell (NKT) in mice (CD1d—/— and Jal8—/— mice) in-
creased Cyp2el protein expression and enzyme activities,
which enhanced metabolic activation of APAP, increased
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protein binding, and aggravated hepatotoxicity (99), It was
concluded that increased ketone body formation during
starvation in NKT-deficient mice was responsible for the
induction of Cyp2el (99). Consequently, mice fed ad hbitum
showed no difference in injury between wild type and NK'T-
deficient mice (99). However, another paper using the same
mice (Joul8—/— mice) without starvation reported protection
of NKT cell deficient mice against APAP toxicity (100). The
authors concluded that increased hepatic GSH levels in
these mice were the cause of protection (100). These pub-
lications are representative of many immunological studies
in which conflicting results have been reported using the
same animals and where differences in experimental design
(fed vs starved) have a profound impact on the results (101).

Glutathione-S-transferases

Though glutathionylation is a phase II reaction, in the
context of APAP it only occurs after phase I metabolism
(Fig. 2). As mentioned, the reactive metabolite of APAP can
bind to the cysteine thiol of GSH and this is a critical
mechanism of detoxification. The reaction of NAPQI with
GSH has been shown to occur both spontaneously and
enzymatically (102). Enzymatic GSH conjugation is cata-
lyzed by a group of enzymes called the glutathione-S-
transferases (GST). It was thought that GST-Pi was most
likely responsible for the enzymatic conjugation of APAP
and GSH (102). However, Gst-Pi knockout mice actually
had reduced injury after APAP treatment (103). It was later
found that this effect may have been due to upregulation of
cytoprotective genes as a result of constitutive JNK activa-
tion in the knockout mice (104). GSTM-null mice were also
found to be resistant to APAP (105). While a recent study
showed that altered function of GSTT and GSTM are
associated with idiosyncratic hepatotoxicity (106), another
group failed to identify a similar association between GST
1soforms and prothrombin time or outcome in APAP over-
dose patients (107). Unfortunately, the latter study relied on
a very small cohort with few negative outcomes. More work
1s needed to understand the role of GSTs in APAP hepato-
toxicity, including those roles other than scavenging of re-
active metabolites.

Glutathione Depletion, Protein Binding, and Mitochondria

A paradigm in the field of APAP hepatotoxicity is that
depletion of approximately 70% of liver GSH is necessary
for protein binding to occur (18). However, several obser-
vations have challenged this idea. First, the non-hepatotoxic
meta isomer of APAP, 3'-hydroxyacetanilide or AMAP,
binds to proteins despite having a less severe effect on
hepatic GSH levels (108,109). Second, protein binding is
detectable in human HepaRG cells within 1 h of APAP
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treatment, before GSH depletion (37). Finally, APAP-
protein adducts can be measured in human serum after only
therapeutic doses (110). Despite this, there is a clear inverse
relationship between APAP metabolic activation and GSH
levels (18), and measuring the early hepatic GSH depletion
kinetics remains one of the best ways to assess NAPQI
formation (21,111-113)

The discovery that the reactive metabolite of APAP could
become covalently bound to proteins led to the hypothesis
that protein binding was the cause of injury. Unfortunately,
the subsequent search for a specific protein that could ex-
plain the toxicity did not yield many promising candidates
(114,115). Most of the adducted proteins discovered were
enzymes, the activities of which were only minimally affect-
ed (116,117), although there are exceptions (118).
Moreover, none of them appeared to be proteins with vital
functions. However, a comparison of doses of APAP and the
non-hepatotoxic isomer AMAP that caused similar total
liver protein binding revealed that the reactive intermediate
of APAP binds more to mitochondrial proteins than the
reactive metabolite(s) of AMAP (119). It was also shown that
mitochondrial protein binding occurs before the onset of
injury (120). It had previously been reported that APAP
could inhibit mitochondrial respiration in mice (20).
Around the same time, it was observed that APAP caused
an increase in mitochondrial oxidative stress (21). More
recently, an analysis of adducted proteins in mouse liver
using 2D gel electrophoresis and mass spectrometry identi-
fied several specific mitochondrial targets (121). Also, ex-
pression of CYP2E] in mitochondria only (not in the
endoplasmic reticulum) was shown to be sufficient to cause
cell injury after APAP treatment (122). Together, these data
strongly suggest that binding to mitochondrial proteins
results in decreased mitochondrial respiration and increased
oxidative stress. However, some concerns exist regarding
this hypothesis. It is important to note that all of these data
are correlative. There 1s no direct evidence that selectively
preventing mitochondrial protein binding can eliminate in-
jury after APAP overdose. Furthermore, recent data have
shown that AMAP can have toxic effects in rat and human
precision cut liver slices (123). While mitochondrial protein
adducts were not measured in this study, the results do
challenge the earlier data comparing APAP and AMAP.
Despite this, data from rats and mice revealed that rats are
less susceptible to APAP-induced liver injury and have lower
mitochondrial protein binding than mice (124). Comparing
APAP with itself in two different species is more direct than
comparing APAP and AMAP, different drugs with marked-
ly different effects. Overall, the data are consistent with a
critical role for mitochondrial protein binding in the mech-
anism of APAP-induced liver injury.

New insight into the mechanism of APAP-induced liver
injury came from the discovery that JNK is activated during
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APAP hepatotoxicity in mice and translocates to mitochon-
dria, and a JNK inhibitor can protect against injury
(26,27,29). However, it appears that activation of JNK
may require an initial oxidative stress, which is then ampli-
fied by mitochondrial translocation and leads to the MPT
(24,29,30). The source of this initial oxidative stress is
not yet known. It was once thought that P450-mediated
metabolism of APAP could generate ROS that could
play a role in toxicity. However, while this may be the
case during metabolism of ethanol (125), there is no
evidence for oxidative stress at early time points after
APAP treatment, when metabolism is taking place
(126-128). Additional work is needed to fully under-
stand the molecular events leading to APAP hepatotox-
icity during and after metabolism.

APAP-Protein Adducts in Serum

Shortly after the development of the first method to specif-
ically measure APAP-cysteine (APAP-CYS) in the liver (129),
it was found that cysteine adducts on proteins can also be
detected in serum during APAP hepatotoxicity (120). In
addition, protein adducts appear to be reduced in necrotic
areas of the liver at later time points (130). Because these
adducts could only be measured when ALT was elevated, it
was believed that they were released into serum as a result of
necrosis and cell contents release. The recent discovery that
serum APAP-protein adducts can be detected in humans
after only therapeutic doses of APAP casts doubt on this
(110,131). In any case, with the advent of more sensitive
and accurate techniques, it has been suggested that
serum APAP-CYS can be used as a diagnostic marker
for APAP overdose in cases of liver injury in which the
cause is unknown or uncertain (69). This is an intrigu-
ing possibility. Prior to this, definitive diagnosis
depended on the measurement of the parent drug in
serum, along with an accurate patient history. The short
serum half-life of APAP made this problematic.
Confident use of this parameter required that the pa-
tient presented soon after ingestion of the drug and the
approximate time of ingestion could be established.
APAP- protein adducts persist much longer in serum, making
this a much better option. The half-life was found to be
1-2 days after an overdose for both children and adults
(131).

Accurate diagnosis of the cause of liver injury can affect
how patients are treated. For example, early decisions re-
garding the necessity of liver transplant may be based in part
on etiology (132). Furthermore, when intentional overdose is
suspected, the clinician can ensure that the patient receives
proper psychiatric treatment. Thus, the measurement of
serum APAP-CYS could be a major step forward in patient
care, if it is adopted clinically. This could become another

example of a significant clinical advance made through
basic research in the APAP hepatotoxicity field. However,
because these adducts can be detected in serum after
therapeutic doses, selection of a sensitive but specific
threshold concentration is critical. A combination of
>1.1 uM APAP-CYS peak concentration and >1,000 U/L
ALT has been proposed (110,133), but itis not yet known how
polypharmacy and various co-morbidities can affect this
parameter.

Phase Il Metabolism
Metabolite Transport

The conjugates of APAP that result from phase I and II
metabolism must be eliminated. However, unlike the parent
drug, movement of these metabolites requires transporters
(Fig. 3). Using transporter-deficient rodent models and ca-
nonical inducers, it was found that biliary excretion of both
APAP-glucuronide and APAP-sulfate is largely dependent
on Mrp2 and Berp in the canalicular hepatocyte membrane
(134-138) while basolateral excretion of APAP-glucuronide
involves Mrp3 (134,135,139,140). The basolateral trans-
porters involved in APAP-sulfate excretion are less clear,
but Mrp3 and Mrp4 both appear to play a role (139).
Additional work confirmed these findings and revealed that
the biliary excretion of APAP-GSH also requires Mrp2
(141). Despite significant species differences, it is inter-
esting that induction of basolateral and canalicular ef-
flux transporters has been shown in both APAP-treated
rodents (142,143) and APAP overdose patients (144).
MRP2, BCRP, MRP4 and MRP5 protein levels were
shown to be increased in samples from APAP overdose
patients (144,145). Unfortunately, information regarding
the time post-ingestion was not available in this study.
Apparently, the samples were obtained from patients
who required liver transplant (144), and this is likely
when most of the samples were taken. Thus, the time
points measured were probably several days after APAP
overdose and onset of injury. It is possible that some
early changes in transporter expression were missed,
while changes occurring secondary to injury were
detected. Therefore, the results, while interesting, must
be interpreted carefully. In any case, altered transporter
expression after APAP treatment seems to involve tran-
scription factors and nuclear receptors. Some changes in
transporter expression in mice (Mrp3 and Mrp4) after
APAP are dependent on Nrf2 (146), and may be influ-
enced by Kupffer cell-derived cytokines (147). There is
also evidence that nuclear receptors that have been shown to
play a role in APAP toxicity can induce expression of
several of these transporters under certain conditions
(145) (Fig. 3).
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Fig. 3 The glucuronide, sulfate,
and glutathione conjugates of
APAP are excreted into blood and
bile by transporters in the
basolateral and canalicular
membranes, respectively.
Expression of these transporters
may be regulated in part by
several nuclear receptors,
including Nrf2, CAR, PXR, FXR,
and PPAR (see text for detalils).
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INTERVENTIONS AFFECTING APAP METABOLISM

Because metabolic activation is necessary for the downstream
toxic effects, inhibition of P450 enzymes is a very effective way
to prevent APAP-induced liver injury. Ethanol has been shown
to be a competitive inhibitor of P450-mediated APAP metab-
olism when co-administered in some rodent models
(74,148,149). There is also limited evidence for inhibition of
metabolism and reduced toxicity as a result of alcohol co-
ingestion in humans (110,150,151), although this is controver-
sial (149,152). While acute ethanol exposure may reduce
APAP-induced liver injury, chronic alcohol exposure can in-
crease the metabolic activation and toxicity of APAP in rodents
(72,73). The same effects may also occur in humans
(77,152,153), though this too is controversial (154). The effect
of chronic alcohol treatment on APAP in rodents is likely due
to induction of P450 enzymes, especially cyp2el. Although
ethanol may enhance APAP toxicity after an overdose, there
1s no evidence that it can cause toxicity after therapeutic doses
of APAP (155,156). Similar to ethanol, isoniazid has been
shown to both inhibit and enhance APAP metabolism,
depending upon whether the drug was co-ingested or admin-
istered chronically before withdrawal (75). Some other drugs,
including the histamine receptor antagonist cimetidine (157),
can interfere with APAP metabolism in both rodents and
humans.

A number of natural products and herbal therapeutics
thought to protect against APAP hepatotoxicity by acting as
antioxidants or cell death signaling disruptors actually inter-
fere with APAP metabolic activation (111-113,158).
Unfortunately, such mistakes are not limited to work with

@ Springer

0—S0; o—SG

L

(+] [+] =

KA A

+

CAR?
Mrp2 < ::1
0—Gluc ©—S0; - P PXR?

[+]
WA
Mrp2

o

_H)k

SN

— o0—Gluc ©0-S0;

natural products. An experimentally important inhibitor of
P450-mediated APAP metabolism is the commonly used drug
vehicle dimethyl sulfoxide (DMSO) (159-161). Ignoring the
ability of DMSO, which is used as a solvent for caspase
inhibitors, to inhibit metabolic activation has led to a number
of controversies regarding the mode of cell death (apoptosis or
necrosis) after APAP treatment (30,161). In addition, failure to
properly assess the metabolic effects of pharmacological inter-
ventions in models of APAP hepatotoxicity has led to unjusti-
fied conclusions regarding the therapeutic efficacy and
mechanism of action of some compounds (162). It is very
important to ensure reactive metabolite formation is not af-
fected in studies of APAP-induced liver injury. Metabolic
activation can be assessed by measuring hepatic GSH or
APAP-protein adducts at early time points following APAP
treatment (21,112,158). The resistance of rats to APAP toxic-
ity also appears to be partially dependent upon reduced
formation of the reactive intermediate of APAP (124). As a
result of this and other effects downstream of the metabolic
activation, the rat is generally not a good model for the study
of APAP hepatotoxicity (124), though it has been somewhat
useful in the study of APAP metabolism in general.

Aside from inhibition or induction of P450s, any com-
pounds that can deplete GSH or enhance its resynthesis
after APAP could affect APAP-induced liver injury through
either reduced or increased scavenging of the reactive me-
tabolite, respectively. Classical GSH depleting agents like
diethyl maleate and buthionine sulfoxide (BSO) enhance the
toxicity of APAP (18). Importantly, opioids can reduce levels
of hepatic GSH and may potentiate APAP-induced liver
injury in mice and even in humans (163,164). A more recent
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study has shown that fenbendazole, an anthelmintic drug
often administered to laboratory rodents in their chow, can
prolong GSH depletion after APAP and enhance injury
(165). Interestingly, chronic ethanol exposure can selectively
deplete mitochondrial GSH in hepatocytes (166). It is pos-
sible that this could increase APAP toxicity as well. Other
compounds that have been shown to alter the metabo-
lism of APAP include tyrosine kinase inhibitors and oral
contraceptives, both of which may affect glucuronidation

(167,168).

CONSIDERATIONS FOR CELL CULTURE
EXPERIMENTS

P450-mediated activation is critical for the study of APAP
toxicity in cell culture as well. The formation of APAP-
protein adducts in isolated hepatocytes from different spe-
cies correlates with cell death and enzyme release (169) and
inhibition of P450 enzymes can prevent this injury (170).
Currently, primary hepatocytes are considered the gold
standard for studies of drug metabolism and toxicity n vitro.
Cultured cells are convenient to work with and facilitate the
investigation of toxic mechanisms at a level of detail often
not possible i vivo. However, the expression and activity of
drug metabolizing enzymes in cultured rodent hepatocytes
decrease significantly beyond 24 h (171,172) and although
expression of some cytochromes P450 is maintained longer
in human hepatocytes, eventually these cells also lose their
drug-metabolizing capabilities (173). In addition, variation
in drug metabolism across donors and the difficulty in
obtaining tissue can make the use of primary human hep-
atocytes difficult or impractical. A number of strategies to
prevent changes in expression of drug metabolizing enzymes
in long term cultures of primary hepatocytes exist. Various
supplements, including dexamethasone, dimethyl sulfoxide
(DMSO), and P450 inducers (e.g. Phenobarbital), can be
added to the culture medium (171,174,175). Growth and
maintenance of the cells on matrigel or in three dimensional
culture vessels may also help to prevent or delay dedifferen-
tiation (175). However, the best results are still achieved with
freshly isolated primary hepatocytes.

Cell lines are widely available, relatively inexpensive, and
often easier to work with than primary cells. Unfortunately,
most hepatoma cell lines express P450s at very low levels
compared to freshly isolated hepatocytes or to intact liver
(176) and may not be representative of the i vwo situation.
CYP2E1-transfected HepG2 cells have been used to study
APAP toxicity (177), but the relevance of this model is
unclear. HepaRG cells are a relatively new human liver cell
line. These cells were isolated and grown from tissue of a
female patient with hepatocellular carcinoma subsequent to
chronic hepatitis C virus infection (178,179). The initial

popularity of the HepaRG cell line was due to its unique
complaisance to hepatitis B infection (178) and because it
has the unusual property of bipotency, capable of differen-
tiating into both hepatocytes and biliary epithelial cells (179).
A wealth of literature now attests to the drug metabolizing
capabilities of HepaRG cells (180). Importantly, the mecha-
nisms of APAP toxicity in HepaRG cells appear to mimic
those in mice (37). However, very high concentrations of the
drug are required. It is interesting that the long time course
of toxicity in HepaRG cells after exposure to APAP more
closely resembles humans (37). However, the reason for the
delay in injury is not yet clear and it is important to remem-
ber that this is still a hepatoma line. Differences in cell
signaling and cell death pathways may exist between
HepaRG cells and freshly isolated hepatocytes. Also,
DMSO is required to maintain differentiation of these cells.
As mentioned, DMSO is also a potent inhibitor of P450
enzymes (159-161). The differentiation medium must be
removed from these cultures and replaced with DMSO-free
medium prior to treatment with APAP.

Oxygen concentration is also an important consideration
when conducting drug studies using cell culture models.
There is evidence that P450 expression in some cell lines is
optimal at low, near-physiological oxygen levels for the
centrilobular region of the liver (about 3-5%) (181). On
the other hand, hypoxia has been shown to reduce the
expression of drug-metabolizing enzymes in HepaRG cells
(182). When thinking about oxygen levels in cell culture
experiments, it is important to remember the effect of me-
dium volume (181), as gas must diffuse through the medium.
Thus, cells kept under atmospheric (21%) oxygen are not
actually exposed to this level. In order to make comparisons
across multiple studies, the volume and depth of the culture
medium should be consistent. Even with this in mind, 95%
oxygen is probably not appropriate for any cell culture
studies of drug metabolism or toxicity. In the case of
APAP, oxygen concentration can also affect the mechanisms
of toxicity downstream of metabolism. Not surprisingly,
lowering oxygen levels can reduce and even prevent
APAP-induced oxidative stress and protect against toxicity
in vitro (183).

SUMMARY AND CONCLUSIONS

It has been 40 years since the first studies were performed
that led to the establishment of the mouse model of APAP
hepatotoxicity and the introduction of NAC as an antidote
for APAP poisoning. We know that elimination of APAP
involves phase I, II, and III metabolism. Phase II metabo-
lism removes most of the drug prior to phase I and involves
UGTI1AIl and 1A6, as well as SULT1A1, 1A3/4, and
possibly 1E1. Phase I metabolism is predominantly
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mediated by CYP2E1 and produces a reactive metabolite.
This toxic intermediate can bind to sulthydryl groups, spon-
taneously reacting with GSH. It can also bind to hepatic
proteins. Protein binding is the critical initiating event in the
cell death observed during APAP-induced liver injury.
Though new data have challenged old ideas concerning
the relationship between GSH depletion and protein bind-
ing, the covalent modification of proteins in the liver
remains central in the mechanism of toxicity and any inter-
vention that affects this will alter the downstream mitochon-
drial dysfunction, oxidative stress, and injury.
Unfortunately, efforts to identify a specific target of the
APAP metabolite failed to find any that could account
for the massive hepatic necrosis following an APAP
overdose, though there is evidence that binding to mi-
tochondrial proteins is important. While recent work has
strengthened this hypothesis, a better mechanistic under-
standing is still needed. Importantly, protein adducts
can also be detected in serum and measurement of
these serum adducts may become an important addition
to the clinician’s diagnostic toolbox in the near future.
Finally, in rodents the excretion of APAP-glucuronide,
APAP-sulfate, and APAP-GSH is mediated by Mrp2,
Mrp3, and Berp. Inhibition of any of these steps, espe-
cially P450-mediated metabolic activation, can affect the
injury.

ACKNOWLEDGMENTS AND DISCLOSURES

Work in the authors’ laboratory was supported in part by
National Institutes of Health Grants AA12916 and
DKO070195 and by grants from the National Center
for Research Resources (5P20RR021940-07) and the
National Institute of General Medical Sciences (8 P20
GM103549-07) from the National Institutes of Health.
M.R. McGill was supported by the “Training Program
in Environmental Toxicology” (T32 ES007079-26A2)
from the National Institute of Environmental Health
Sciences. The authors declare that there are no conflicts
of interest.

REFERENCES

1. Kaufman DW, Kelly JP, Rosenberg L, Anderson TE, Mitchell
AA. Recent patterns of medication use in the ambulatory adult
population of the United States: the Slone survey. JAMA.
2002;287:337-44.

2. Krenzelok EP, The FDA. Acetaminophen Advisory Committee
Meeting—what is the future of acetaminophen in the United
States? The perspective of a committee member. Clin Toxicol
(Phila). 2009;47:784-9.

3. Davidson DG, Eastham WN. Acute liver necrosis following over-
dose of paracetamol. Br Med J. 1966;2:497-9.

@ Springer

4. Bernal W. Changing patterns of causation and the use of trans-
plantation in the United States. Semin Liver Dis. 2003;23:227—
37.

5. Gow PJ, Jones RM, Dobson JL, Angus PW. Etiology and out-
come of fulminant hepatic failure managed at an Australian
transplant unit. J Gastroenterol Hepatol. 2004;19:154-9.

6. Larson AM, Polson J, Fontana R], Davern TJ, Lalani E, Hynan
LS, et al. Acetaminophen-induced acute liver failure: results of a
United States multicenter, prospective study. Hepatology.
2005;42:1364-74.

7. Wei G, Berqquist A, Broomé U, Lindgren S, Wallerstedt S,
Almer S, et al. Acute liver failure in Sweden: etiology and out-
come. J Intern Med. 2007;262:393—401.

8. Canbay A, Jochum C, Bechmann LP, Festag S, Gieseler RK,
Yiiksel Z, et al. Acute liver failure in a metropolitan area in
Germany: a retrospective study (2002-2008). Z Gastroenterol.
2009;47:807-13.

9. Nourjah P, Ahmad SR, Karwoski C, Willy M. Estimates of
acetaminophen (paracetamol)-associated overdoses in the
United States. Pharmacoepidemiol Drug Saf. 2006;15:398—405.

10. Budnitz DS, Lovegrove MC, Crosby AE. Emergency department
visits for overdoses of acetaminophen-containing products. Am J
Prev Med. 2011;40:585-92.

11. Corcoran GB, Racz WJ, Smith CV, Mitchell JR. Effects of
N-acetylcysteine on acetaminophen covalent binding and he-
patic necrosis in mice. J] Pharmacol Exp Ther. 1985;232:864—
72.

12. Corcoran GB, Wong BK. Role of glutathione in prevention of
acetaminophen-induced hepatotoxicity by N-acetyl-L-cysteine in
vivo: studies with N-acetyl-D-cysteine in mice. ] Pharmacol Exp
Ther. 1986;238:54-61.

13. Knight TR, Ho YS, Farhood A, Jaeschke H. Peroxynitrite is a
critical mediator of acetaminophen hepatotoxicity in murine
livers: protection by glutathione. J Pharmacol Exp Ther.
2002;303:468-75.

14. Saito C, Zwingmann C, Jaeschke H. Novel mechanisms of pro-
tection against acetaminophen hepatotoxicity in mice by gluta-
thione and N-acetylcysteine. Hepatology. 2010;51:246-54.

15. Mitchell JR, Jollow DJ, Potter WZ, Davis DC, Gillette JR, Brodie
BB. Acetaminophen-induced hepatic necrosis. I. Role of drug
metabolism. J Pharmacol Exp Ther. 1973;187:185-94.

16. Jollow DJ, Mitchell JR, Potter WZ, Davis DC, Gillette JR,
Brodie BB. Acetaminophen-induced hepatic necrosis. II.
Role of covalent binding i vio. J Pharmacol Exp Ther.
1973;187:195-202.

17. Potter WZ, Davis DC, Mitchell JR, Jollow DJ, Gillette JR, Brodie
BB. Acetaminophen-induced hepatic necrosis. 3. Cytochrome P-
450-mediated covalent binding  vitro. ] Pharmacol Exp Ther.
1973;187:203-10.

18. Mitchell JR, Jollow DJ, Potter WZ, Gillette JR, Brodie BB.
Acetaminophen-induced hepatic necrosis. IV. Protective role of
glutathione. J Pharmacol Exp Ther. 1973;187:211-7.

19. Placke ME, Ginsberg GL, Wyand DS, Cohen SD.
Ultrastructural changes during acute acetaminophen-induced
hepatotoxicity in the mouse: a time and dose study. Toxicol
Pathol. 1987;15:431-8.

20. Meyers LL, Beierschmitt WP, Khairallah EA, Cohen SD.
Acetaminophen-induced hepatic mitochondrial respiration in
mice. Toxicol Appl Pharmacol. 1988;93:378-87.

21. Jaeschke H. Glutathione disulfide formation and oxidant stress
during acetaminophen-induced hepatotoxicity in mice i vivo: the
protective effect of allopurinol. J Pharmacol Exp Ther.
1990;255:935-41.

22. Cover C, Mansouri A, Knight TR, Bajt ML, Lemasters J]J,
Pessayre D, et al. Peroxynitrite-induced mitochondrial and
endonuclease-mediated nuclear DNA damage in



Drug Metabolism and Acetaminophen Hepatotoxicity

2183

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

acetaminophen hepatotoxicity. J Pharmacol Exp Ther.
2005;315:879-87.

Agarwal R, MacMillan-Crow LA, Rafferty TM, Saba H, Roberts
DW, Fifer EK, ¢t al. Acetaminophen-induced hepatotoxicity in
mice occurs with inhibition of activity and nitration of mitochon-
drial manganese superoxide dismutase. J Pharmacol Exp Ther.
2011;337:110-6.

Sharma M, Gadang V, Jaeschke A. Critical role for mixed-linease
kinase 3 in acetaminophen-induced hepatotoxicity. Mol
Pharmacol. 2012;82:1001-7.

Nakagawa H, Maeda S, Hikiba Y, Ohmae T, Shibata W,
Yanai A, et al. Deletion of apoptosis signal-regulating kinase
1 attenuates acetaminophen-induced liver injury by inhibiting
c-Jun N-terminal kinase activation. Gastroenterology.
2008;135:1311-21.

Gunawan BK, Liu ZX, Han D, Hanawa N, Gaarde WA,
Kaplowitz N. c-Jun N-terminal kinase plays a major role in
murine acetaminophen hepatotoxicity. Gastroenterology.
2006;131:165-78.

Hanawa N, Shinohara M, Saberi B, Gaarde WA, Han D,
Kaplowitz N. Role of JNK translocation to mitochondria leading
to inhibition of mitochondria bioenergetics in acetaminophen-
induced liver injury. J Biol Chem. 2008;283:12565-3577.

Win S, Than TA, Han D, Petrovic LM, Kaplowitz N. c-Jun N-
terminal kinase (JNK)-dependent acute liver injury from
acetaminophen or tumor necrosis factor (I'NF) requires mi-
tochondrial Sab protein expression in mice. J Biol Chem.
2011;286:35071-8.

Saito C, Lemasters JJ, Jaeschke H. c-Jun N-terminal kinase mod-
ulates oxidant stress and peroxynitrite formation independent of
inducible nitric oxide synthase in acetaminophen hepatotoxicity.
Toxicol Appl Pharmacol. 2010;246:8-17.

Jaeschke H, McGill MR, Ramachandran A. Oxidant stress, mi-
tochondria, and cell death mechanisms in drug-induced liver
injury: lessons learned from acetaminophen hepatotoxicity.
Drug Metab Rev. 2012;44:88-106.

Kon K, Kim JS, Jaeschke H, Lemasters JJ. Mitochondrial per-
meability transition in acetaminophen-induced necrosis and ap-
optosis of cultured mouse hepatocytes. Hepatology.
2004;40:1170-9.

Ramachandran A, Lebofsky M, Baines CP, Lemasters ]J,
Jaeschke H. Cyclophilin D deficiency protects against
acetaminophen-induced oxidant stress and liver injury. Free
Radic Res. 2011;45:156-64.

Bajt ML, Cover C, Lemasters JJ, Jaeschke H. Nuclear transloca-
tion of endonuclease G and apoptosis-induced factor during
acetaminophen-induced liver cell injury. Toxicol Sci.
2006;94:217-25.

Bajt ML, Farhood A, Lemasters JJ, Jaeschke H. Mitochondrial
bax translocation accelerates DNA fragmentation and cell necro-
sis in a murine model of acetaminophen hepatotoxicity. J
Pharmacol Exp Ther. 2008;324:8-14.

Bajt ML, Ramachandran A, Yan HM, Lebofsky M, Farhood A,
Lemasters JJ, et al. Apoptosis-inducing factor modulates mito-
chondrial oxidant stress in acetaminophen hepatotoxicity.
Toxicol Sci. 2011;122:598-605.

Gujral JS, Knight TR, Farhood A, Bajt ML, Jaeschke H. Mode of
cell death after acetaminophen overdose in mice: apoptosis or
oncotic necrosis? Toxicol Sci. 2002;67:322-8.

McGill MR, Yan HM, Ramachandran A, Murray G]J, Rollins
DE, Jaeschke H. HepaRG cells: a human model to study mech-
anisms of acetaminophen hepatotoxicity. Hepatology.
2011;53:974-82.

McGill MR, Sharpe MR, Williams CD, Taha M, Curry SC,
Jaeschke H. The mechanism underlying acetaminophen-induced
hepatotoxicity in humans and mice involves mitochondrial

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

35.

56.

damage and nuclear DNA fragmentation. J Clin Invest.
2012;122:1574-83.

Antoine DJ, Jenkins RE, Dear JW, Williams DP, McGill MR,
Sharpe MR, ¢t al. Molecular forms of HMGBI and keratin-18 as
mechanistic biomarkers for mode of cell death and prognosis
during clinical acetaminophen hepatotoxicity. J Hepatol.
2012;56:1070-9.

Jaeschke H, Bajt ML. Intracellular signaling mechanisms of
acetaminophen-induced liver cell death. Toxicol Sci.
2006;89:31—41.

Heading RC, Nimmo J, Prescott LF, Tothill P. The dependence
of paracetamol absorption on the rate of gastric emptying. Br J
Pharmacol. 1973;47:415-21.

Nimmo J, Heading RC, Tothill P, Prescott LF. Pharmacological
modification of gastric emptying: effects of propantheline and
metoclopromide on paracetamol absorption. Br Med ]J.
1973;1:587-9.

Nelson E, Morioka T. Kinetics of the metabolism of acetamino-
phen by humans. J Pharm Sci. 1963;52:864-8.

Cummings AJ, King ML, Martin BK. A kinetic study of drug
elimination: the excretion of paracetamol and its metabolites in
man. Br J Pharmacol Chemother. 1967;29:150-7.

Schiadt FV, Ott P, Christensen E, Bondesen S. The value of
plasma acetaminophen half-life in antidote-treated acetamino-
phen overdosage. Clin Pharmacol Ther. 2002;71:221-5.
Mackenzie PI, Bock KW, Burchell B, Guillemette C, Ikushiro S,
Iyanagi T, et al. Nomenclature update for the mammalian UDP
glycosyltransferase (UGT) gene superfamily. Pharmacogenet
Genomics. 2005;15:677-85.

de Morais SM, Wells PG. Enhanced acetaminophen toxicity in
rats with bilirubin glucuronyl transferase deficiency. Hepatology.
1989;10:163-7.

de Morais SM, Uetrecht JP, Wells PG. Decreased glucuronida-
tion and increased bioactivation of acetaminophen in Gilbert’s
syndrome. Gastroenterology. 1992;102:577-86.

Monaghan G, Ryan M, Seddon R, Hume R, Burchell B. Genetic
variation in bilirubin UDP-glucuronosyltransferase gene promot-
er and Gilbert’s syndrome. Lancet. 1996;347:578-81.

Clarke DJ, Moghrabi N, Monaghan G, Cassidy A, Boxer M,
Hume R, ¢t al. Genetic defects of the UDP-
glucuronosyltransferase-1 (UGT1) gene that cause familial non-
haemolytic unconjugated hyperbilirubinaemias. Clin Chim Acta.
1997;266:63-74.

Court MH, Duan SX, von Moltke LL, Greenblatt DJ, Patten CJ,
Miners JO, et al. Interindividual variability in acetaminophen
glucuronidation by human liver microsomes: identification of
relevant acetaminophen UDP-glucuronosyltransferase isoforms.
J Pharmacol Exp Ther. 2001;299:998-1006.

Navarro SL, Chen Y, Li L, Li SS, Chang JL, Schwarz Y, et al.
UGTI1A6 and UGT2B15 polymorphisms and acetaminophen
conjugation in response to a randomized, controlled diet of select
fruits and vegetables. Drug Metab Dispos. 2011;39:1650-7.
Ullrich D, Sieg A, Blume R, Bock KW, Schréter W, Bircher J.
Normal pathways for glucuronidation, sulphation and oxidation
of paracetamol in Gilbert’s syndrome. Eur J Clin Invest.
1987;17:237-40.

Rauchschwalbe SK, Ziihlsdorf MT, Wensing G, Kuhlmann J.
Glucuronidation of acetaminophen is independent of UGTI1AI
promoter genotype. Int J Clin Pharmacol Ther. 2004;42:73-7.
Xu J, Kulkarni SR, Li L, Slitt AL. UDP-glucuronosyltransferase
expression in mouse liver is increased in obesity- and fasting-
induced steatosis. Drug Metab Dispos. 2012;40:259-66.
Aubert J, Begriche K, Delannoy M, Morel I, Pajaud J, Ribault C,
et al. Differences in early acetaminophen hepatotoxicity between
obese ob/ob and db/db mice. J Pharmacol Exp Ther.
2012;342:676-87.

@ Springer




2184

McGill and Jaeschke

57.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Hardwick RN, Ferreira DW, More VR, Lake AD, Lu Z,
Manautou JE, et al. Altered UDP-glucuronosyltransferase
(UGT) and sulfotransferase (SULT) expression and function
during progressive stages of human nonalcoholic fatty liver
disease. Drug Metab Dispos. 2012. doi:10.1124/dmd.112.048439.

. Lee S, Dawson PA, Hewavitharana AK, Shaw PN, Markovich D.

Disruption of NaS1 sulfate transport function in mice leads to
enhanced acetaminophen-induced hepatotoxicity. Hepatology.
2006;43:1241-7.

. Lindsay J, Wang LL, Li Y, Zhou SF. Structure, function and

polymorphism of human cytosolic sulfotransferases. Curr Drug
Metab. 2008;9:99-105.

Reiter C, Weinshilboum RM. Acetaminophen and phenol: sub-
strates for both a thermostable and a thermolabile form of human
platelet phenol sulfotransferase. J Pharmacol Exp Ther.
1982;221:43-51.

Adjei AA, Gaedigk A, Simon SD, Weinshilboum RM, Leeder JS.
Interindividual variability in acetaminophen sulfation by human
fetal liver: implications for pharmacogenetic investigations of
drug-induced birth defects. Birth Defects Res A Clin Mol
Teratol. 2008;82:155-65.

Wen X, Donepudi AC, Thomas PE, Slitt AL, King RS,
Aleksunes LM. Regulation of hepatic phase-II metabolism in
pregnant mice. J Pharmacol Exp Ther. 2012 [Epud ahead of
print].

Fischer L], Green MD, Harman AW. Studies on the fate of the
glutathione and cysteine conjugates of acetaminophen in mice.
Drug Metab Dispos. 1985;13:121-6.

Newton JF, Hoefle D, Gemborys MW, Mudge GH, Hook JB.
Metabolism and excretion of a glutathione conjugate of acet-
aminophen in the isolated perfused rat kidney. J Pharmacol
Exp Ther. 1986;237:519-24.

Wong LT, Whitehouse LW, Solomonraj G, Paul C]J. Pathways of
disposition of acetaminophen conjugates in the mouse. Toxicol
Lett. 1981;9:145-51.

Dahlin DC, Miwa GT, Lu AY, Nelson SD. N-acetyl-p-ben-
zoquinone imine: a cytochrome P-450-mediated oxidation
product of acetaminophen. Proc Natl Acad Sci U S A. 1984;81:
1327-31.

Davis M, Ideo G, Harrison NG, Williams R. Hepatic glutathione
depletion and impaired bromosulphthalein clearance early after
paracetamol overdose in man and the rat. Clin Sci Mol Med.
1975;49:495-502.

Lauterburg BH, Mitchell JR. Therapeutic doses of acetamino-
phen stimulate the turnover of cysteine and glutathione in man. J
Hepatol. 1987;4:206—-11.

Davern 2nd 1], James LP, Hinson JA, Polson J, Larson AM,
Fontana R]J, et al. Measurement of serum acetaminophen-protein
adducts in patients with acute liver failure. Gastroenterology.
2006;130:687-94.

Streeter AJ, Dahlin DC, Nelson SD, Baillie TA. The covalent
binding of acetaminophen to protein. Evidence for cysteine res-
idues as major sites of arylation i vitro. Chem Biol Interact.
1984;48:349-66.

Lu Z, Bourdi M, Li JH, Aponte AM, Chen Y, Lombard DB, e al.
SIRT3-dependent deacetylation exacerbates acetaminophen
hepatotoxicity. EMBO Rep. 2011;12:840-6.

McClain CJ, Kromhout JP, Peterson FJ, Holtzman JL.
Potentiation of acetaminophen hepatotoxicity by alcohol.
JAMA. 1980;244:251-3.

Sato C, Matsuda Y, Lieber CS. Increased hepatotoxicity of
acetaminophen after chronic ethanol consumption in the rat.
Gastroenterology. 1981;80:140-8.

Sato C, Licber CGS. Mechanism of the preventive effect of ethanol
on acetaminophen-induced hepatotoxicity. J Pharmacol Exp
Ther. 1981;218:811-5.

@ Springer

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Zand R, Nelson SD, Slattery JT, Thummel KE, Kalhorn TF,
Adams SP, et al. Inhibition and induction of cytochrome
P4502E1-catalyzed oxidation by isoniazid in humans. Clin
Pharmacol Ther. 1993;54:142-9.

Nolan CM, Sandblom RE, Thummel KE, Slattery JT, Nelson
SD. Hepatotoxicity associated with acetaminophen usage in
patients receiving multiple drug therapy for tuberculosis. Chest.
1994;105:408-11.

Thummel KE, Slattery JT, Ro H, Chien JY, Nelson SD, Lown
KE, et al. Ethanol and production of the hepatotoxic metabolite
of acetaminophen in healthy adults. Clin Pharmacol Ther.
2000;67:591-9.

Lee SS, Buters JT, Pineau T, Fernandez-Salquero P, Gonzalez
IJ. Role of Cyp2el in the hepatotoxicity of acetaminophen. ] Biol
Chem. 1996;271:12063-7.

Sekine S, Lan BY, Bedolli M, Feng S, Hebrok M. Liver-specific
loss of beta-catenin blocks glutamine synthesis pathway activity
and cytochrome p450 expression in mice. Hepatology.
2006;43:817-25.

Thummel KE, Lee CA, Kunze KL, Nelson SD, Slattery JT.
Oxidation of acetaminophen to N-acetyl-p-aminobenzoquinone
imine by human CYP3A4. Biochem Pharmacol. 1993;45:1563—
9.

Patten CJ, Thomas PE, Guy RL, Lee M, Gonzalez I],
Guengerich FP, et al. Cytochrome P450 enzymes involved in
acetaminophen activation by rat and human liver microsomes
and their kinetics. Chem Res Toxicol. 1993;6:511-8.

Dong H, Haining RL, Thummel KE, Rettic AE, Nelson SD.
Involvement of human cytochrome P450 2D6 in the bioacti-
vation of acetaminophen. Drug Metab Dispos. 2000;28:
1397-400.

Tonge RP, Kelly EJ, Bruschi SA, Kalhorn T, Eaton DL, Nebert
DW, et al. Role of CYP1A2 in the hepatotoxicity of acetamino-
phen: investigations using Cypla2 null mice. Toxicol Appl
Pharmacol. 1998;153:102-8.

Cheung C, Yu AM, Ward JM, Krausz KW, Akiyama TE,
Feigenbaum L, ¢t al. The CYP2E1-humanized transgenic mouse:
role of CYP2E] in acetaminophen hepatotoxicity. Drug Metab
Dispos. 2005;33:449-57.

Sarich T, Kalhorn T, Magee S, al-Sayegh F, Adams S, Slattery J,
et al. The effect of omeprazole pretreatment on acetaminophen
metabolism in rapid and slow metabolizers of S-mephenytoin.
Clin Pharmacol Ther. 1997;62:21-8.

Manyike PT, Kharasch ED, Kalhorn TF, Slattery JT.
Contribution of CYP2E1 and CYP3A to acetaminophen reac-
tive metabolite formation. Clin Pharmacol Ther. 2000;67:275—
82.

Zaher H, Buters JT, Ward JM, Bruno MK, Lucas AM, Stern ST,
el al. Protection against acetaminophen toxicity in Cypla2 and
Cyp2el double-null mice. Toxicol Appl Pharmacol.
1998;152:193-9.

Anthérieu S, Chesné C, Li R, Camus S, Lahoz A, Picazo L, ¢t al.
Stable expression, activity, and inducibility of cytochromes P450
in differentiated HepaRG cells. Drug Metab Dispos.
2010;38:516-25.

Thummel KE, Lee CA, Kunze KL, Nelson SD, Slattery JT.
Oxidation of acetaminophen to N-acetyl-p-aminobenzoquinone
imine by human CYP3A4. Biochem Pharmacol. 1993;45:1563-9.
Zhang J, Huang W, Chua SS, Wei P, Moore DD. Modulation of
acetaminophen-induced hepatotoxicity by the xenobiotic recep-
tor CAR. Science. 2002;298:422—4.

Guo GL, Moffit JS, Nicol CJ, Ward JM, Aleksunes LA, Slitt AL,
et al. Enhanced acetaminophen toxicity by activation of the preg-
nane x receptor. Toxicol Sci. 2004;82:374-80.

Wu Y, Zhang X, Bardag-Gorce F, Robel RC, Aquilo J, Chen L,
et al. Retinoid X receptor alpha regulates glutathione homeostasis



Drug Metabolism and Acetaminophen Hepatotoxicity

2185

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

and xenobiotic detoxification processes in mouse liver. Mol
Pharmacol. 2004;65:550-7.
Cheng J, Ma X, Krausz KW, Idle JR, Gonzalez F]. Rifampicin-
activated human pregnane X receptor and CYP3A4 induction
enhance acetaminophen-induced toxicity. Drug Metab Dispos.
2009;37:1611-21.
Nelson SD, Slattery JT, Thummel KE, Watkins PB. CAR un-
likely to significantly modulate acetaminophen hepatotoxicity in
most humans. Hepatology. 2003;38:254—7.
Manautou JE, Emeigh Hart SG, Khairallah EA, Cohen SD.
Protection against acetaminophen hepatotoxicity by a single
dose of clofibrate: effects on selective protein arylation and
glutathione depletion. Fundam Appl Toxicol. 1996;29:229—
37.
Chen C, Hennig GE, Whiteley HE, Corton JC, Manautou JE.
Peroxisome proliferator-activated receptor alpha-null mice lack
resistance to acetaminophen hepatotoxicity following clofibrate
exposure. Toxicol Sci. 2000;57:338—44.
Lee FY, de Aquiar Vallim TQ, Chong HK, Zhang Y, Liu Y, et al.
Activation of the farnesoid X receptor provides protection against
acctaminophen-induced hepatic toxicity. Mol Endocrinol.
2010;24:1626-36.
Saini SP, Zhang B, Niu Y, Jiang M, Gao J, Zhai Y, et al.
Activation of liver X receptor increases acetaminophen clearance
and prevents its toxicity in mice. Hepatology. 2011;54:2208-17.
Martin-Murphy BV, Kominsky DJ, Orlicky DJ, Donohue Jr TM,
Ju C. Increased susceptibility of natural killer t cell deficient mice
to acetaminophen-induced liver injury. Hepatology. 2012.
doi:10.1002/hep.26134 [Epub ahead of print].
Down I, Aw TY, Liu J, Adegboyega P, Ajuecbor MN. Val14iNK'T
cell deficiency prevents acetaminophen-induced acute liver
failure by enhancing hepatic glutathione and altering APAP
metabolism. Biochem Biophys Res Commun. 2012;428:245—
51.
Jaeschke H, Williams CD, Ramachandran A, Bajt ML.
Acetaminophen hepatotoxicity and repair: the role of sterile
inflammation and innate immunity. Liver Int. 2012;32:8-20.
Coles B, Wilson I, Wardman P, Hinson JA, Nelson SD, Ketterer
B. The spontancous and enzymatic reaction of N-acetyl-p-benzo-
quinoneimine with glutathione: a stopped-flow kinetic study.
Arch Biochem Biophys. 1988;264:253-60.
Henderson CJ, Wolf CR, Kitteringham N, Powell H, Otto D,
Park BK. Increased resistance to acetaminophen hepatotoxicity
in mice lacking glutathione S-transferase Pi. Proc Natl Acad Sci
U S A. 2000;97:12741-5.
Elsby R, Kitteringham NR, Goldring CE, Lovatt CA,
Chamberlain M, Henderson CJ, e al. Increased constitutive c-
Jun N-terminal kinase signaling in mice lacking glutathione S-
transferase Pi. ] Biol Chem. 2003;278:22243-9.
Arakawa S, Maejima T, Fujimoto K, Yamaguchi T, Yagi M,
Sugiura T, et al. Resistance to acetaminophen-induced hepato-
toxicity in glutathione S-transferase Mu 1-null mice. J Toxicol
Sci. 2012;37:595-605.
Lucena MI, Andrade RJ, Martinez C, Ulzurrun E, Garcia-
Martin E, Borraz Y, e al. Spanish group for the study of drug-
induced liver disease. Glutathione S-transferase M1 and T'1 null
genotypes increase susceptibility to idiosyncratic drug-induced
liver injury. Hepatology. 2008;48:588-95.
Buchard A, Eefsen M, Semb S, Andersen SE, Morling N,
Bendtsen F, et al. The role of glutathione S-transferase genes
GSTTI1, GSTMI, and GSTPI! in acetaminophen-poisoned
patients. Clin Toxicol (Phila). 2012;50:27-33.
Rashed MS, Myers TG, Nelson SD. Hepatic protein arylation,
glutathione depletion, and metabolite profiles of acetaminophen
and a non-hepatotoxic regioisomer, 3'-hydroxyacetanilide, in the
mouse. Drug Metab Dispos. 1990;18:765-70.

109.

110.

Salminen Jr WF, Voellmy R, Roberts SM. Differential heat shock
protein induction by acetaminophen and a nonhepatotoxic
regioisomer, 3'-hydroxyacetanilide, in mouse liver. J Pharmacol
Exp Ther. 1997;282:1533—40.

Heard KJ, Green JL, James LP, Judge BS, Zolot L, Rhyee S, et al.
Acetaminophen-cysteine adducts during therapeutic dosing and
following overdose. BMC Gastroenterol. 2011;11:20.

111. Jaeschke H, Williams CD, McGill MR. Herbal extracts as hep-

atoprotectants against acetaminophen hepatotoxicity (letter).
World J Gastroenterol. 2010;16:2448-50.

112. Jaeschke H, McGill MR, Williams CD, Ramachandran A.

Current issues with acetaminophen hepatotoxicity—a clinically
relevant model to test the efficacy of natural products. Life Sci.
2011;88:737—45.

113. Jaeschke H, Williams CD, McGill MR. Caveats of using acet-

114.

116.

117.

118.

119.

120.

121.

122.

123.

124.

126.

aminophen hepatotoxicity models for natural product testing
(letter). Toxicol Lett. 2012;215:40-1.

Cohen SD, Pumford NR, Khairallah EA, Boekelheide K, Pohl
LR, Amouzadeh HR, ¢t al. Selective protein covalent binding and
target organ toxicity. Toxicol Appl Pharmacol. 1997;143:1-12.

. Pumford NR, Halmes NC, Hinson JA. Covalent binding of

xenobiotics to specific proteins in the liver. Drug Metab Rev.
1997;29:39-57.
Pumford NR, Halmes NC, Martin BM, Cook R]J, Wagner C,
Hinson JA. Covalent binding of acetaminophen to N-10-
formyltetrahydrofolate dehydrogenase in mice. J Pharmacol
Exp Ther. 1997;280:501-5.
Andringa KK, Bajt ML, Jaeschke H, Bailey SM. Mitochondrial
protein thiol modifications in acetaminophen hepatotoxicity:
effect on HMG-CoA synthase. Toxicol Lett. 2008;177:188—
97.
Gupta S, Rogers LK, Taylor SK, Smith CV. Inhibition of car-
bamyl phosphate synthetase-I and glutamine synthetase by hep-
atotoxic doses of acetaminophen in mice. Toxicol Appl
Pharmacol. 1997;146:317-27.
Tirmenstein MA, Nelson SD. Subcellular binding and effects on
calcium homeostasis produced by acetaminophen and a nonhe-
patotoxic regioisomer, 3'-hydroxyacetanilide, in mouse liver. J
Biol Chem. 1989;264:9814-9.
Pumford NR, Hinson JA, Benson RW, Roberts DW.
Immunoblot analysis of protein containing 3-(Cystein-S-yl)ace-
taminophen adducts in serum and subcellular liver fractions
from acetaminophen-treated mice. Toxicol Appl Pharmacol.
1990;104:521-532.
Qiu Y, Benet LZ, Burlingame AL. Identification of the hepatic
protein targets of reactive metabolites of acetaminophen i vivo in
mice using two-dimensional gel electrophoresis and mass spec-
trometry. J Biol Chem. 1998;273:17940-53.
Knockaert L, Descatoire V, Vadrot N, Fromenty B, Robin MA.
Mitochondrial CYP2EL is sufficient to mediate oxidative stress
and cytotoxicity induced by ethanol and acetaminophen. Toxicol
In Vitro. 2011;25:475-84.
Hadi M, Dragovic S, van Swelm R, Herpers B, van de Water B,
Russel FG, et al. AMAP, the alleged non-toxic isomer of acet-
aminophen, is toxic in rat and human liver. Arch Toxicol.
2013;87:155-65.
McGill MR, Williams CD, Xie Y, Ramachandran A, Jaeschke H.
Acetaminophen-induced liver injury in rats and mice: compari-
son of protein adducts, mitochondrial dysfunction, and oxidative
stress in the mechanism of toxicity. Toxicol Appl Pharmacol.
2012;264:387-94.

. Wu D, Cederbaum Al Oxidative stress mediated toxicity exerted

by ethanol-inducible CYP2E1. Toxicol Appl Pharmacol.
2005;207:70-6.

Lauterburg BH, Smith CV, Hughes H, Mitchell JR. Biliary
excretion of glutathione and glutathione disulfide in the rat.

@ Springer




2186

McGill and Jaeschke

127.

128.

129.

130.

131.

132.

133.

134.

136.

137.

138.

139.

140.

141.

Regulation and response to oxidative stress. J Clin Invest.
1984;73:124-33.

Smith CV, Jaeschke H. Effect of acetaminophen on hepatic
content and biliary efflux of glutathione disulfide in mice.
Chem Biol Interact. 1989;70:241-8.

Bajt ML, Knight TR, Lemasters JJ, Jaeschke H. Acetaminophen-
induced oxidant stress and cell injury in cultured mouse hepato-
cytes: protection by N-acetyl cysteine. Toxicol Sci. 2004;80:343-9.
Roberts DW, Pumford NR, Potter DW, Benson RW, Hinson JA.
A sensitive immunochemical assay for acetaminophen-protein
adducts. ] Pharmacol Exp Ther. 1987;241:527-33.

Roberts DW, Bucci 1], Benson RW, Warbitton AR, McRae TA,
Pumford NR, ¢/ al. Immunohistochemical localization and quan-
tification of the 3-(cystein-S-yl)-acetaminophen protein adduct in
acetaminophen hepatotoxicity. Am J Pathol. 1991;138:359-71.
James LP, Chiew A, Abdel-Rahman SM, Letzig L, Graudins A,
Day P, ¢t al. Acetaminophen protein adduct formation following
low-dose acetaminophen exposure: comparison of immediate-
release vs extended-release formulations. Eur J Clin Pharmacol.
2012; doi:10.1007/500228-012-1410-7.

Simpson KJ, Bates CM, Henderson NC, Wigmore SJ, Garden
QJ, Lee A, ¢t al. The utilization of liver transplantation in the
management of acute liver failure: comparison between acet-
aminophen and non-acetaminophen etiologies. Liver Transpl.
2009;15:600-9.

James LP, Letzig L, Simpson PM, Capparelli E, Roberts DW,
Hinson JA, et al. Pharmacokinetics of acetaminophen-protein
adducts in adults with acetaminophen overdose and acute liver
failure. Drug Metab Dispos. 2009;37:1779-84.

Xiong H, Turner KC, Ward ES, Jansen PL, Brouwer KL.
Altered hepatobiliary disposition of acetaminophen glucuronide
in isolated perfused livers from multidrug resistance-associated
protein 2-deficient TR(—) rats. J Pharmacol Exp Ther.
2000;295:512-8.

. Xiong H, Suzuki H, Sugiyama Y, Meier PJ, Pollack GM,

Brouwer KL. Mechanisms of impaired biliary excretion of
acetaminophen glucuronide after acute Phenobarbital treat-
ment of Phenobarbital pretreatment. Drug Metab Dispos.
2002;3:962-9.

Zamek-Gliszczynski MJ, Hoffmaster KA, Tian X, Zhao R, Polli
JW, Humphreys JE, et al. Mutliple mechanisms are involved in
the biliary excretion of acetaminophen sulfate in the rat: role of
Mrp2 and Berpl. Drug Metab Dispos. 2005;33:1158-65.
Zamek-Gliszczynski MJ, Nezasa K, Tian X, Kalvass JC, Patel NJ,
Raub T]J, et al. The important role of Berp (Abceg?) in the biliary
excretion of sulfate and glucuronide metabolites of acetamino-
phen, 4-methylumbelliferone, and harmol in mice. Mol
Pharmacol. 2006;70:2127-33.

Lee JK, Abe K, Bridges AS, Patel NJ, Raub TJ, Pollack GM, e al.
Sex-dependent disposition of acetaminophen sulfate and glucu-
ronide in the i situ perfused mouse liver. Drug Metab Dispos.
2009;37:1916-21.

Zamek-Gliszczynski MJ, Nezasa K, Tian X, Bridges AS, Lee K,
Belinsky MG, ¢t al. Evaluation of the role of multidrug resistance-
associated protein (Mrp) 3 and Mrp4 in hepatic basolateral
excretion of sulfate and glucuronide metabolites of acetamino-
phen, 4-methylumbelliferone, and harmol in Abcc3—/— and
Abcc4—/— mice. ] Pharmacol Exp Ther. 2006;319:1485-91.
Manautou JE, de Waart DR, Kunne C, Zelcer N, Goedken
M, Borst P, et al. Altered disposition of acetaminophen in
mice with a disruption of the Mrp3 gene. Hepatology.
2005;42:1091-8.

Chen C, Hennig GE, Manautou JE. Hepatobiliary excretion of
acectaminophen glutathione conjugate and its derivatives in
transport-deficient (TR-) hyperbilirubinemic rats. Drug Metab
Dispos. 2003;31:798-804.

@ Springer

142.

143.

144.

146.

147.

148.

149.

150.

151.

153.

156.

157.

Ghanem CI, Gomez PC, Arana MC, Perassolo M, Ruiz M,
Villanueva S8, et al. Effect of acetaminophen on expression and
activity of rat liver multidrug resistance-associated protein 2 and
P-glycoprotein. Biochem Pharmacol. 2004;68:791-8.

Aleksunes LM, Slitt AM, Cherrington NJ, Thibodeau MS,
Klaassen CD, Manautou JE. Differential expression of mouse
hepatic transporter genes in response to acetaminophen and
carbon tetrachloride. Toxicol Sci. 2005;83:44-52.

Barnes SN, Aleksunes LM, Augustine L, Scheffer GL, Goedken
M]J, Jakowski AB, et al. Induction of hepatobiliary efflux trans-
porters in acetaminophen-induced acute liver failure cases. Drug
Metab Dispos. 2007;35:1963-9.

. Gu X, Manautou JE. Regulation of hepatic ABCC transporters

by xenobiotics and in disease states. Drug Metab Rev.
2010;42:482-538.

Aleksunes LM, Slitt AM, Maher JM, Augustine LM, Goedken
M], Chan JY, et al. Induction of Mrp3 and Mrp4 transporters
during acetaminophen hepatotoxicity is dependent on Nrf2.
Toxicol Appl Pharmacol. 2008;226:74-83.

Campion SN, Johnson R, Aleksunes LM, Goedken M]J, van
Rooijen N, Scheffer GL, et al. Hepatic Mrp4 induction
following acetaminophen exposure is dependent on Kupffer
cell function. Am J Physiol Gastrointest Liver Physiol.
2008;295:G294-304.

Wong LT, Whitchouse LW, Solomonraj G, Paul CJ. Effect of a
concomitant single dose of ethanol on the hepatotoxicity and
metabolism of acetaminophen in mice. Toxicology.
1980;17:297-309.

Thummel KE, Slattery JT, Nelson SD, Lee CA, Pearson PG.
Effect of ethanol on hepatotoxicity of acetaminophen in mice and
on reactive metabolite formation by mouse and human liver
microsomes. Toxicol Appl Pharmacol. 1989;100:391-7.

Banda PW, Quart BD. The effect of mild alcohol consumption
on the metabolism of acetaminophen in man. Res Commun
Chem Pathol Pharmacol. 1982;38:57-70.

Waring WS, Stephen AF, Malkowska AM, Robinson OD. Acute
ethanol coingestion confers a lower risk of hepatotoxicity after
deliberate acetaminophen overdose. Acad Emerg Med.
2008;15:54-8.

. Schigdt FV, Lee WM, Bondesen S, Ott P, Christensen E.

Influence of acute and chronic alcohol intake on the clinical
course and outcome in acetaminophen overdose. Aliment
Pharmacol Ther. 2002;16:707-15.

Whitcomb DC, Block GD. Association of acetaminophen hepa-
totoxicity with fasting and ethanol use. JAMA. 1994;272:1845—
50.

. Prescott LF. Paracetamol, alcohol, and the liver. Br J Clin

Pharmacol. 2000;49:291-301.

. Dart RC, Green JL, Kuffner EK, Heard K, Sproule B, Brands B.

The effects of paracetamol (acetaminophen) on hepatic tests in
patients who chronically abuse alcohol—a randomized study.
Aliment Pharmacol Ther. 2010;32:478-86.

Rumack B, Heard K, Green J, Albert D, Bucher-Bartelson B,
Bodmer M, et al. Effect of therapeutic doses of acetaminophen (up
to 4 g/day) on serum alanine aminotransferase levels in
subjects consuming ethanol: systematic review and meta-
analysis of randomized controlled trials. Pharmacotherapy.
2012;32:784-91.

Mitchell MC, Schenker S, Speeg Jr KV. Selective inhibition of
acetaminophen oxidation and toxicity by cimetidine and other
histamine H2-receptor antagonists i vivo and i vitro in the rat and
in man. J Clin Invest. 1984;73:383-91.

158. Jaeschke H, Williams CD, McGill MR, Xie Y, Ramachandran A.

Models of drug-induced liver injury for evaluation of phytother-
apeutics and other natural products. Food Chem Toxicol.
doi:10.1016/j.fct.2012.12.063.



Drug Metabolism and Acetaminophen Hepatotoxicity

2187

159.

160.

16

—

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Park Y, Smith RD, Combs AB, Kehrer JP. Prevention of
acetaminophen-induced hepatotoxicity by dimethyl sulfoxide.
Toxicology. 1988;52:165-75.

Yoon MY, Kim SJ, Lee BH, Chung JH, Kim YC. Effects of
dimethylsulfoxide on metabolism and toxicity of acetaminophen
in mice. Biol Pharm Bull. 2006;29:1618-24.

. Jaeschke H, Cover C, Bajt ML. Role of caspases in

acetaminophen-induced liver injury. Life Sci. 2006;78:1670—6.
Xie Y, Williams CD, McGill MR, Lebofsky M, Ramachandran
A, Jaeschke H. Purinergic receptor antagonist A438079 protects
against acetaminophen-induced liver injury by inhibiting P450
isoenzymes not inflammasome activation. Toxicol Sci.
2013;131:325-35.

James RC, Goodman DR, Harbison RD. Hepatic glutathione
and hepatotoxicity: changes induced by selected narcotics. J
Pharmacol Exp Ther. 1982;221:708-14.

Schmidt LE, Dalhoff K. The effect of regular medication on the
outcome of paracetamol poisoning. Aliment Pharmacol Ther.
2002;16:1539-45.

Gardner CR, Mishin V, Laskin JD, Laskin DL. Exacerbation of
acetaminophen hepatotoxicity by the anthelmentic drug fenben-
dazole. Toxicol Sci. 2012;125:607-12.

Férnandez-Checa JC, Hirano T, Tsukamoto H, Kaplowitz N.
Mitochondrial glutathione depletion in alcoholic liver disease.
Alcohol. 1993;10:469-75.

Mitchell MC, Hanew T, Meredith CG, Schenker S. Effects of
oral contraceptive steroids on acetaminophen metabolism and
elimination. Clin Pharmacol Ther. 1983;34:48-53.

Liu Y, Ramirez ], Ratain MJ. Inhibition of paracetamol glucur-
onidation by tyrosine kinase inhibitors. Br J Clin Pharmacol.
2011;71:917-20.

Green CE, Dabbs JE, Tyson CA. Metabolism and cytotox-
icity of acetaminophen in hepatocytes isolated from resistant
and susceptible species. Toxicol Appl Pharmacol.
1984;76:139-49.

Harman AW, Fischer LJ. Hamster hepatocytes in culture as
a model for acetaminophen toxicity studies with inhibitors of
drug metabolism. Toxicol Appl Pharmacol. 1983;71:330—41.
Bissell DM, Guzelian PS. Phenotypic stability of adult rat hep-
atocytes in primary monolayer culture. Ann N Y Acad Sci.
1980;349:85-98.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Beigel J, Fella K, Kramer PJ, Kroeger M, Hewitt P. Genomics
and proteomics analysis of cultured primary rat hepatocytes.
Toxicol In Vitro. 2008;22:171-81.

Strom SC, Pisarov LA, Dorko K, Thompson MT, Schuetz JD,
Schuetz EG. Use of human hepatocytes to study P450 gene
induction. Methods Enzymol. 1996;272:388—401.

Villa P, Arioli P, Guaitani A. Mechanism of maintenance of liver-
specific functions by DMSO in cultured rat hepatocytes. Exp Cell
Res. 1991;194:157-60.

Fraczek J, Bolleyn J, Vanhaecke T, Rogiers V, Vinken M.
Primary hepatocyte cultures for pharmaco-toxicological studies:
at the busy crossroad of various anti-dedifferentiation strategies.
Arch Toxicol. Dec. 2012. doi:10.1007/500204-012-0983-3.
Rodriguez-Antona C, Donato MT, Boobis A, Edwards R]J, Watts
PS, Castell JV, et al. Cytochrome P450 expression in human hepato-
cytes and hepatoma cell lines: molecular mechanisms that determine
lower expression in cultured cells. Xenobiotica. 2002;32:505-20.
Dai Y, Cederbaum Al Cytotoxicity of acetaminophen in human
cytochrome P4502E1-transfected HepG2 cells. J Pharmacol Exp
Ther. 1995;273:1497-505.

Gripon P, Rumin S, Urban S, Le Seyec J, Glaise D, Cannie I, e
al. Infection of a human hepatoma cell line by hepatitis B virus.
Proc Natl Acad Sci U S A. 2002;99:15655-60.

Parent R, Marion MJ, Furio L, Trépo C, Petit MA. Origin and
characterization of a human bipotent liver progenitor cell line.
Gastroenterology. 2004;126:1147-56.

Anthérieu S, Chesné C, Li R, Guguen-Guillouzo C, Guillouzo A.
Optimization of the HepaRG cell model for drug metabolism
and toxicity studies. Toxicol In Vitro. 2012;26:1278-85.

Camp JP, Capitano AT. Induction of zone-like liver function
gradients in HepG2 cells by varying culture medium height.
Biotechnol Prog. 2007;23:1485-91.

Legendre C, Hori T, Loyer P, Aninat C, Ischida S, Glaise
D, et al. Drug-metabolising enzymes are down-regulated by
hypoxia in differentitated human hepatoma HepaRG cells:
HIF-lalpha involvement CYP3A4 repression. Eur J Cancer.
2009;45:2882-92.

Yan HM, Ramachandran A, Bajt ML, Lemasters JJ, Jaeschke H.
The oxygen tension modulates acetaminophen-induced mito-
chondrial oxidant stress and cell injury in cultured hepatocytes.
Toxicol Sci. 2010;117:515-23.

@ Springer




