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Abstract
Acetaminophen (APAP) overdose can result in serious liver injury and potentially death. Toxicity
is dependent on metabolism of APAP to a reactive metabolite initiating a cascade of intracellular
events resulting in hepatocellular necrosis. This early injury triggers a sterile inflammatory
response with formation of cytokines and innate immune cell infiltration in the liver. Recently,
IL-1β signaling has been implicated in the potentiating of APAP-induced liver injury. To test if
IL-1β formation through caspase-1 is critical for the pathophysiology, C57Bl/6 mice were treated
with the pan-caspase inhibitor Z-VD-fmk to block the inflammasome-mediated maturation of
IL-1β during APAP overdose (300 mg/kg APAP). This intervention did not affect IL-1β gene
transcription but prevented the increase in IL-1β plasma levels. However, APAP-induced liver
injury and neutrophil infiltration was not affected. Similarly, liver injury and the hepatic
neutrophilic inflammation were not attenuated in IL-1-receptor-1 deficient mice compared to wild
type animals. To evaluate the potential of IL-1β to increase injury, mice were given
pharmacological doses of IL-1β after APAP overdose. Despite increased systemic activation of
neutrophils and recruitment into the liver, there was no alteration in injury. We conclude that
endogenous IL-1β formation after APAP overdose is insufficient to activate and recruit
neutrophils into the liver or cause liver injury. Even high pharmacological doses of IL-1β, which
induce hepatic neutrophil accumulation and activation, do not enhance APAP-induced liver injury.
Thus, IL-1 signaling is irrelevant for APAP hepatotoxicity. The inflammatory cascade is a less
important therapeutic target than intracellular signaling pathways to attenuate APAP-induced liver
injury.
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INTRODUCTION
Acetaminophen (APAP) overdose is the most frequent cause of acute liver failure in the US
and many European countries (Larson et al., 2005). Toxicity is dependent on the metabolic
activation of APAP to the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI)
within hepatocytes (Nelson, 1990) and sinusoidal endothelial cells (Holt et al., 2010).
NAPQI initiates a series of intracellular events critical for hepatotoxicity including
glutathione depletion and covalent protein modifications leading to mitochondrial
dysfunction with formation of reactive oxygen species and peroxynitrite (Nelson, 1990;
Jaeschke and Bajt, 2006; Jaeschke et al., 2003). The oxidant stress is ultimately responsible
for the opening of the mitochondrial membrane permeability transition (MPT) pore (Kon et
al., 2004) and necrotic cell death (Gujral et al., 2002).

APAP-induced liver toxicity is accompanied by an inflammatory response involving
activation of Kupffer cells and recruitment of neutrophils and mononuclear cells into the
liver (Jaeschke, 2005; Liu and Kaplowitz, 2006; Laskin, 2009). The inflammatory response
is initiated by release of cellular contents, some of which can function as damage associated
molecular patterns (DAMPs) that can directly activate innate immune cells (Scaffidi et al.,
2002; Martin-Murphy et al., 2010). During this sterile inflammation many cytokines and
chemokines are up-regulated and innate immune cells begin to accumulate in the liver with
neutrophils arriving early after the initial APAP-induced injury (Lawson et al., 2000).
Among these pro-inflammatory cytokines, both interleukin-1α (IL-1α) (Blazka et al., 1995;
Chen et al., 2007) and IL-1β (Imaeda et al., 2009), have been recently implicated as critical
mediators of APAP hepatotoxicity.

Mature IL-1β is formed by post-translational modification caused by caspase-1 (Franchi et
al., 2009). Caspase-1 (formerly known as interleukin-1 converting enzyme) is a pro-
inflammatory caspase, which proteolytically cleaves pro-IL-β to generate the mature
cytokine. The activity of this enzyme is controlled by the assembly of the Nalp3
inflammasome, which consists of the proteins Nalp3 (NACHT, LRR, and pyrin domain-
containing protein 3), caspase-1, and ASC (apoptosis-associated speck-like protein
containing a caspase recruiting domain [CARD]) (Franchi et al., 2009). It has been shown
that DAMPs can signal via toll-like receptors (TLRs) and this can then activate the
inflammasome (Park et al., 2004; Lamkanfi and Dixit, 2009). Upon TLR stimulation the
Nalp3-inflammasome is assembled and the active caspase-1 is then capable of processing
pro-IL-1β; only the processed form of IL-1β can be released from cells which is then
capable of signaling through the IL-1 receptor-1 (IL-1R1) (Sims and Smith, 2010).

Previous studies implicating a central role of IL-1β (Imaeda et al., 2009) or IL-1α (Blazka et
al., 1995; Chen et al., 2007) raise some concerns. The most important one is that IL-1
receptor signaling can not directly induce cell death due to the absence of a death domain
(Sims and Smith, 2010). Thus, IL-1 acts mainly as a pro-inflammatory mediator activating
and recruiting leukocytes, especially neutrophils, into the liver (Bajt et al., 2001). However,
there is extensive evidence that neutrophils are not involved in the injury process after
APAP overdose (Lawson et al., 2000; Cover et al., 2006; James et al., 2003; Williams et al.,
2010). In addition, pancaspase inhibitors did not protect during the early injury phase (up to
6 h) of APAP hepatotoxicity (Lawson et al., 1999; Jaeschke et al., 2006). However, the
purpose of these experiments was to assess the role of apoptosis not inflammation in this
model (Lawson et al., 1999; Jaeschke et al., 2006). Thus, it remained unclear if these
pancaspase inhibitors can actually affect IL-1β formation through modulation of caspase-1
activity and are able to reduce liver injury at later time points when neutrophils are more
likely to be involved. Thus, the objective of this investigation was to evaluate the potential
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role of IL-1β in hepatic neutrophil recruitment and progression of liver injury after APAP
overdose in a well-established murine model.

MATERIALS AND METHODS
Animals

Eight to twelve week old male C57BL/6J or IL-1 receptor 1 knock-out mice (B6.129S7-
Il1r1tm1Imx/J), with an average weight of 18 to 22 g were purchased from Jackson
Laboratory (Bar Harbor, Maine). All animals were housed in an environmentally controlled
room with 12 h light/dark cycle and allowed free access to food (8604 Teklad Rodent,
Harlan, Indianapolis, IN) and water. Experimental protocols were approved by the
Institutional Animal Care and Use Committee of University of Kansas Medical Center and
followed the criteria of the National Research Council for the care and use of laboratory
animals in research. All chemicals were purchased from Sigma Chemical Co. (St. Louis,
MO) unless stated otherwise.

Experimental design
Mice were intraperitoneally injected with 300 mg/kg APAP (dissolved in warm saline) after
overnight fasting, 700 mg/kg D-galactosamine (Gal) and 100 μg/kg endotoxin (ET), 20 μg/
kg recombinant mouse IL-1β containing <0.1 ng endotoxin/μg protein (GenScript,
Piscataway, NJ), or equivalent volumes of saline. Additionally, some mice were injected
(i.p.) with 10 mg/kg Z-VD-fmk (EP1013; a generous gift from Dr. S. X. Cai, Epicept Corp.,
San Diego, CA) (dissolved in Tris-buffered saline) two hours after APAP treatment or three
hours after Gal/ET. The animals were sacrificed 6 or 24 h after APAP or 6 h after Gal/ET.
Blood was drawn into heparinized syringes for measurement of alanine aminotransferase
(ALT) activity (Kinetic Test Kit 68-B, Biotron Diagnostics, Inc., Hernet, CA) and cytokine
concentrations. The liver was removed and was rinsed in ice-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 entire cross section. Additional
sections were stained for neutrophils using the anti-mouse neutrophil allotypic marker
antibody (AbD Serotec, Raleigh, NC) as described in detail (Williams et al., 2010).
Positively stained cells consistent with cellular morphology were quantified in 15 high
power fields (HPF). Some sections were also stained for terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) in situ cell death assay (Roche, Indianapolis,
IN) as previously described (Gujral et al., 2002).

mRNA expression
Quantification of mRNA expression of several cytokines and chemokines was performed by
real-time PCR (RT-PCR) analysis as described previously (Bajt et al., 2008). cDNA was
generated by reverse transcription of total 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 normalization of cDNA concentration, 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
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instrument (Applied Biosystems). All genes evaluated were first normalized to β-actin and
then expressed as a fold increase relative to control which is arbitrarily set as 1.0.
Calculations are made by assuming one cycle is equivalent to a two-fold difference in copy
number which is the 2^(-ddCt) formula.

Plasma cytokine measurements
Plasma cytokine concentrations were quantified by the Bio-Plex bead-based multiplex assay
following the kit instructions (Bio-Rad Laboratories, Hercules, CA) and analyzed on the
Bio-Plex 200 instrument (Bio-Rad).

Tissue Caspase-3 Activity
Quantification of hepatic caspase-3 activity was performed as previously described in detail
(Lawson et al., 1999; Jaeschke et al., 1998). Briefly, liver tissue was homogenized and
protein concentration was normalized after BCA protein assay (Thermo Scientific,
Rockford, IL). Homogenate was assayed with Acetyl-Asp-Glu-Val-Asp-7-amino-4-
methylcoumarin (Ac-DEVD-AMC) (Enzo Life Sciences, Plymouth Meeting, PA) for
change in fluorescence intensity of time using a Spectramax Gemini fluorescence plate
reader (Molecular Devices, Sunnyvale, CA).

Flow Cytometric Analysis of CD11b Expression and Reactive Oxygen Formation: CD11b/
Gr-1 staining

Neutrophil priming as measured by CD11b expression was performed as previously
described in detail (Williams et al., 2010). Briefly, heparinized whole blood was stained
with PE-Cy5-labeled-anti-Gr-1 (BioLegend, San Diego, CA) and PE-labeled-anti-CD11b
(BioLegend). After red cell lysis samples were analyzed on the FACSCalibur (BD, Franklin
Lakes, NJ).

Reactive Oxygen Species (ROS) Production (Smith and Weideman, 1993; Daley et al.,
2008)

Neutrophil ROS priming was performed as previously described in detail (Williams et al.,
2010). Briefly, whole blood was treated ex vivo for 10 minutes with phorbol 12-myristate
13-acetate (PMA) or saline followed by the addition of dihydrorhodamine-123 for 10
minutes at 37°C. Neutrophils were stained with PE-Cy5-labeled-anti-Gr-1 (BioLegend) then
red blood cells were lysed. Samples were analyzed on the FACSCalibur and ROS
production was evaluated in Gr-1bright neutrophils.

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, we used the Kruskal-
Wallis Test (nonparametric ANOVA) followed by Dunn’s Multiple Comparisons Test. P <
0.05 was considered significant.

RESULTS
Pharmacological inhibition of caspases in vivo during APAP toxicity

Treatment of fasted C57Bl/6 mice with 300 mg/kg APAP resulted in substantial liver injury
as indicated by the increase in plasma ALT activities at 6 h (Figure 1A). During the
following 18 h, the injury was further aggravated (Figure 1A). Liver injury was also
confirmed by histology (Figure 1B,C), which showed extensive centrilobular necrosis
(Figure 1C). Quantitatively, about 55% of hepatocytes were necrotic at 24 h (Figure 1B).
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APAP-induced liver injury caused a significant accumulation of neutrophils in the liver,
which was only moderate at 6 h but dramatically increased by 24 h (Figure 1C,D). In order
to inhibit IL-1β processing, animals were treated with the potent pan-caspase inhibitor Z-
VD-fmk (Jaeschke et al., 2000) 2 h after APAP. Z-VD-fmk had no significant effect on
plasma ALT activities or the area of necrosis (Figure 1 A-C). Z-VD-fmk had also no
significant effect on hepatic neutrophil accumulation at 6 or 24 h (Figure 1C,D). Because
previous studies ruled out relevant apoptotic cell death in this model (Gujral et al., 2002;
Knight and Jaeschke, 2002; Lawson et al., 1999), no specific parameters of apoptosis were
measured. To evaluate the efficacy of the pan-caspase inhibitor to modulate caspase-1
activity, plasma IL-1β protein levels were measured at 6 h and 24 h after APAP. Six hours
after APAP the circulating levels of IL-1β were increased three-fold over baseline (Figure
2A). This increase in IL-1β protein levels was completely prevented with the pan-caspase
inhibitor demonstrating the efficacy of Z-VD-fmk to block caspase-1 activity (Figure 2A).
Consistent with the function of caspase-1 to process pro-IL-1β, the caspase inhibitor did not
affect the increase in IL-1β mRNA (Figure 2B). Furthermore, the pan-caspase inhibitor did
neither modulate the mRNA or plasma protein levels of several other cytokines and
chemokines including TNF-α, IL-18, IL-10, IL-6, KC and MIP-2 (data not shown).

Efficacy of Z-VD-fmk in the galactosamine/endotoxin liver injury model
To further confirm the efficacy of the pan-caspase inhibitor, mice were treated with
galactosamine/endotoxin (Gal/ET), which is a well established caspase-dependent model of
hepatocellular apoptosis (Jaeschke et al., 1998). The 10 mg/kg dose and route of
administration of Z-VD-fmk was effective in reducing 95% of the Gal/ET-induced increase
in liver caspase-3 activity (Figure 3A). Blocking apoptosis also prevented secondary
necrosis thereby reducing plasma ALT by nearly 90% (Figure 3B). To confirm the reduction
in apoptotic cell death, liver sections were stained for DNA strand breaks with the TUNEL
assay. Gal/ET-induced caspase activation causes massive DNA fragmentation as indicated
by the extensive staining of TUNEL-positive hepatocytes (Figure 3C). Again, the caspase-
inhibitor almost completely prevented any TUNEL staining in these livers (Figure 3C).
Together, these data confirm the high efficacy of this pan-caspase inhibitor against TNF-
mediated apoptosis in the Gal/ET model of liver injury.

APAP toxicity in IL-1 receptor-1 knockout mice
The caspase inhibitor data indicate that IL-1β maturation does not appear to be a critical
factor in APAP-induced toxicity in contrast to previous reports. To confirm these findings
and to exclude a potential role of IL-1α, which is formed independent of the inflammasome,
IL-1R1-/- mice were treated with APAP. Similar to the caspase inhibitor data, there was no
significant effect of APAP on plasma ALT activities, area of necrosis and hepatic neutrophil
accumulation in IL-1R1-/- mice compared to wild type animals at 6 or 24 h after APAP
(Figure 4 A-C). Despite similar neutrophil recruitment, both hepatic cytokine/chemokines
mRNA production and plasma cytokine/chemokine levels were quantified to determine if
the inflammatory response is altered or delayed in mice lacking IL-1 signaling.
Transcription of inflammatory genes in the liver is unchanged between wild-type and
knockout mice at 6 and 24 h (Table 1), however at the six hour time-point IL-6 and KC
plasma protein levels are significantly reduced relative to the treated wild-type group (Table
1), however these differences are not seen at 24 h. In addition, protein levels of IL-1β (6 and
24 h) and IL-10 (6 h) did not increase to the same degree in IL-1R-/- mice as in wild type
animals (Table 1). Despite this apparent delay in formation of some of the cytokine/
chemokine, liver injury as well as the quantity and distribution of neutrophils are unchanged
(Figure 4 C,D).
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Effects of supra-physiological levels of IL-1β during APAP toxicity
Although our experiments so far were unable to support a role of IL-1β in the
pathophysiology of APAP hepatotoxicity, we can not rule out that the endogenous levels of
IL-1β produced under our experimental conditions may have been too low to have a relevant
impact on the injury mechanism. Therefore, we hypothesized that if IL-1β is critical for the
injury via the recruitment of hepatic neutrophils or other leukocytes then an exacerbation of
the injury should be observed when IL-1β is administered concurrently with APAP. Mice
were injected i.p. with APAP and then given IL-1β or saline vehicle three hours later to
mimic IL-1β, which would be produced during APAP-induced sterile inflammation.
Administration of IL-1β alone caused recruitment of neutrophils into the liver within 90
minutes (Figure 5 D) without causing injury (Figure 5 A,B). When IL-1β was administered
after APAP, the additional inflammatory mediators significantly enhanced APAP-induced
hepatic neutrophil accumulation by 35% (Figure 5 D) but had no effect on plasma ALT
values or the area of necrosis induced by APAP alone at 24 h (Figure 5 A-C). Because an
impact of neutrophils on liver injury is generally observed between 6 h and 24 h after the
insult (Ramaiah and Jaeschke, 2007) and the area of necrosis at 24 h represents the
cumulative damage during the entire observation period, the lack of a difference in injury at
24 h makes it unlikely that there was a difference between the experimental groups at earlier
time points. Thus, these data further support our findings that even excess IL-1β did not
further aggravate APAP-induced liver injury.

Neutrophil activation during IL-1β treatment
In order to verify that the dose of IL-1β was able to activate neutrophils, the enhanced
expression of CD11b on neutrophils and priming for NADPH oxidase-derived reactive
oxygen formation was evaluated on peripheral neutrophils. Our previous data showed a
close correlation between the activation status of peripheral and hepatic neutrophils
(Williams et al., 2010). C57Bl/6 mice were treated in vivo with saline (6 h), 300 mg/kg
APAP (6 h), or 20 μg/kg IL-1β (1.5 h). Neutrophils were gated as Gr-1bright cells because
previous literature demonstrated that Gr-1bright cells being the same population as Ly6G+

cells, which are neutrophils (Daley et al., 2008). APAP treatment caused no increase in
CD11b expression versus control, and the very high dose of IL-1β caused only a partial
activation of peripheral neutrophils resulting in two distinct cell populations expressing
CD11b (Figure 6 A,B). Similarly, APAP did not cause increased ROS priming in peripheral
neutrophils versus controls while supra-physiologic levels of IL-1β caused only a modest
increase in ROS priming (Figure 6 C,D).

DISCUSSION
The primary objective of this study was to evaluate the formation and pathophysiological
significance of IL-1β during APAP-induced hepatotoxicity. Although there were recent
reports implicating the inflammasome (caspase-1) and IL-1β signaling in APAP overdose
(Imaeda et al., 2009), there were some concerns whether a single pro-inflammatory mediator
like IL-1β (Imaeda et al., 2009) or IL-1α (Blazka et al., 1995; Chen et al., 2007) could be
such a dominant factor in the mechanism of injury as suggested by these authors.

Caspase-1 and IL-1β formation during APAP hepatotoxicity
The induction of IL-1α and IL-1β mRNA is well described after APAP overdose (Blazka et
al., 1995; Gardner et al., 2003; Cover et al., 2006; Ishibe et al., 2009; Imaeda et al., 2009;
Martin-Murphy et al., 2010). Our data are in agreement with the generally moderate
transcriptional activation of IL-1β in response to APAP reported by these studies. In
addition, we could demonstrate that there are significant but modest increases in mature
IL-1β protein levels. Most importantly, this increase in IL-1β protein could be eliminated by
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inhibition of caspase-1 without affecting the mRNA levels. These data support the
hypothesis that the increased formation of the mature IL-1β protein during APAP
hepatotoxicity is dependent on caspases, most likely on caspase-1. Although previous efforts
to directly measure changes in caspase-1 activity in the liver after APAP overdose were
unsuccessful, this may have been due to the limited sensitivity of the assay and the selective
activation of this enzyme in Kupffer cells (Lawson et al., 1999). Nevertheless, the observed
effect of the pancaspase inhibitor on selective IL-1β processing is indirect evidence for the
activation of caspase-1 and the inflammasome, which contributes to the formation of pro-
inflammatory mediators after APAP. Previous studies indicated that the release of DAMPs
from necrotic hepatocytes may contribute to the formation of cytokines by macrophages
through activation of toll-like receptors (Imaeda et al., 2009; Martin-Murphy et al., 2010).

Effect of IL-1β on the inflammatory response during APAP hepatotoxicity
In contrast to TNF receptor 1 or the Fas receptor, the IL-1 receptor does not have a death
domain and therefore can not directly trigger cell death. Thus, the only way IL-1β and the
IL-1 receptor can be involved in cell injury is through the activation of cytotoxic leukocytes
(Sims and Smith, 2010). During APAP-induced injury, the first leukocytes observed in the
liver are neutrophils (Lawson et al., 2000), which have the capacity to severely aggravate
liver injury (Jaeschke, 2006). IL-1α is a potent activator of neutrophils that can trigger
substantial hepatic neutrophil recruitment (Bajt et al., 2001). Our data with IL-1β confirm
these findings and additionally show that adding high doses of endogenous IL-1β during
APAP toxicity has an additive effect on hepatic neutrophil accumulation. (Figure 5).
Because both IL-1α and IL-1β at high doses can induce moderate TNF-α formation in vivo
(Essani et al., 1995), this potent cytokine could also be involved in the observed effect of
IL-1β injection on neutrophils. However, the peak levels of TNF after IL-1 are still less than
10% of peak levels after endotoxin (Essani et al., 1995). We have recently performed
experiments where we injected endotoxin after APAP, which generated massive amounts of
TNF and other cytokines (Williams et al., 2010). This activated circulating and hepatic
neutrophils and increased the neutrophil numbers in the liver by 100% over APAP alone
(Williams et al., 2010). Despite these effects of exogenous cytokines, eliminating the
increase in endogenous IL-1β formation by a caspase inhibitor had no effect on the number
of liver neutrophils. Thus, together these data suggest that the endogenous IL-1β formation
during APAP hepatotoxicity is insufficient to have a relevant impact on hepatic neutrophil
recruitment. Because IL-1R-deficient mice did not have less neutrophils in the liver
compared to wildtype animals, it indicates that neither endogenous IL-1β nor IL-1α affect
hepatic neutrophil accumulation. In addition, delayed treatment with high doses of IL-1β
activated and primed circulating neutrophils, which closely reflect the activation status of
liver neutrophils (Williams et al., 2010). APAP alone did not activate circulating or liver
neutrophils as indicated by absence of enhanced CD11b expression and no priming for ROS
formation (Figure 6 and Williams et al., 2010). This supports the conclusion that
endogenously formed IL-1β is also insufficient to activate neutrophils. These findings,
although opposite to what has been postulated (Imaeda et al., 2009), are not surprising given
the substantial number of cytokines, chemokines and other mediators formed during the
extensive cell damage caused by APAP (Lawson et al., 2000; Gardner et al., 2003; Cover et
al., 2006; Ishibe et al., 2009; Imaeda et al., 2009; Martin-Murphy et al., 2010). In addition,
the absolute cytokines levels observed after APAP overdose are not very high. Thus, the
limited changes of individual mediators obviously have a limited impact on neutrophil
activation and injury. We have previously shown that elimination of massively produced
chemokines KC and MIP-2 during endotoxemia has no relevant impact on endotoxin-
induced hepatic neutrophil infiltration or injury (Dorman et al., 2005). In contrast,
elimination of the most upstream mediator of endotoxemia, TNF-α, completely eliminated
hepatic neutrophil recruitment and injury (Schlayer et al., 1989; Essani et al., 1995). In this

Williams et al. Page 7

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2011 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



respect, elimination of a more upstream mediator of APAP-induced inflammation, high
mobility group box protein-1, attenuated hepatic neutrophil accumulation but not the injury
(Scaffidi et al., 2002). Thus, only changes in the most upstream mediators or initiators of the
inflammatory cascade are likely to have a relevant impact on neutrophil recruitment into the
liver.

Additional inflammatory cells activated during APAP hepatotoxicity include the resident
macrophages of the liver (Kupffer cells) and newly recruited tissue macrophages derived
from blood monocytes (Laskin, 2009). Emerging evidence indicates that Kupffer cells are
mainly involved in the formation of pro- and anti-inflammatory cytokines but less in direct
cytotoxicity (Ju et al., 2002; Martin-Murphy et al., 2010). The newly recruited tissue
macrophages arrive mainly after the injury already peaked and appear to be involved in the
resolution of inflammation and removal of necrotic cell debris (Dambach et al., 2002; Holt
et al., 2008). Monocyte chemoattractant protein (MCP-1) rather than IL-1β is involved in the
late monocyte recruitment (Dambach et al., 2002; Holt et al., 2008).

IL-1β and APAP-induced liver injury
The most critical question is whether IL-1β is involved in the injury process. In a previous
paper it was reported that IL-1R-deficient mice are more than 90% protected against APAP
hepatotoxicity based on plasma ALT activities (Chen et al., 2007). Using the same gene
knockout mice, we did not find any evidence of protection at early or late time points after
APAP overdose. When the authors used a combination of neutralizing antibodies against
IL-1β, IL-1α, and IL-1R1, the protective effect was only 30% (Chen et al., 2007). Thus,
even this study shows highly variable results on the role of IL-1. In addition, a second report
claimed a critical role specifically for IL-1β due to the fact that gene knock-out mice of
caspase-1 and different components of the inflammasome were partially protected (Imaeda
et al., 2009). In this study, neutralizing IL-1β or deficiency of IL-18, Nalp3, caspase-1, and
ASC showed reduced mortality and lower plasma ALT levels by 50-60% after APAP
overdose (Imaeda et al., 2009). The authors concluded that the transcriptional activation of
IL-1β and IL-18 together with the processing to the mature cytokine through caspase-1 is
critical for APAP hepatotoxicity (Imaeda et al., 2009). Earlier studies also indicated that
antibodies against IL-1α or TNFα protected against APAP toxicity in mice (Blazka et al.,
1995,1996). In sharp contrast, our data are consistently showing no relevant effect of IL-1β
(or IL-1α) in the pathophysiology. The amount of IL-1β generated was minor and
insufficient to trigger activation and recruitment of neutrophils into the liver. In addition, we
did not find significant upregulation of IL-18 mRNA after APAP treatment. A caspase
inhibitor, which completely prevented the APAP-induced mature IL-1β formation, did
neither affect hepatic neutrophil recruitment nor liver injury. Furthermore, the IL-1R1-
deficient mouse was not protected or showed reduced inflammation. Finally, even treating
the animals with extremely high doses of IL-1β, which by themselves can activate
neutrophils and cause their accumulation in the liver, did only enhance the overall neutrophil
count in the liver but had no effect on the injury. These findings are consistent with previous
experiments where addition of endotoxin after APAP massively produced TNF-α, IL-1 and
other cytokines and chemokines but did not enhance liver injury despite the doubling of
hepatic neutrophil recruitment (Williams et al., 2010). It needs to be kept in mind that the
objective of these experiments was to mimick the hypothesis that an inflammatory response
triggered by the initial injury may impact the late phase of APAP-mediated liver injury.
Therefore, a delayed treatment with IL-1β around the time of the initial injury is the most
appropriate experimental design. However, the fact that we were not able to produce an
aggravation of the APAP-mediated injury even with massive amounts of exogenous
cytokines is consistent with a large number of different experiments that all demonstrated
that the inflammatory response with hepatic neutrophil infiltration does not aggravate
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APAP-induced liver injury (Lawson et al., 2000; James et al., 2003; Cover et al., 2006;
Williams et al., 2010). In these experiments, blocking or eliminating adhesion molecules
which have been shown to be required for neutrophil cytotoxicity in the liver, i.e. CD18 and
intercellular adhesion molecule-1 (ICAM-1) (Jaeschke and Smith, 1997), had no effect
against APAP hepatotoxicity (Lawson et al., 2000; Williams et al., 2010). Furthermore,
inhibiting or eliminating the capacity of neutrophils to generate reactive oxygen species,
which is critical for neutrophil cytotoxicity in vivo (Jaeschke et al., 1999; Gujral et al., 2004;
Hasegawa et al., 2005), had no effect on acetaminophen toxicity (James, et al., 2003; Cover
et al., 2006). Most importantly, even when large amounts of pro-inflammatory mediators are
either injected or generated through endotoxin during APAP-induced liver injury, the
additional activated neutrophils do not affect the overall injury. Thus, even if sufficient IL-1
or IL-18 would have been generated during APAP overdose, there is no evidence that these
phagocytes contribute to the injury.

Why is there such a difference in the results and conclusions between studies despite the use
of the same mouse strain and similar doses of APAP? There is no easy answer. However, in
the previous studies where extensive protection was shown in a large number of different
gene knock-out mice, it was never tested if there are differences in metabolic activation or
other changes in the intracellular signal transduction pathways (Chen et al., 2007; Imaeda et
al., 2009). Furthermore, the cells that actually cause the toxicity were never identified. Thus,
the mechanisms of APAP toxicity in these knock-out mice remained unclear and it was not
excluded that off-target effects could have been responsible for the protection. In support of
this hypothesis, it was recently shown that IL-1 receptor antagonist-deficient (IL-1ra-/-)
mice showed reduced liver injury to APAP (Ishibe et al., 2009). Since IL-1ra blocks the
signaling of IL-1α and IL-1β through IL-1R1 and prevents the intracellular recruitment of
IL-1RAP (Sims and Smith, 2010), this finding is in direct contrast to the hypothesis that the
IL-1 axis increases injury. Most importantly, this study demonstrated that IL-1ra-/- mice
have decreased metabolic activity and therefore generate less reactive metabolite, i.e. the
protection was caused by modulation of intracellular events rather than inflammation (Ishibe
et al., 2009). However, consistent with our data, Imaeda et al. (2009) showed only a 6%
increase of mature IL-1β in plasma after APAP. As we demonstrated, such a minute change
in circulating IL-1β has no chance to cause neutrophil activation and recruitment into the
liver and, therefore, it remained unclear how the activity of the inflammasome could have
had any impact on APAP-induced liver injury.

Another set of earlier experiments demonstrated protective effects of antisera against IL-1α
or TNF-α against APAP hepatotoxicity in mice (Blazka et al., 1995,1996). However, there
are also concerns with the interpretation of these data. First, the mechanism of injury
involving both cytokines was not addressed. Second, the protective effect was observed as
early as 4 h, i.e. at a time when little to no cytokine was produced. In addition, the
hepatoprotection was no longer observed at 12 h (TNF) or 24 h (IL-1) (Blazka et al.,
1995,1996). This is inconsistent with the sterile inflammation concept. Third, no inactive
antiserum was used as control and potential endotoxin contamination of the reagents was not
evaluated. Fourth, the effects were not reproducible in genetic models. Similar to the lack of
protection in animals with IL-1R deficiency (Figure 4), there was no protection in TNF-α
and lymphotoxin-α deficient mice against APAP hepatotoxicity (Boess et al., 1998). Fifth,
the peak levels of IL-1α were <30 pg/ml (Blazka et al., 1995), i.e. in the same range as the
IL-1β levels in our studies (Table 1). However, these cytokine levels are 3-4 orders of
magnitude below the estimated levels after injection of 20 μg/kg of IL-1β, which resulted in
only a partial activation of neutrophils and no effect on the APAP-induced liver injury
(Figure 5). Taken together, similar to the recent papers (Chen et al., 2007;Imaeda et al.,
2009), the earlier reports by Blazka et al. (1995,1996) raise significant concerns whether
IL-1α, IL-1β or both can have an impact on APAP-induced toxicity.
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In summary, our comprehensive analysis of the formation and potential role of IL-1β in the
pathophysiology of APAP hepatotoxicity revealed no support that this cytokine is generated
in sufficient quantities to activate neutrophils and neither inhibition of caspases and the
inflammasome nor deficiency of the IL-1R had any impact on APAP-induced inflammation
and liver injury. Although these data are opposite to several papers (Blazka et al.,
1995,1996;Chen et al., 2007;Imaeda et al., 2009), they are fully consistent with our previous
findings that neutrophils do not aggravate liver injury after APAP overdose. Thus, the
inflammatory cascade is a less relevant therapeutic target than the intracellular signaling
pathways to attenuate APAP-induced liver injury.
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Figure 1.
Acetaminophen-induced liver injury in C57Bl/6 mice with or without caspase inhibitor.
Animals were first treated with 300 mg/kg APAP and then two hours later with 10 mg/kg Z-
VD-fmk or vehicle control. (A) Plasma ALT at 6 h and 24 h; (B) area of necrosis at 24 h.
(C) Representative H&E-stained liver sections (x50 magnification) and
immunohistochemistry for hepatic neutrophil accumulation (x200 magnification) are shown
for controls and animals treated with APAP for 24 h. (D) Neutrophil numbers were
quantified in 15 randomly selected high power fields (HPF; x400). Data represent means ±
SE of n = 5 animals per group. *P<0.05 (compared to untreated controls).
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Figure 2.
Interleukin-1β (IL-1β) protein levels in plasma (A) and hepatic IL-1β mRNA levels (B)
were measured 6 and 24 h after administration of 300 mg/kg acetaminophen (APAP) in
C57Bl/6 mice with or without the pan-caspase inhibitor (Z-VD-fmk). mRNA levels are
expressed as IL-1β mRNA-to-β-actin mRNA ratio. The values of untreated controls were set
as 1 and the fold change of the treated animals was calculated. Data represent means ± SE of
n = 4-5 animals per group. *P<0.05 (compared to untreated control). #P<0.05 (compared to
APAP-only equivalent time point)
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Figure 3.
Effects of 10 mg/kg Z-VD-fmk on galactosamine/endotoxin (GalN/ET)-induced liver injury.
Animals were treated with saline or 700 mg/kg GalN and 100 μg/kg ET and then three hours
later with 10 mg/kg Z-VD-fmk or vehicle control. (A) Caspase-3 activity at 6 h; (B) Plasma
ALT at 6 h. (C) Representative TUNEL staining of animals from each group. Data represent
means ± SE of n = 3 animals per group. *P<0.05 (compared to saline-treated controls)
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Figure 4.
Acetaminophen-induced liver injury in C57Bl/6 wild-type mice or IL-1R1-deficient mice.
Animals were treated with 300 mg/kg APAP. (A) Plasma ALT at 6 h and 24 h; (B) area of
necrosis at 24 h. (C) Representative H&E-stained liver sections (x50 magnification) and
immunohistochemistry for hepatic neutrophil accumulation (x200 magnification) are shown
for control and APAP-treated mice at 24 h; (D) Neutrophil numbers were quantified in 15
randomly selected high power fields (HPF; x400). Data represent means ± SE of n = 6
animals per group. *P<0.05 (compared to untreated controls).
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Figure 5.
Acetaminophen-induced liver injury in C57Bl/6 mice with or without IL-1β treatment. Mice
were treated with 300 mg/kg APAP and/or 20 μg/kg IL-1β or vehicle. (A) Plasma ALT
levels at 24 h; (B) area of necrosis at 24 h; (C) Representative H&E-stained liver sections
(x50 magnification) and immunohistochemistry for hepatic neutrophil accumulation (x200
magnification) are shown for control and treated mice. (D) Neutrophil numbers were
quantified in 15 randomly selected high power fields (HPF; x400). Data represent means ±
SE of n = 6 animals per group. *P<0.05 (compared to untreated controls). #P<0.05
(compared to APAP only).
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Figure 6.
Neutrophil priming in peripheral blood. C57Bl/6 mice (n=4 per group) were treated with 20
mL/kg saline (6 h), 300 mg/kg APAP (6 h), or 20 μg/kg IL-1β (1.5 h). Immediately after in
vivo stimulation whole blood was stained for CD11b and Gr-1 surface expression and
neutrophils (Gr-1bright cells) were analyzed by flow cytometry. (A) The mean CD11b
fluorescent intensities of each treatment group are shown and (B) representative CD11b
surface-expression dot plots and histograms for saline, APAP and IL-1β. To determine
reactive oxygen species (ROS) priming after in vivo treatment, whole blood was stimulated
ex vivo with PMA or saline. Upon PMA-induced ROS production DHR-123 is converted to
R-123 and quantified in neutrophils by flow cytometry. (C) The mean ROS fluorescent
intensities of each treatment group are shown and (D) representative ROS dot plots and
histograms for saline, APAP and IL-1β. Data represent means ± SE of n = 4 animals per
group. *P<0.05 (compared to saline-treated controls).
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