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Abstract
Acetaminophen (APAP) hepatotoxicity because of overdose is the most frequent cause of acute
liver failure in the western world. Metabolic activation of APAP and protein adduct formation,
mitochondrial dysfunction, oxidant stress, peroxynitrite formation and nuclear DNA fragmentation
are critical intracellular events in hepatocytes. However, the early cell necrosis causes the release
of a number of mediators such as high-mobility group box 1 protein, DNA fragments, heat shock
proteins (HSPs) and others (collectively named damage-associated molecular patterns), which can
be recognized by toll-like receptors on macrophages, and leads to their activation with cytokine
and chemokine formation. Although pro-inflammatory mediators recruit inflammatory cells
(neutrophils, monocytes) into the liver, neither the infiltrating cells nor the activated resident
macrophages cause any direct cytotoxicity. In contrast, pro- and anti-inflammatory cytokines and
chemokines can directly promote intracellular injury mechanisms by inducing nitric oxide
synthase or inhibit cell death mechanisms by the expression of acute-phase proteins (HSPs, heme
oxygenase-1) and promote hepatocyte proliferation. In addition, the newly recruited macrophages
(M2) and potentially neutrophils are involved in the removal of necrotic cell debris in preparation
for tissue repair and resolution of the inflammatory response. Thus, as discussed in detail in this
review, the preponderance of experimental evidence suggests that the extensive sterile
inflammatory response during APAP hepatotoxicity is predominantly beneficial by limiting the
formation and the impact of pro-inflammatory mediators and by promoting tissue repair.
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Acetaminophen (APAP) overdose is currently the most frequent cause of acute liver failure
in USA, the UK and many other countries (1). APAP tablets are often used in suicide
attempts. However, there are an increasing number of cases of unintentional overdosing
because of the consumption of multiple-drug preparations containing APAP. APAP
hepatotoxicity has been recognized since the 1960s (2) and, shortly thereafter, a mouse
model of APAP-induced liver injury was introduced (3–5). Early mechanistic insight into
the pathophysiology of APAP hepatotoxicity obtained with this model included the
formation of a reactive metabolite, hepatic glutathione (GSH) depletion and protein binding,
which correlated with liver injury (3–5). The recognition that GSH is a critical defence
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against the reactive metabolite led to the introduction of N-acetylcysteine (NAC) as an
antidote against APAP hepatotoxicity in clinical practice (6). NAC is still used today as the
only approved drug to treat APAP overdose patients (7).

Although the focus of research in understanding the mechanisms of APAP-induced liver
injury was always on intracellular events in hepatocytes, there is an increasing awareness
that nonparenchymal cells of the liver and infiltrating inflammatory cells may be involved in
the pathogenesis (8, 9). However, in contrast to the widely accepted contribution of
inflammatory cells in the pathophysiology of hepatic ischaemia–reperfusion injury,
obstructive cholestasis and endotoxaemia (10–12), the contribution of inflammation in the
mechanism of APAP-induced liver injury is highly controversial (13). The objective of the
current review was to critically evaluate recent findings on the role of sterile inflammation
and innate immune cells in APAP-induced liver injury and repair and to try to reconcile
many of these observations into a coherent hypothesis.

Intracellular mechanisms of acetaminophen-induced hepatocyte cell death
A fundamental principle of sterile inflammation is the requirement for necrotic cell death
(14). Thus, it needs to be kept in mind that a substantial initial cell death is necessary to
trigger an inflammatory response that may modulate the early injury.

Hepatocyte cell death: initiation phase (Fig. 1)
Mechanistic work by Mitchell and coworkers (3–5) established the fact that APAP-induced
liver injury depends on the metabolism of a small fraction of the overall dose of APAP
(generally < 10%) through the P450 system (Cyp). This reaction, which is catalysed mainly
by CYP2E1, yields the formation of a reactive metabolite, N-acetyl-p-benzoquinone imine
(NAPQI), which reacts either spontaneously, or via catalysis by glutathione-S-transferases,
with GSH (15). If the formation of NAPQI exceeds the capacity of GSH to eliminate this
metabolite, NAPQI can react with protein sulphhydryl groups, which leads to the formation
of protein adducts (4, 5). During the early days, it was assumed that covalent binding of
APAP to proteins was the direct cause of cell death (3–5). Although cell death correlates
with early protein binding (16), it was obvious that the total amount of adducts is limited and
may be insufficient to cause cell death. Therefore, it was hypothesized that NAPQI may
selectively affect vital proteins within the cell. During the next decade, a substantial number
of adducted proteins were identified (17, 18). However, none of the proteins proved to be
absolutely vital such that a moderate loss of enzyme activity could explain the rapid cell
death. Work with the nonhepatotoxic regioisomer of APAP, 3′-hydroxyacetanilide,
suggested that not the overall amount of protein binding was critical for cell death but the
capability to bind to mitochondrial proteins (19, 20). The parallel recognition that APAP
overdose can inhibit mitochondrial respiration (21, 22) and causes a selective mitochondrial
oxidant stress (23) led to the concept that early protein binding is the initiator of toxicity,
which requires amplification and propagation in order to cause cell death (24, 25). The basis
of this concept is that any intervention that may affect the early metabolic activation of
APAP will modulate all subsequent events including the inflammatory response. In other
words, it is critical to evaluate these early events for any pharmacological (drug, chemical,
antibody, siRNA, etc.) or any genetic (gene knock-out or transgenic mouse) intervention
applied to this model.

Hepatocyte cell death: amplification and injury phase (Fig. 1)
Central to amplifying the initial stress of protein adduct formation is the mitochondria.
Although some of the mechanistic details are still unknown, it is well established that the
mitochondrial translocation of bax is a very early event (25–27). Bax together with Bak
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forms pores in the outer mitochondrial membrane that leads to the release of intermembrane
proteins including cytochrome c, the second mitochondrial activator of caspases (smac),
endonuclease G and apoptosis-inducing factor (AIF) (27). Endonuclease G and AIF
translocate to the nucleus (28) and contribute to the characteristic nuclear DNA
fragmentation and cell death (27). Independent of bax, mitochondrial protein binding
triggers an inhibition of the mitochondrial respiration, which causes a selective oxidant
stress and peroxynitrite formation in the mitochondria (29, 30). The oxidant stress and
peroxynitrite do not cause relevant lipid peroxidation in vivo (31) but are responsible for
mitochondrial DNA damage (30) and the opening of the mitochondrial membrane
permeability transition pore (MPT) (32–34), which triggers the collapse of the membrane
potential and cessation of ATP formation. The resulting mitochondrial swelling leads to the
rupture of the outer membrane with the release of intermembrane proteins and subsequent
nuclear DNA fragmentation (27). The selective scavenging of mitochondrial peroxynitrite
by accelerating the recovery of mitochondrial GSH levels documented the critical role of
peroxynitrite in the pathophysiology (35, 36). In addition, the supply of large doses of NAC
and GSH supports mitochondrial function by providing substrates for ATP synthesis (37).
Together, the emerging evidence is very strong that dysfunction of the mitochondria and the
resulting energy crisis and nuclear DNA damage are key events in causing oncotic necrotic
cell death (38).

Sterile inflammation: cytokine formation and activation of the
inflammasome

The formation of cytokines such as tumour necrosis factor (TNF)-α, interleukin (IL)-1β and
others has been well described after APAP overdose (39–42) but the initiating mechanisms
emerged only recently. Damage-associated molecular patterns (DAMPs) are molecules
released from dying cells that are ligands for toll-like receptors (TLRs) on macrophages and
other cell types (43, 44). DAMPs, identified to be released during APAP hepatotoxicity,
include high-mobility group box 1 protein (HMGB1), heat shock proteins (HSPs), DNA
fragments (Fig. 1) and others (14, 45–47). A hypo-acetylated form of HMGB1 can be
passively released by necrotic cells (47) and a hyperacetylated form of HMGB1 is secreted
by activated macrophages and indicates an inflammatory response (48). Both hyper- and
hypo-acetylated forms of HMGB1 are found in the plasma after an APAP overdose (47).
However, it appears that HMGB1 alone is less effective as a pro-inflammatory mediator;
combinations of HMGB1 with other DAMPS such as DNA fragments are the most potent
inflammagens (49). Although these DAMPs are clearly released into the plasma during
APAP-induced liver injury, the impact on injury mechanisms is controversial. Antibodies
against HMGB1 have been shown to reduce hepatic neutrophil accumulation without effect
on injury (14). However, other authors reported a minor reduction in liver injury (50) or
drastically reduced liver injury in the presence of HMGB1 antibodies (51). A caveat of
comparing these experimental results is that there were differences in the strains and age of
mice used, the nutritional status of the mice (fed vs fasted) and the source of the neutralizing
antibody. In particular, the use of 1-day-old mouse pups in one study showing no protection
with HMGB1 antibodies (14) raises concerns about the relevance of these findings. HMGB1
antibodies attenuated cytokine and chemokine [TNF-α, monocyte chemo-attractant protein
(MCP)-1, IL-6] formation (50, 51) supporting the hypothesis that HMGB1 is an important
mediator of the inflammatory response after APAP overdose. Mice deficient in TLR4, a
receptor for HMGB1, showed a moderate reduction in an APAP-induced injury (52) but
mice deficient in TNF-α (53) were not protected. In contrast, TNF receptor 1-deficient mice
had exaggerated liver injury, which correlated with accelerated iNOS induction and
peroxynitrite formation (54).
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DNA fragmentation is a characteristic feature of APAP-induced cell death (Fig. 2) (30, 55,
56). DNA fragments released during APAP-induced necrosis (45, 57) can be recognized by
TLR9 (58). The pathophysiological relevance of TLR9 has been implicated by the protective
effect of TLR9 antagonists and in TLR9-deficient mice (58). TLR9 stimulation can activate
cytokine formation through the activation of nuclear factor-κB (NF-κB) (58). It was
hypothesized that IL-1α and IL-1β are critical mediators of APAP hepatotoxicity based on
the observation that IL-1 receptor-deficient (IL-1R1−/−) mice are completely protected (59)
and the reports that mice deficient in components of the Nalp3 inflammasome show
substantially reduced injury (58). This protein complex consists of Nalp3 (NACHT, LRR
and pyrin domain-containing protein 3), ASC (apoptosis-associated speck-like protein
containing a CARD) and caspase-1 (60). Based on the reduced injury in Nalp3−/−, ASC−/−
and caspase-1−/− mice, it was concluded that processing of pro-IL-1β and pro-IL-18 to the
active cytokines is critical for APAP-induced liver injury (58). Although these are
interesting ideas, there are numerous concerns. Firstly, IL-1R1−/− mice are not protected
against APAP-induced liver injury (61), which questions the relevance of IL-1α or IL-1β in
the pathophysiology. Secondly, the amount of IL-1β produced after APAP overdose is very
small and not enough to activate neutrophils (61). In fact, even a massive overdose of IL-1β
administered after APAP recruits more neutrophils into the liver but does not enhance
APAP-induced liver injury (61) strongly arguing against a role of IL-1β in APAP
hepatotoxicity. Thirdly, although a caspase inhibitor effectively prevented mature IL-1β
formation, the inhibitor affected neither hepatic neutrophil recruitment nor liver injury (61).
Fourth, in our hands, Nalp3−/−, ASC−/− and caspase-1−/− mice were not protected against
APAP-induced liver injury (62). Fifth, the lack of a cytoplasmic death domain in the IL-1R
makes it impossible for IL-1α or IL-1β to directly induce cell death (63). Thus, a cytotoxic
effect of these cytokines would depend on inflammatory cell activation (64). However, as
discussed later, there is strong evidence against any direct involvement of neutrophils or
macrophages in cell killing during APAP hepatotoxicity.

Taken together, there is established release of various DAMPs after APAP overdose
triggering the formation of a number of cytokines and chemokines and initiating the
recruitment of neutrophils and monocytes into the liver. However, there is no convincing
evidence to suggest that the pro-inflammatory mediator formation results in direct cell death
(apoptosis) (38) or a neutrophil- or a macrophage-mediated injury (13). In contrast,
inflammatory cytokines are able to modulate intracellular events within hepatocytes, thereby
altering toxicity.

Role of Kupffer cells in acetaminophen hepatotoxicity
The resident macrophages of the liver (Kupffer cells) are activated within 1–2 h after an
APAP overdose in mice as indicated by the formation of cytokines (39–42, 46, 65). In this
respect, it is important to recognize that the first report on macrophage activation after
APAP used a rat model (66). In this case, the resident Kupffer cells and mononuclear cells
accumulating in the centrilobular area after 24 h were isolated. Pretreatment with
gadolinium chloride (GdCl3), which selectively reduces the capacity of Kupffer cells to
generate reactive oxygen (67), attenuated APAP-induced liver injury in rats after 24 h (68).
Again, the main effect in this rat model of APAP-induced liver injury appears to be on
infiltrating macrophages, and not on Kupffer cells. However, these studies were never
followed up with more detailed mechanistic investigations and it was never ruled out that
the beneficial effect of GdCl3 was secondary to some protective effect on Kupffer cell
activation that modulated the hepatocellular injury. In general, the rat model is not used
much because even a massive APAP overdose produces only a relatively mild injury, which
does not reflect the human overdose situation.
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A few years after the first study in the rat, a similar investigation using GdCl3 was repeated
in the mouse (69). In this report, GdCl3 completely eliminated the oxidant stress,
peroxynitrite formation and liver injury during the first 8 h after APAP (69). In this case,
GdCl3 clearly acted on Kupffer cells as infiltrating monocytes are not detectable before 12–
24 h in the mouse (70). However, the main conclusions of this manuscript, i.e. that Kupffer
cell-derived oxidants are responsible for the centrilobular injury (69), are highly
questionable. Firstly, the most active Kupffer cells in terms of reactive oxygen formation are
located in the periportal area as part of the liver’s vital host defence function (71, 72). Thus,
it is unlikely that oxidants formed in the periportal area cause selective damage to
centrilobular hepatocytes. Secondly, mice with a genetic deficiency of a functional
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, the enzyme by which
phagocytes such as Kupffer cells produce reactive oxygen, do not show reduced oxidant
stress or peroxynitrite formation and liver injury after an APAP overdose (73). Likewise,
inhibitors of NADPH oxidase do not protect against APAP hepatotoxicity (74). Thus, there
is no credible experimental evidence to support the conclusion that Kupffer cells are
involved in the pathophysiology of APAP-induced liver injury by directly causing cell
injury through reactive oxygen and peroxynitrite formation. In support of these findings,
several subsequent studies using GdCl3 found either very little or even no protection (65, 75,
76). Even the sinusoidal endothelial cell injury and haemorrhage that occurs early after
APAP overdose in certain mouse strains appears to be related to APAP toxicity in
endothelial cells rather than indirect cytotoxicity of Kupffer cells (29, 40, 65, 75, 77).
However, the most important finding related to Kupffer cells was reported by Ju et al. (76).
These investigators clearly demonstrated that the elimination of Kupffer cells by clodronate
liposomes actually increased APAP toxicity. The most likely explanation is related to the
elimination of the formation of IL-10, IL-6 and other cytokines and of cyclo-oxygenase
products (76). IL-10 was shown to protect against APAP toxicity by downregulation of
iNOS expression and peroxynitrite formation (78). In addition, cyclo-oxygenase products
induce HSPs (79). HSP70 (80) and HSP32 (heme oxygenase-1) (81) are induced after APAP
and protect against APAP toxicity. Together, these data demonstrate that the dominant effect
of Kupffer cell activation after APAP is not to cause cytotoxicity by oxidant formation but
to limit toxicity by preventing excessive iNOS induction, by promoting cyto-protective gene
expression and by supporting regeneration.

Role of neutrophils in acetaminophen hepatotoxicity
The early release of DAMPs and the formation of cytokines during the sterile inflammatory
response after APAP overdose lead to the recruitment of neutrophils into the hepatic
vasculature (14, 40). As has been demonstrated in a number of cases, given the appropriate
chemotactic signal from the parenchyma, these leucocytes can extravasate and seriously
aggravate liver injury (10–12). Despite the initial results arguing against an active role of
neutrophils in APAP hepatotoxicity (40), two studies using the identical experimental
approach suggested that neutrophils are responsible in part for APAP-induced liver injury
(82, 83). This conclusion was mainly based on the use of a neutropenia-inducing antibody,
which was injected 24 h before APAP (82, 83). However, when animals were treated with
the same antibody after APAP administration, but still before the onset of injury (early
necrosis), neutropenia did not protect (74). The reason for these contradictory results using
the same reagent was that the pretreatment regimen caused not only neutrophil depletion but
also triggered a preconditioning effect because of the accumulation of the antibody-tagged
neutrophils in the liver and the attempts of Kupffer cells to remove them (84, 85).
Phagocytosis of inactivated neutrophils causes Kupffer cell activation (84) and triggers a
stress response in hepatocytes including the induction of inflammatory genes and a number
of protective genes, e.g. metallothionein, heme oxygenase-1 and others (85). Consequently,
hepatocytes from animals pretreated with this neutropenia antibody were more resistant to
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APAP toxicity independent of the lack of neutrophils in blood. This conclusion is further
supported by the lack of protection of mice deficient in intercellular adhesion molecule
(ICAM)-1 (74), CD18 (86) and phox91 (73) as well as the ineffectiveness of
pharmacological inhibitors of NADPH oxidase (74). In fact, neutrophils recruited into the
liver after APAP overdose are not even primed or activated (Fig. 3) (86). However, if
neutrophils are activated by an injection of endotoxin or IL-1β after an APAP, there are
substantially more neutrophils in the liver that are primed for reactive oxygen species (ROS)
formation, but there is still no aggravation of the injury (61, 86). Together, these data
strongly suggest that neutrophils do not contribute to the liver injury after an APAP
overdose (Table 1); the few manuscripts that suggest a role for neutrophils have to be
interpreted cautiously as off-target effects of the neutropenia interventions can explain the
protection independent of neutrophils.

Role of natural killer and natural killer T cells in acetaminophen
hepatotoxicity

It was reported that the depletion of natural killer (NK) and NK T cells in the liver exerted a
protective effect against APAP hepatotoxicity (87). The increase in a large number of
cytokines and chemokines including interferon-γ (IFN-γ) after APAP treatment (500 mg/
kg) was substantially reduced in NK and NK T cell-depleted mice (87). In addition, the
authors observed a downregulation of the Fas receptor and reduced neutrophil accumulation
in the NK/NK T cell-depleted mice (87). Interestingly, the effect of APAP on cytokine and
chemokine formation, Fas receptor expression and neutrophil infiltration could also be
reproduced in IFN-γ-deficient mice (87, 88). Because IFN-γ formation was mainly
attributed to NK and NK T cells, it was concluded that these cell types are responsible for
IFN-γ production and the more severe injury after an APAP overdose (87). It was later
determined that the presence of DMSO as a solvent in these studies activated NK and NK T
cells, which does not occur without DMSO (89). Overall, it was found that DMSO used in
these initial studies increased the activation of these NK and NK T cells and in particular
enhanced granzyme B and IFN-γ production. The depletion of NK and NK T cells does not
alter APAP-induced injury unless these cell types are pre-activated with DMSO (89).
Despite the limitations, the initial study (87) did demonstrate that IFN-γ has the potential to
modulate APAP-induced toxicity, even if it was induced under nonphysiological conditions.
Further confirming the potential of IFN-γ to alter APAP toxicity, IFN-γ−/− mice (87, 88)
and wild-type mice treated with IFN-γ-neutralizing antibody were used (88). Depending on
the time after APAP overdose, IFN-γ−/− mice showed a two- to eight-fold reduction in
plasma ALT activities and the neutralizing antibody reduced ALT levels approximately
three-fold at 24 h (88). The reduction in injury also correlated with reduced immune cell
infiltration, cytokine and chemokine formation and liver Fas receptor expression (88).

During APAP-induced sterile inflammation, various immune cells are recruited into the
liver, many of which highly express the Fas ligand (FasL), and it is well established that
hepatocytes express the Fas receptor. Increased circulating levels of Fas have been observed
after an APAP overdose in humans (90). The Fas/FasL interaction has the potential to
modulate APAP-induced injury by affecting intracellular signalling mechanisms. Although
the easiest interaction between FasL and the Fas receptor would be to trigger apoptosis,
there is no evidence that apoptotic cell death makes a relevant contribution to the overall
liver injury after an APAP overdose (38). In addition, APAP does not induce caspase
activation and caspase inhibitors do not protect (56, 61, 91). The only exception is a limited
and temporary caspase activation in fed CD-1 mice; however, a caspase inhibitor did not
reduce liver injury in these mice either (50). In contrast, the mitochondrial dysfunction
induced by APAP in hepatocytes interrupts the critical mitochondrial signalling pathway and
eliminates Fas-mediated apoptosis (56, 92). Nevertheless, several lines of evidence exist

Jaeschke et al. Page 6

Liver Int. Author manuscript; available in PMC 2013 March 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



linking the Fas receptor and/or FasL to altered APAP toxicity. An in vivo study in mice
showed that knocking down the Fas receptor protected against 300 mg/kg APAP overdose
but the protection was lost when the dose was increased to 700 mg/kg (93). These
experiments utilized antisense or scrambled oligonucleotides, which were injected once per
day for 4 days before an APAP overdose (93). In this study, potential alterations in APAP
metabolism and/or GSH levels were not evaluated (93). This raises the possibility that the
protection may have been an indirect effect. A different study demonstrated that subliminal
activation of Fas by the Fas-activating antibody, Jo-2, enhanced APAP-induced injury (94).
In these experiments, the very low dose of Jo-2 itself caused no plasma ALT increase or any
detectable caspase activation in the liver. If administered before APAP, however, Jo-2
caused a more than two-fold increase in APAP-induced injury (94). In this study, it was
shown that the subliminal Fas activation increased iNOS induction, which then enhanced
APAP-induced injury (94), linking Fas receptor activation to a critical intracellular
signalling event. In a related study, it was demonstrated that mice with defective Fas
receptor (lpr mice) or Fas ligand (gld mice) were partially protected from APAP-induced
injury (87). Both lpr and gld mice had a four- to five-fold reduction in plasma ALT with
enhanced survival (87). However, these experiments were again performed in the presence
of DMSO, which might have affected the results. Thus, three independent studies
demonstrated three unique ways in which Fas receptor activation can modulate APAP
toxicity. Potential Fas activation mediated through infiltrating leucocytes (i.e. NK and NK T
cells) alters intracellular signalling within the hepatocyte to make them more vulnerable to
APAP-induced toxicity by a mechanism independent of the Fas/FasL apoptotic cell death
pathway.

Bacterial and viral infections and acetaminophen toxicity
Bacterial and viral infections can modulate the susceptibility to APAP-induced liver injury.
Treatment with lipopolysaccharide (LPS) has been used as a model to study the effect of
bacterial infection on drug metabolism. The simultaneous treatment of cocultures of rat
Kupffer cells and hepatocytes with LPS and phenobarbital resulted in a strong
downregulation (85%) of the phenobarbital-induced cytochrome P450 isoform Cyp2b1 in
hepatocytes, which was mediated by TNF release from Kupffer cells (95). Hepatic
cytochrome P450 enzyme activities were also depressed in mice treated with LPS in vivo
(96) and a number of studies have demonstrated that pretreatment of rats or mice with LPS
for 24 h (0.1–4 mg/kg) resulted in a decrease of APAP metabolism and protection from
injury (68, 97, 98). The suppression of P450 activities and hepatoprotection against an
APAP overdose was eliminated in TLR4-defective mice, suggesting that Kupffer cell-
derived cytokines were responsible for this effect in vivo (98). However, if LPS (0.1 mg/kg)
or IL-1β is administered 3 h after APAP, there is an increase in neutrophil accumulation in
the liver but no aggravation of injury (61, 86). Thus, even enhanced recruitment of primed
neutrophils by LPS or cytokines does not affect APAP-induced injury suggesting no direct
cytotoxicity by these innate immune cells. However, low levels of endogenous LPS have
also been implicated in APAP-induced liver injury, with studies showing that mice either
lacking LPS-binding protein (LBP) or administration of a synthetic peptide to block
interaction of LPS and LBP were protective against APAP hepatotoxicity (99, 100).
Together, these data suggest that Kupffer cell activation by endogenous LPS may promote
cell death mechanisms by effects such as promoting iNOS induction.

In contrast, a recent study using a 2-h pretreatment with 4–5 mg/kg LPS triggered injury at
24 h after a noninjurious dose of APAP (175 mg/kg) (101). The authors concluded that
bacterial-mediated inflammation renders a noninjurious dose of APAP hepatotoxic (101).
However, this conclusion is highly questionable. The time course of injury in the LPS/APAP
group was different compared with a toxic dose of APAP (101). The high LPS dose
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administered recruits primed and activated neutrophils into the liver. However, it is well
known that these cells do not cause any injury without a signal for transmigration (102). In
this case, the signal was generated by causing a subtoxic cellular stress with APAP, which
triggered a neutrophil-mediated injury (101). This mechanism is very similar to the
galactosamine/LPS model, where LPS-generated cytokines prime neutrophils and the
subsequent apoptosis causes neutrophil transmigration and aggravation of liver injury (103).
Thus, the combination of LPS/APAP is a typical neutrophil-mediated injury model with
little relevance for APAP hepatotoxicity.

The possible effect of viral infections on drug metabolism has been recognized for decades
(104, 105) and recent epidemiological data indicate that hepatitis C virus (HCV) infection
predisposes patients to APAP-induced acute liver injury (106, 107). Viral infections result in
elevated levels of type I IFNs (108) and the IFN inducer poly rI:rC has been used in a
number of studies evaluating immune modulation of APAP toxicity. The treatment of
BALB/cJ mice with poly rI:rC was found to depress the levels of total thiol adduct excretion
subsequent to APAP treatment, indicating that it decreases the metabolic activation of the
drug (109). Mice treated with poly rI:rC also had significantly lower mortality with doses of
APAP up to 900 mg/kg, with a decrease in necrosis but without any effect on glutathione
levels (110). Acute infection with a recombinant adenovirus has been shown to inhibit
Cyp3a2, resulting in a depression of docetaxel metabolism (111), and a recent study using
mice infected with a replication-deficient adenovirus showed decreased expression of
Cyp1a2 and Cyp2e1 mRNA, accompanied by protection against subsequent APAP
hepatotoxicity (112). However, activities of the major human cytochrome P450s were found
to be similar in both noninfected and chimeric mice with humanized liver (PXB mice)
infected with HCV (113) and mice overexpressing the HCV core protein in liver
mitochondria showed no change in Cyp2e1 protein levels (A. Ramachandran and H.
Jaeschke, unpublished data). It is possible that acute viral infection affects cytochrome P450
enzyme levels, which then adapt at later time points with chronic infection. It has been
suggested that long-term changes in drug metabolism in response to viral infections start
from the time the virus enters the circulation, are reinforced by virus binding to cellular
targets and are further solidified by changes in cellular processes long after the virus is
cleared (114).

Innate immunity and liver regeneration
In addition to the injury mechanisms, initiation of regeneration is critical for the repair of the
damaged liver tissue and the recovery of the patient (115). Vascular endothelial growth
factor, IL-6, TNF-α and other mediators have been implicated in promoting tissue
regeneration after an APAP overdose (54, 116–119). Dividing hepatocytes closest to the
area of necrosis are replacing the dead cells (36). However, a prerequisite of hepatocyte
proliferation is the removal of necrotic cells by phagocytes. Both neutrophils and monocyte-
derived macrophages are recruited into the area of necrosis (Fig. 1). The infiltrating
macrophages (M2) are distinct from activated resident macrophages of the liver (M1;
Kupffer cells) in terms of their cytokine profile produced (120, 121). M2 macrophages
generate IL-10 and other cytokines that downregulate inflammation and promote tissue
repair and have a high capacity for phagocytosis (120, 121). M2 macrophages are recruited
into the liver within 12–24 h after an APAP overdose, i.e. after the peak of injury (70). The
recruitment of M2 macrophages specifically into the area of necrosis occurs through the
formation of MCP-1 generated by injured hepatocytes and recruited macrophages (122).
Animals deficient in the C-C chemokine receptor 2 (CCR2), the receptor for MCP-1 on
monocytes, experienced reduced M2 accumulation during APAP hepatotoxicity and
consequently a substantial delay in tissue repair (70, 122). These data support the hypothesis
that M2 macrophages are critical for the removal of necrotic cells and for tissue repair. In
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addition, M2 macrophages can induce apoptosis of neutrophils, which contributes to the
resolution of the inflammatory response after tissue injury (70). The prevention of M2
infiltration in CCR2−/− mice led to an increase in hepatic neutrophil numbers (70).
Although the role of neutrophils in tissue regeneration has not been specifically investigated,
these data are not consistent with a vital importance of neutrophils in this process. Clearly,
M2 macrophages appear to be the most critical phagocytes for clearing necrotic cell debris
and shutting down inflammation.

Mouse strains and humans
Most of the experimental findings discussed in this review were obtained in rats and in
various inbred and outbred strains of mice. It has to be considered that some differences in
the results and potential mechanistic conclusions may have been caused by the different
strains of mice used. Although the variations in susceptibility to an APAP overdose between
various mouse strains (123) are not well understood, basal differences in gene expression
including drug metabolism genes, stress response genes and differences in innate immune
responses should be considered. For example, it is well known that some mouse strains,
including C3He/FeJ and CD-1 mice, demonstrate significant hepatic haemorrhage after an
APAP overdose, while others, such as C57Bl/6 mice, do not (29, 40, 47, 50, 77). This could
possibly be explained by differences in Cyp2e1 expression in sinusoidal endothelial cells,
which has been shown to correlate with the susceptibility to develop vascular injury and
haemorrhage (77).

The vast majority of experiments involving APAP toxicity use animals fasted for 12–15 h.
Fasting reduces the hepatic GSH content and eliminates its diurnal variation (124).
Therefore, moderate APAP doses can be used to achieve more uniform toxicity. However,
fasting also decimates glycogen stores and partially reduces hepatic ATP levels, which may
be the reason for the complete absence of apoptotic cell death in fasted animals (50).
Antoine et al. (47, 50) demonstrated recently that there was evidence for limited caspase
activation and apoptotic cell death between 3 and 5 h after an APAP overdose in fed CD-1
mice. In addition, caspase activation correlated with the presence of an oxidized form of
HMGB1 in plasma and a reduced inflammatory response (50). The oxidation of cysteine
106 of HMGB1 by caspases from apoptotic cells prevents binding of HMGB1 to TLRs on
macrophages and eliminates cytokine formation (125, 126). Antoine et al. (50) concluded
that lower ATP levels in hepatocytes of fasted animals prevents apoptosis and facilitates
necrotic cell death with the release of reduced HMGB1, which triggers cytokine formation
and the recruitment of inflammatory cells. Our own studies of this effect confirmed evidence
of limited caspase activation in fed but not in fasted Swiss Webster mice, another outbred
strain, at 3–5 h after APAP (127). However, this effect was not observed in fed or fasted
C57Bl/6 (127) or C3He/FeJ mice (38). These findings suggest that the temporary and
limited caspase activation may occur predominantly in fed mice of outbred strains (CD-1,
Swiss Webster) and may not depend on the nutritional status (127). In addition, we observed
hepatic neutrophil accumulation in both fed and fasted mice of all strains as long as liver
injury was present, indicating that the temporary caspase activation in certain strains of mice
did not affect induction of the inflammatory response. However, the impact of mouse strain
and nutritional status on the mechanisms of APAP-induced liver injury and the resulting
innate immune response may have important implications for translating the experimental
results to the clinic and hence clearly require more detailed studies. In addition, it needs to
be kept in mind that there are differences between the innate immune system of mice and
humans (128). Thus, ultimately the mechanistic conclusions derived from these rodent
studies need to be investigated in APAP overdose patients before new clinical intervention
strategies can be proposed.
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Summary and conclusions
The mechanism of APAP hepatotoxicity is dominated by intracellular events including the
formation of a reactive metabolite, GSH depletion and protein adduct formation, which
initiates a mitochondrial oxidant stress and peroxynitrite formation (Fig. 1). Ultimately, this
oxidant stress and peroxynitrite are responsible for the MPT, nuclear DNA fragmentation
and necrotic cell death. The subsequent release of DAMPs results in the activation of
resident macrophages (Kupffer cells) with cytokine and chemokine formation and the
recruitment of neutrophils and monocytes into the liver. Despite the substantial sterile
inflammatory response after the initial cell death, there is no convincing experimental
evidence to support the hypothesis that Kupffer cells, neutrophils or monocytes directly
cause cell injury by producing cytotoxic mediators. In contrast, pro- and anti-inflammatory
cytokines produced mainly by activated Kupffer cells (M1) modulate intracellular
mechanisms of cell death by regulating the gene expression of iNOS, HSPs, heme
oxygenase and others. In addition, monocyte-derived macrophages (M2) and potentially
neutrophils are instrumental in removing necrotic cell debris and promoting hepatocyte
proliferation, ultimately resulting in tissue repair and resolution of the inflammatory
response. Thus, in contrast to other acute injury models, e.g. hepatic ischaemia–reperfusion
injury, the innate immune response after APAP-induced liver cell injury is mainly beneficial
and is well orchestrated to aid in the repair of the tissue damage.

Given the relatively solid picture that is emerging on the role of the innate immunity in
APAP toxicity, why are there so many controversies in this field? A significant part of the
problem is that most immunological interventions and even many pharmacological
treatment strategies have a high risk for off-target effects in this model. In order to avoid
misinterpretations, the entire spectrum of the pathophysiology including metabolism and
disposition, intracellular signalling events and the innate immunity needs to be considered.
Awareness of the numerous potential pitfalls affecting the results in this model is absolutely
essential. Furthermore, it is vital that novel mechanistic discoveries be verified by several
independent approaches and be critically compared with the entire existing knowledge on
APAP hepatotoxicity. Only then can we make real progress in the understanding of the
mechanisms of APAP-induced liver injury, which have relevance for the human
pathophysiology and may eventually lead to novel treatment strategies.
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Fig. 1.
Phases of acetaminophen (APAP)-induced hepatotoxicity. APAP overdose results in
metabolic activation of the drug to the reactive metabolite N-acetyl-p-benzoquinone imine
(NAPQI), which depletes glutathione and forms APAP protein adducts triggering the
initiation of the injury process with mitochondrial oxidative and nitrosative stress and
compromised respiratory function. In the subsequent amplification phase, these
mitochondrial events result in activation of mediators such as c-jun-N-terminal kinase
(JNK), followed by initiation of the mitochondrial permeability transition with resultant
translocation of mitochondrial proteins such as apoptosis-inducing factor and endonuclease
G to the nucleus, producing DNA fragmentation and necrotic cell death. A number of
cellular components released during necrosis including nuclear DNA fragments, formyl
peptides and HMGB1 can act as damage-associated molecular patterns (DAMPs) to activate
resident liver macrophages (Kupffer cells). In the regeneration and repair phase, chemokine
and cytokine secretion because of Kupffer cell activation results in homing and
transmigration of neutrophils and macrophages into the damaged tissue to facilitate removal
of dead cells and activate regenerative pathways.
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Fig. 2.
Nuclear DNA damage and release of DNA fragments into plasma. DNA damage was
assessed after 300 mg/kg acetaminophen (APAP) in mice using the TUNEL assay (indicates
DNA strand breaks), DNA fragments in an agarose gel (DNA Ladder) (represents mono-
and polyoligonucleosomes generated by endonucleases) and the DNA fragmentation assay
(measures oligonucleosomes in cytosol or plasma based on detection of histone proteins).
The data indicate early DNA strandbreaks (TUNEL assay at 3 h) and nuclear DNA
degradation at 6 h (DNA ladder, DNA fragmentation assay). DNA ladder caused by APAP
is indistinguishable from apoptosis-mediated DNA fragmentation after galactosamine/LPS.
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At 6 h after APAP treatment, a substantial amount of DNA fragments is released into the
plasma. Data adapted from Cover et al. (30) (reproduced with permission).
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Fig. 3.
Priming of liver accumulated neutrophils for reactive oxygen formation. Mice were treated
with saline, 100 µg endotoxin/kg for 90 min or 300 mg APAP/kg for 6 h. Hepatic
nonparenchymal cells were isolated and then stimulated ex vivo with phorbol ester (PMA).
Upon PMA-induced ROS production DHR-123 is converted to R-123 and quantified in
neutrophils by flow cytometry. Representative ROS histograms or mean fluorescence
intensities for saline, the positive control endotoxin and APAP are shown. *P < 0.05
(compared with saline control). (Figure reproduced from Williams et al. (86) with
permission.)
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Table 1

Role of neutrophils in acetaminophen toxicity

Evidence against neutrophil involvement in the injury process Evidence for a role of neutrophils in
the injury process

NADPH oxidase-deficient mice: no protection (73)

NADPH oxidase inhibitors: no protection (74)

ICAM-1-deficient mice: no protection (74)

Post-APAP neutropenia antibody: no protection (74) Pre-APAP (24 h) neutropenia antibody:
protection but concerns regarding off-
target cytoprotective effects (82, 83)

CD18 neutralizing antibody: no protection (40)

CD18-deficient mice: no protection (86)

Enhanced recruitment of activated hepatic neutrophils with LPS or IL-1β: unaltered injury (61, 86)

No APAP-induced activation of blood and liver neutrophils (CD11b, ROS) (40, 61, 86)

Limited presence of neutrophils in areas of injury (74, 86)

APAP, acetaminophen; ICAM, intercellular adhesion molecule; IL, interleukin; LPS, lipopolysaccharide; NADPH, nicotinamide adenine
dinucleotide phosphate; ROS, reactive oxygen species.
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