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Abstract
Acetaminophen (APAP) overdose is the leading cause of acute liver failure in the US and UK.
Recent studies implied that APAP-induced injury is partially mediated by interleukin-1β (IL-1β),
which can activate and recruit neutrophils, exacerbating injury. Mature IL-1β is formed by
caspase-1, dependent on inflammasome activation. The objective of this investigation was to
evaluate the role of the Nalp3 inflammasome on release of damage associated molecular patterns
(DAMPs), hepatic neutrophil accumulation and liver injury (ALT, necrosis) after APAP overdose.
Mice deficient for each component of the Nalp3 inflammasome (Caspase-1, ASC and NALP3)
were treated with 300 mg/kg APAP for 24 h; these mice had similar neutrophil recruitment and
liver injury as APAP-treated C57Bl/6 wildtype animals. In addition, plasma levels of DAMPs
(DNA fragments, keratin-18, hypo- and hyper-acetylated forms of high mobility group box-1
protein) were similarly elevated with no significant difference between wildtype and gene
knockout mice. In addition, aspirin treatment, which has been postulated to attenuate cytokine
formation and the activation of the Nalp3 inflammasome after APAP, had no effect on release of
DAMPs, hepatic neutrophil accumulation or liver injury. Together these data confirm the release
of DAMPs and a sterile inflammatory response after APAP overdose. However, as previously
reported minor endogenous formation of IL-1β and the activation of the Nalp3 inflammasome
have little impact on APAP hepatotoxicity. It appears that the Nalp3 inflammasome is not a
promising therapeutic target to treat APAP overdose.
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INTRODUCTION
Acetaminophen (APAP) is a widely used safe analgesic and antipyretic drug. However, an
overdose can cause hepatotoxicity and even liver failure in animals and humans (Larson et
al., 2005). Early mechanistic studies identified formation of a reactive metabolite,
glutathione depletion and covalent binding to cellular proteins as critical initiating events in
the toxicity (Cohen et al., 1997; Nelson, 1990). More recent studies showed the central role
of mitochondrial dysfunction, including oxidant stress and peroxynitrite formation, the
mitochondrial membrane permeability transition pore opening (MPT) and nuclear DNA
fragmentation as propagation events in APAP-induced cell death in the liver (Jaeschke et al.,
2003; Jaeschke and Bajt, 2006).

In recent years the new concept emerged that APAP-induced cell death triggers a
neutrophilic inflammatory response, which has the potential to further aggravate the existing
injury (Jaeschke, 2005; Liu and Kaplowitz, 2006). A neutrophil-mediated injury component
has been identified in a variety of experimental conditions including hepatic ischemia-
reperfusion injury, endotoxemia, alcoholic hepatitis, obstructive cholestasis and in several
drug-induced liver injury models (Jaeschke, 2006; Jaeschke and Hasegawa, 2006). It has
been recognized that the initial cell death triggers formation of inflammatory mediators
including activated complement factors (Jaeschke et al., 1993), cytokines and chemokines
(Okaya and Lentsch, 2003). A variety of molecules released from necrotic cells were
identified that could induce cytokine formation through stimulating toll-like receptors
(TLRs) (Schwabe et al., 2006). These molecules collectively termed damage-associated
molecular patterns (DAMPs) include high mobility group box-1 (HMGB1) protein, heat
shock proteins (HSPs), and DNA fragments (Bianchi, 2007). Similar DAMPs are also
released and correlate with the degree of hepatic damage observed during APAP-induced
liver injury (Antoine et al., 2009, 2010; Jahr et al., 2001; Martin-Murphy et al., 2010;
Scaffidi et al., 2002) and are responsible for hepatic neutrophil accumulation (Scaffidi et al.,
2002).

Despite extensive evidence against a direct involvement of neutrophils in APAP
hepatotoxicity (Bauer et al., 2000; Cover et al., 2006; James et al., 2003; Lawson et al.,
2000; Welty et al., 1993; Williams et al., 2010a), several recent reports suggested a critical
role of interleukin-1α (IL-1α) (Chen et al., 2007) and in particular IL-1β, in the
pathophysiology (Imaeda et al., 2009). It was shown that stimulation of TLR9 by DNA
fragments during early APAP-induced cell death can lead to the transcriptional activation of
the IL-1β gene resulting in the formation of pro-IL-1β (Imaeda et al., 2009). The pro-form of
IL-1β has to be proteolytically cleaved by activated caspase-1 (interleukin-1 converting
enzyme) to yield the active cytokine (Sims and Smith, 2010). Caspase-1 activation is
regulated by the assembly of the inflammasome, which consists of Nalp3 (NACHT, LRR,
and pyrin domain-containing protein 3), ASC (apoptosis-associated speck-like protein
containing a CARD), and caspase-1 (Kanneganti et al., 2007; Lamkanfi and Dixit, 2009).
Imaeda et al. (2009) showed reduced APAP-mediated injury in gene knockout mice of each
individual component of the inflammasome, suggesting an important role of inflammasome
activation and IL-1β formation in the pathophysiology of experimental APAP
hepatotoxicity. Moreover, inhibition of inflammasome activation by aspirin resulted in
protection from APAP hepatotoxicity (Imaeda et al., 2009). These intriguing results open up
new avenues of research, provide further opportunities for therapeutic strategies to treat
APAP hepatotoxicity and can potentially lead to the identification of human susceptibility
factors for drug-induced liver injury. However, there are conflicting data associated with this
concept that require reconciliation. One of the most critical observations arguing against a
significant role played by the inflammasome is the fact that IL-1 signaling cannot directly
induce cell death in vivo (Sims and Smith, 2010). The only way IL-1α or -1β can cause
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relevant liver injury is through activation of inflammatory cells, i.e. neutrophils (Bajt et al.,
2001), and exacerbation of acetaminophen-induced hepatocyte damage. However,
neutrophils are unlikely to cause liver injury after APAP overdose (Bauer et al., 2000; Cover
et al., 2006; James et al., 2003; Lawson et al., 2000; Welty et al., 1993; Williams et al.,
2010a). In addition, we have shown that a potent pan-caspase inhibitor prevented mature
IL-1β formation during APAP-induced liver injury (Williams et al., 2010b). However,
various pan-caspase inhibitors, despite their high efficacy to inhibit caspases in vivo, had
consistently no effect on APAP-mediated neutrophil accumulation or liver injury (Antoine et
al., 2009; Lawson et al., 1999; Williams et al., 2010b). Thus, evaluation of the role of the
Nalp3 inflammasome and caspase-1 in APAP toxicity in vivo resulted in opposing findings
when investigated through pharmacological interventions to inhibit caspase-1 activity
compared to a genetic approach to eliminate this enzyme (Imaeda et al., 2009, Williams et
al., 2010b). In order to reconcile these contradicting results, the objective of this
investigation was to further re-evaluate the contribution of activation of the Nalp3
inflammasome in the pathogenesis of APAP hepatotoxicity by using gene knockout mice of
all components and by using aspirin treatment.

MATERIALS AND METHODS
Animals

Eight to twelve week old male ASC-/-, Caspase-1-/-, Nalp3-/- and C57BL/6 control mice
with an average weight of 18 to 24 g were bred and maintained at St. Jude Children's
Research Hospital (Memphis, TN). Nalp3-/-, ASC-/- and Caspase-1-/- mice backcrossed to
C57Bl/6 background for at least 10 generations have been described previously (Shaw et al.,
2010). Additionally, C57BL/6 mice were bred and housed at the University of Liverpool
(Liverpool, UK). All animals were housed in environmentally controlled rooms with 12 h
light/dark cycle and allowed free access to food and water. Experiments followed the criteria
of the National Research Council for the care and use of laboratory animals in research and
guidelines set forth by the University of Liverpool Animal Ethics Committee, respectively.
All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO) unless otherwise
stated.

Experimental design
Mice were intraperitoneally (i.p.) injected with 300 mg/kg APAP (dissolved in warm saline)
after overnight fasting or with an equivalent volume of saline. Additionally, some mice were
given aspirin via drinking water (0.06 mg/mL or 1.0 mg/mL) for three days and fasted
overnight prior to 530 mg/kg APAP (i.p.). All animals were sacrificed 24 h after APAP.
Blood was drawn into heparinized syringes for measurement of alanine aminotransferase
(ALT) activity (Pointe Scientific, Canton, MI) and then stored at -80°C. The liver was
removed and was rinsed in cold saline; liver sections were fixed in 10% phosphate buffered
formalin for histological analyses. The remaining liver lobes were snap-frozen in liquid
nitrogen and stored at -80°C.

Histology
Formalin-fixed tissue samples were embedded in paraffin and 5 μm sections were cut.
Sections were stained with hematoxylin and eosin (H&E) for blinded evaluation of the areas
of necrosis by the pathologist. The percent of necrosis was estimated by evaluating the
number of microscopic fields with necrosis compared to the cross sectional area. Additional
sections were stained for neutrophils using the antimouse neutrophil allotypic marker
antibody (AbD Serotec, Raleigh, NC) as previously described (Williams et al., 2010a).
Positively stained neutrophils consistent with cellular morphology were quantified in 15
high power fields (HPF). Some sections were also stained for terminal deoxynucleotidyl
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transferase dUTP nick end labeling (TUNEL) in situ cell death assay (Roche, Indianapolis,
IN) as previously described (Lawson et al., 1999).

mRNA expression
Quantification of mRNA expression was performed by real-time PCR (RT-PCR) analysis as
described previously (Bajt et al., 2008). cDNA was made by reverse transcription of total
tissue RNA by M-MLV reverse transcriptase in the presence of random primers (Invitrogen,
Carlsbad, CA). Forward and reverse primers for the genes were designed using Primer
Express software (Applied Biosystems, Foster City, CA). After cDNA concentration
normalization, SYBR green PCR Master Mix (Applied Biosystems) was used for real-time
PCR analysis. The relative differences in expression between groups were expressed using
cycle time (Ct) values generated by the ABI 7900 instrument (Applied Biosystems). All
genes evaluated were first normalized to the β-actin gene and then expressed as a fold
increase relative to control arbitrarily set as 1.0. Calculations are made by the 2^(-ddCt)
formula.

Glutathione quantification
Glutathione (GSH) and glutathione disulfide (GSSG) were measured from liver
homogenate using the Tietze method as previously described in detail (Jaeschke and
Mitchell, 1990). Briefly, frozen tissue was homogenized in sulfosalicylic acid/EDTA. For
total GSH determination samples were assayed using dithionitrobenzoic acid. Similarly,
measurement of GSSG was performed using the same method after trapping and removal of
GSH with N-ethylmaleimide.

Plasma DNA fragments
To quantify the release of nuclear DNA fragments into plasma the cell death detection
ELISA (Roche, Indianapolis, IN) was used according to the manufacturer's instructions.

Plasma HMGB1 and Keratin-18
Quantification of plasma HMGB1 and Keratin-18 were previously described in detail
(Antoine et al. 2009, 2010). Briefly, serum proteins were immunoprecipitated and
subsequently analyzed by LC-MS/MS.

Statistics
All results were expressed as mean ± SE. Comparisons between multiple groups were
performed with one-way ANOVA or, where appropriate, by two-way ANOVA, followed by
a post hoc Bonferroni test. If the data were not normally distributed, the Kruskal-Wallis Test
(nonparametric ANOVA) followed by Dunn's Multiple Comparisons Test was used. P <
0.05 was considered significant.

RESULTS
Liver injury and inflammation in Nalp3 inflammasome-deficient mice

To determine if the Nalp3 inflammasome is critical for APAP-induced toxicity,
inflammasome-deficient mice (ASC-/-, Caspase-1-/- and Nalp3-/-) and C57BL/6 wildtype
mice were given APAP and sacrificed 24 h later. Liver injury was determined by plasma
ALT (Figure 1A) and histological quantification of liver necrosis (Figure 1B and Figure 2).
In contrast to previously published results (Imaeda et al., 2009), the injury in all genotypes
was similar demonstrating the Nalp3 inflammasome does not appear to be a critical factor in
murine APAP-induced liver injury. Additionally, it was hypothesized that APAP-induced
sterile inflammation and IL-1β production mediates immune cell infiltration, potentiating
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injury. To evaluate if Nalp3 inflammasome activation is important for neutrophil
recruitment during APAP overdose, hepatic neutrophils were quantified. Consistent with the
injury, total hepatic neutrophil counts were not different between genotypes (Figure 1C and
Figure 2), which agrees with previously published results demonstrating IL-1β does not
participate in neutrophil recruitment during APAP-overdose (Williams et al., 2010b). To
further evaluate inflammation, hepatic mRNA levels for various cytokines, chemokines and
adhesion molecules were compared (Table 1). Interestingly, IL-18, a cytokine which also
requires caspase-1 processing, was down-regulated after APAP overdose and IL-1β was
only slightly increased similar to previously published results (Williams et al., 2010b).
Despite the absence of each Nalp3 inflammasome component, there was no alteration in
gene expression between genotypes of any cytokine (IL-1β, IL-18, IL-10, IL-6, TNF-α),
chemokines (MIP-1α, MIP-1β, MIP-2α, MCP-1), or adhesion molecule (ICAM-1) measured
(Table 1). This demonstrates a nearly identical inflammatory response, which appears to be
independent of the Nalp3 inflammasome, during APAP overdose.

APAP-induced oxidant stress in Nalp3 inflammasome-deficient mice
To evaluate liver glutathione recovery and oxidant stress, hepatic GSH and GSSG levels
were measured. All genotypes had equivalent GSH recovery at 24 h after APAP (Figure 3A)
and untreated control mice had equivalent hepatic GSH levels between genotypes (data not
shown). In addition, all genotypes had increased GSSG levels over controls with ASC-/- and
Nalp3-/- groups having further elevated GSSG levels versus wildtype APAP-treated animals
(Figure 3B). Despite significantly increased GSSG to GSH ratios in all Nalp3
inflammasome-deficient mice compared to wildtype controls (Figure 3C) there was no
alteration in injury (Figure 1A and 1B). These data show increased and somewhat variable
levels of oxidative stress between genotypes but this variability did not impact liver injury.

DAMP release is unaltered in Nalp3 inflammasome-deficient mice
Necrotic cells release damage associated molecular patterns (DAMPs) which can initiate an
inflammatory response that was implicated in promoting further injury. DAMPs include
high mobility group box-1 (HMGB1) proteins and DNA fragments (Bianchi, 2007). To
eliminate the possibility that inflammasome-deficient mice have altered DAMP release,
nuclear DNA fragments, keratin-18 and HMGB1 proteins were measured in plasma (Figure
4A-C). Consistent with cellular injury, the increase in plasma DNA fragments was similar in
all genotypes (Figure 4A). Total keratin-18 (K-18) is another useful biomarker to
demonstrate cellular injury (Antoine et al., 2009). Indeed, there was a significant increase in
plasma keratin-18 compared to controls but no differences in plasma concentrations between
genotypes (Figure 4B). Another DAMP released after APAP overdose is HMGB1. In
addition to total plasma HMGB1 (Figure 4C), the hyper- and hypo-acetylated forms of the
protein have been shown to originate from innate immune inflammation and necrotic tissue,
respectively (Antoine et al., 2009). Correlating with equivalent inflammation and injury,
there were no differences between genotypes of total, hyper- or hypo-acetylated HMGB1
(Figure 4C and 4D), and no differences in plasma DNA fragments, K-18 or HMBG1 were
observed between genotypes of saline treated animals (data not shown). These data show
equivalent DAMP release and a subsequent equivalent sterile inflammation with or without
the presence of functional Nalp3 inflammasome.

Aspirin does not alter APAP toxicity or DAMP release
It was hypothesized that aspirin (acetylsalicylic acid, ASA) is capable of inhibiting the
Nalp3 inflammasome and it was reported that pretreatment with ASA in drinking water
reduced APAP-induced injury (Imaeda et al., 2009). This study was repeated with the ASA
dose previously published (0.06 mg/mL in drinking water) as well as a higher dose (1.0 mg/
mL in drinking water). Data presented are for only the high dose of ASA because no effect
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on injury was observed for either dose. ASA in the drinking water of mice caused no liver
injury nor was it capable of reducing the APAP-induced liver injury as measured by plasma
ALT activities (Figure 5A) or the area of necrosis (Figure 5B and 5D). ASA pretreatment
did not alter hepatic GSH levels nor did it cause differences is GSH recovery after overdose
indicating it did not affect APAP metabolism (data not shown). ASA pretreatment caused a
trend in decreasing hepatic neutrophil recruitment after APAP overdose, but the reduction
was not statistically significant (Figure 5C and 5D). In addition, ASA pretreatment caused
no alterations in DAMP release which is consistent with the results observed in Nalp3
inflammasome knockout mice. The APAP-induced increase in plasma levels of keratin-18
(Figure 6A), total HMGB1 (Figure 6B) and hyper- and hypo-acetylated HMGB1 (Figure
6C) were not significantly affected by ASA treatment. As a whole the genetic elimination of
the Nalp3 inflammasome and pharmacologic inhibition of the Nalp3 inflammasome with
ASA did nothing to alter APAP-induced injury.

DISCUSSION
Role of the Nalp3 inflammasome in APAP-induced liver injury

The main objective of this investigation was to reconcile apparently contradictory results
regarding the importance of the Nalp3 inflammasome in APAP hepatotoxicity obtained by
different groups using a genetic versus a pharmacological approach. Imaeda et al. (2009)
reported significantly reduced liver injury and improved survival in ASC-/-, Nalp3-/- and
caspase1-/- mice. Although it was only shown for Nalp3-/- mice that the APAP-induced
increase in IL-1β protein formation was prevented, the assumption was that all knockout
mice were partially protected because processing of pro-IL-1β to the active, pro-
inflammatory cytokine IL-1β should have been prevented when caspase-1 as part of the
Nalp3 inflammasome was nonfunctional (Imaeda et al., 2009). These conclusions are
consistent with a previous report showing that IL-1 receptor-deficient mice were almost
completely (95%) protected against APAP-induced liver injury (Chen et al., 2007). It was
assumed that inflammatory cells played a deleterious role in the pathogenesis (Imaeda et al.,
2009; Chen et al., 2007). In contrast to these reports, our current findings indicate very
clearly that ASC-/-, Nalp3-/- and caspase1-/- knock-out mice are neither protected (ALT,
area of necrosis, oxidant stress, DNA damage) nor do these animals show any evidence of a
reduced inflammatory response (cytokine and chemokine formation, hepatic neutrophil
accumulation). These data are fully consistent with our previous report where we found not
only increases of IL-1β mRNA after APAP overdose but also moderate increases in caspase-
dependent mature IL-1β protein formation (Williams et al., 2010b). However, the caspase
inhibitor had no protective effect on liver injury or hepatic neutrophil accumulation, a
concept consistent with other published findings (Antoine et al., 2009). It is notable that the
300% increase of IL-1β formation after APAP as reported in our study (Williams et al.,
2010b) is actually higher than the 13% increase measured by Imaeda et al. (2009). The
mechanistic basis of this still requires further investigation. Independent of these differences
in pathological outcome, both studies clearly show that the absolute plasma levels of IL-1β
protein are very low even after APAP overdose (Imaeda et al., 2009; Williams et al., 2010b).
Thus, in order to assess if levels of IL-1β that have been shown to activate and recruit
neutrophils into the liver (Bajt et al., 2001), can impact APAP toxicity, animals were treated
with pharmacological levels of murine recombinant IL-1β (about 3-4 orders of magnitude
above endogenous concentrations). Although this indeed caused more recruitment of
activated neutrophils into the liver, it still had no effect on liver injury (Williams et al.,
2010b). In agreement with these findings, IL-1R-/- mice were not protected against APAP
hepatotoxicity (Williams et al., 2010b). These data together indicate that despite the fact that
some IL-1β is generated in a caspase-dependent manner after APAP overdose, it is highly
unlikely that this minor, endogenously formed cytokine has any major impact on the
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inflammatory response induced during APAP hepatotoxicity. In addition, neither our
previous study (Williams et al., 2010b) nor our present experiments showed any evidence
for increased formation of IL-18, another cytokine that is processed by caspase-1, after
APAP overdose. Moreover, theoretically, any pathophysiological effect of both cytokines
would have to involve cytotoxicity mediated by inflammatory cells. However, there is
extensive experimental evidence to suggest that neutrophils are not involved in APAP-
induced liver injury (Bauer et al., 2000; Cover et al., 2006; James et al., 2003; Lawson et al.,
2000; Welty et al., 1993; Williams et al., 2010a). Thus, based on the currently reported data
from our study activation of the Nalp3 inflammasome does not play a critical role in the
exacerbation of APAP hepatotoxicity.

In addition to playing a critical role in the formation of the Nalp3 inflammasome, recent
reports have suggested that ASC is involved in inflammasome-independent cellular
functions such as lymphocyte survival (Shaw et al., 2010), antigen-induced T cell activation
by dendritic cells (Ippagunta et al., 2010) and antigen-specific humoral immunity (Ellebedy
et al., 2011). The mechanism(s) underlying the critical role of ASC in these functions is still
unknown, but it is possible ASC is involved in other inflammasome-independent functions
in various cell types. However, ASC-/- mice developed APAP-induced liver injury to the
same degree as wildtype animals suggesting that all inflammasome-dependent and
inflammasome-independent functions of ASC do not play a relevant role in APAP
hepatotoxicity.

The role of aspirin in APAP hepatotoxicity
Imaeda et al. (2009) also reported that a low dose of aspirin (N-acetylsalicylic acid) can
reduce APAP hepatotoxicity independent of its effect on platelet aggregation or
cyclooxygenase-1 or -2. It was concluded that aspirin protected due to inhibition of the
transcriptional activation of cytokine formation (IL-1β, IL-18, TNF-α and interferon-γ) and
also inhibition of the Nalp3 inflammasome pathway, which processes IL-1β and IL-18
(Imaeda et al., 2009). Again, the assumption was that the reduced cytokine formation
attenuates liver injury through reduced inflammatory cell activation and recruitment.
However, using the same pretreatment regimen as described by Imaeda et al. (2009) with the
same or higher doses of aspirin, no significant effect on APAP-induced liver injury was
observed when compared to APAP-treated mice in our study. Aspirin treatment showed a
trend to attenuate the number of neutrophils in the liver but the overall effect was
statistically not significant and indeed, the quantification of serum biomarkers of toxicity
(ALT, HMGB1, K-18) was not different between groups. These data further support the
concept that aspirin pretreatment has no significant effect on the overall extent of
experimental APAP hepatotoxicity. APAP metabolism was shown to be unaffected by
aspirin pretreatment in our investigation, but this was not assessed in the previous study
(Imaeda et al., 2009). Thus, in our hands aspirin was not effective in preventing APAP
hepatotoxicity. Even if aspirin would reduce hepatic neutrophil recruitment, the fact that
many other interventions against neutrophils were ineffective in this model (Bauer et al.,
2000; Cover et al., 2006; James et al., 2003; Lawson et al., 2000; Welty et al., 1993;
Williams et al., 2010a), are consistent with the lack of protection by aspirin.

DAMPs and APAP hepatotoxicity
The sterile inflammatory response after APAP overdose requires the release of DAMPs.
Previous studies reported measurement of DAMPs including HMGB1, heat shock proteins,
and DNA fragments in plasma of APAP-treated animals (Antoine et al., 2009, 2010; Jahr et
al., 2001; Martin-Murphy et al., 2010; Scaffidi et al., 2002). In the case of HMGB1, it was
shown that a hypo-acetylated form is passively released by necrotic cells and can be used
similar to keratin-18 as a biomarker of necrosis (Antoine et al., 2009). In addition, a hyper-
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acetylated form of HMGB1 can be actively secreted by macrophages or monocytes (Bonaldi
et al., 2003) and thus can represent a potential biomarker of inflammation (Antoine et al.,
2009). Consistent with these previous observations, we found a substantial increase in
nuclear DNA fragments, in plasma keratin-18 and in total HMGB1 levels after APAP
treatment. However, the increase in these plasma biomarkers of hepatic necrosis was neither
affected by aspirin treatment nor by deficiency of inflammasome genes. Furthermore, the
levels of hypo-acetylated HMGB1 (necrosis) and hyper-acetylated HMGB1 (inflammation)
when determined by mass spectrometry were not modulated in the knockout mice or
affected by aspirin treatment. These data are consistent with both the histology data and
other markers (ALT) and demonstrate that the overall APAP-induced cell necrosis in these
livers is the same in all groups. Moreover, the similar release of DAMPs in all groups is
consistent with the similar overall induction of pro-inflammatory cytokine and chemokine
genes and recruitment of neutrophils into the livers. Thus, despite the minor effect of IL-1β
processing caused by the activation of the Nalp3 inflammasome (Imaeda et al., 2009;
Williams et al., 2010b), the overall inflammatory response after APAP overdose is not
dependent on the Nalp3 inflammasome and does not impact on the overall extent of
observed toxicity.

The data presented in this manuscript are fully consistent with a previous study (Williams et
al., 2010b) showing that IL-1β formation and processing by the inflammasome has no
relevant impact on the degree of APAP hepatotoxicity in mice. However, this is not
consistent with the results and conclusions presented by Imaeda et al. (2009) and in part by
Chen et al. (2007). The conclusions presented herein are based on data from three
independent research groups, that the activation of the Nalp3 inflammasome does not play a
significant role in the pathogenesis of experimental APAP hepatotoxicity. We have extended
the original investigations reporting a critical role for the Nalp3 inflammasome in APAP
toxicity by inclusion of the characterization of the inflammatory response, a more extended
quantification of cell death and associated biomarker release. Each of these factors was not
altered between the genetic or pharmacological manipulation of the inflammasome and the
overall degree of toxicity. It is important to point out only low levels of IL-1β produced in
the APAP-treated mice could be detected in all studies, but the evidence for a functional
consequence of such cytokine release was inconsistent. There is no obvious explanation for
these discrepancies. However, there are minor differences in the experimental design that
need to be considered between our present study and the experiments reported by Imaeda et
al. (2009). For the experiments with the knock-out mice, we used our standard dose of 300
mg/kg compared to 500 mg/kg by Imaeda et al., (2009). However, the aspirin study was
performed administering the same dose of APAP as used by Imaeda et al. (2009) but still
resulted in no protection. In addition, we terminated our experiments at 24 h compared to 12
h in the Imaeda study. It appears unlikely that there could be protection at earlier time points
that is lost at later times given the fact that inflammatory liver injury generally occurs at
later time points. Lastly, the sources of the mice used in these studies were different.
Although it can not be completely ruled out that the different sources of mice may have
affected the results, the fact that our results with the various knock-out mice are fully
consistent with pharmacological interventions (caspase inhibitors, aspirin) and additional
manipulations (injection of pharmacological doses of IL-1β) (Williams et al., 2010b) as well
as a battery of studies on the role of neutrophils in the pathogenesis of APAP hepatoxicity in
rats and various mouse strains (Bauer et al., 2000; Cover et al., 2006; James et al., 2003;
Lawson et al., 2000; Welty et al., 1993; Williams et al., 2010a), gives us confidence in the
general applicability of our data and conclusions. Although, an important aspect of the
present study was to demonstrate that the pharmacological manipulations used for
investigation of the inflammasone did not alter the metabolic activation of APAP to its toxic
metabolite. In addition to unrecognized effects on drug metabolism, pharmacological
interventions and genetic manipulations can trigger stress responses with expression of
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protective genes or cause compensatory responses that may affect APAP toxicity (Jaeschke
et al., 2011).

It is well recognized that an inflammatory response after an acute tissue injury can have
multiple opposing effects (Bulkley and Roberts, 1974). Although inflammation may
aggravate tissue injury under certain circumstances, the recruited neutrophils and especially
macrophages are critical for removal of necrotic cell debris and promotion of tissue repair.
Our data provide further support that in the APAP model, inflammatory cells do not directly
cause liver damage. However, there is evidence to indicate that suppressing the late
inflammatory response delays liver regeneration (Dambach et al., 2002; Holt et al., 2008).
Thus, any intervention that has the potential to affect the inflammatory response caused by
tissue damage needs to consider its dual effect.

In summary, our data clearly demonstrated that APAP overdose caused substantial liver
injury, release of DAMPs and a sterile inflammatory response. However, mice deficient in
components of the Nalp3 inflammasome (ASC-/-, Nalp3-/- and caspase1-/-) or wild type
mice treated with aspirin showed very similar responses to APAP as wild type animals
treated with APAP alone. These data are consistent with previous pharmacological
approaches to inhibit caspase-1, with data obtained in IL-1 receptor-/- mice, and with the
lack of effects when pharmacological doses of IL-1β were administered (Williams et al.,
2010b). All these data together strongly support the conclusion that the minor endogenous
formation of IL-1β and the activation of the Nalp3 inflammasome has no relevant impact on
APAP hepatotoxicity and therefore the Nalp3 inflammasome may not be a viable
therapeutic target to treat APAP overdose. Caution must therefore be exercised in translating
this concept to man with respect to aspirin acting as a hepatoprotective agent against APAP-
induced liver injury.
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Figure 1. Liver injury and hepatic neutrophil recruitment after APAP-overdose in Nalp3
inflammasome-deficient mice
Liver injury in C57BL/6 (WT), ASC-/-, Caspase-1-/- and Nalp3-/- mice was measured by
plasma ALT (A) and by histological scoring of liver necrosis (B) 24 hours after APAP
overdose. Hepatic neutrophil recruitment was also quantified at 24 h by
immunohistochemistry and expressed as total liver neutrophils counted in 15 high power
fields (x400 magnification) (C). *P < 0.05 compared to untreated control.
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Figure 2. TUNEL, H&E and neutrophil staining in Nalp3-inflammasome deficient mice
Liver tissue sections were stained with the TUNEL assay (x50 magnification) to
demonstrate equivalent DNA damage in all genotypes [C57BL/6 (WT), ASC-/-,
Caspase-1-/- and Nalp3-/- mice]. Area of necrosis was determined by H&E staining (x50
magnification). Neutrophil recruitment was identified by immunohistochemistry (x200
magnification). Control panels shown are C57BL/6 saline treated mice; knockout saline-
treated mice look morphologically identical (not shown).
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Figure 3. Liver glutathione and GSSG in Nalp3-inflammasome deficient mice
Total GSH was measured in liver tissue homogenate of saline treated C57BL/6 (control) and
C57BL/6 (WT), ASC-/-, Caspase-1-/- and Nalp3-/- at 24 h after APAP (A). GSSG was
measured at 24 h after APAP (B) and the ratio of GSSG to total GSH is shown (C).
Knockout saline-treated control mice are not different from C57BL/6 saline-treated controls
(not shown). *P < 0.05 compared to saline control. #P < 0.05 compared to APAP-treated
C57BL/6 mice.
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Figure 4. Quantification of plasma DAMPs in Nalp3-inflammasome deficient mice
DNA fragments were measured in plasma of saline treated C57BL/6 (control) and C57BL/6
(WT), ASC-/-, Caspase-1-/- and Nalp3-/- at 24 h after APAP (A) and expressed as percent
of control. Similarly, total plasma keratin-18 (B), total plasma HMGB1 (C), and hypo- and
hyper-acetylated plasma HMGB1 (D) were measured. Knockout saline-treated mice are not
different from C57BL/6 saline-treated controls (not shown). *P < 0.05 compared to saline
control.
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Figure 5. Liver injury and hepatic neutrophil recruitment in aspirin-pretreated mice after
APAP-overdose
ALT (A) was measured in the plasma of C57BL/6 mice pretreated with or without aspirin
(ASA) in the drinking water and then subjected to APAP-overdose or saline injection.
Similarly, histological area of necrosis (B), and neutrophil accumulation were quantified (C)
were measured as previously described. Representative sections with H&E and neutrophil
staining are shown (D). *P < 0.05 compared to the respective control with or without ASA.
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Figure 6. Quantification of plasma DAMPs in aspirin-pretreated mice
Total keratin-18 (A) was measured in the plasma of C57BL/6 mice pretreated with or
without aspirin (ASA) in the drinking water and then subjected to APAP-overdose or saline
injection. Similarly, total plasma HMGB1 (B), and hypo- and hyper-acetylated HMGB1 (C)
were measured. *P < 0.05 compared to the respective control with or without ASA.
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Table 1

Hepatic mRNA induction after acetaminophen overdose in C57BL/6, ASC-/-, Caspase-1-/- and Nalp3-/- mice.

Liver mRNA expression (fold change)

Gene C57BL/6 ASC-/- Caspase1-/- Nalp3-/-

IL-1β 2.5 ± 0.4 3.5 ± 0.8 2.1 ± 0.3 1.8 ± 0.7

IL-18 -1.6 ± 0.2 -1.5 ± 0.1 -1.4 ± 0.3 -1.6 ± 0.1

IL-10 9.4 ± 3.3 7.9 ± 2.3 9.8 ± 2.0 11.9 ± 4.8

IL-6 3.9 ± 0.7 3.9 ± 0.6 4.1 ± 1.0 3.3 ± 1.0

ICAM-1 4.4 ± 0.3 4.6 ± 0.4 4.5 ± 0.7 3.8 ± 0.3

MIP-1α 15.6 ± 2.6 20.0 ± 2.8 24.7 ± 5.1 14.6 ± 3.4

MIP-1β 7.8 ± 0.5 10.3 ± 1.9 12.6 ± 2.9 11.3 ± 2.5

MIP-2α 26.2 ± 8.5 27.8 ± 5.3 19.2 ± 2.8 13.3 ± 4.6

MCP-1 70.9 ± 16.9 68.8 ± 12.6 73.9 ± 19.1 58.5 ± 12.7

TNF-α 14.8 ± 3.1 14.9 ± 2.1 11.8 ± 3.0 9.7 ± 4.0

Hepatic mRNA levels 24 h after administration of 300 mg/kg APAP in C57BL/6 wild type animals or Nalp3 inflammasome gene knockout mice.
mRNA levels are calculated as the cytokine mRNA-to-β-actin mRNA ratio. For mRNA calculations the values of untreated controls were set as 1
and the fold change of the APAP-treated animals is shown. Data represent means ± SE of n = 5 animals per group. All data shown are significant as
compared to untreated genotype-matched controls (P<0.05). No gene from APAP-treated knockout animals was significantly different as compared
to APAP-treated C57BL/6 controls.
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