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Abstract

The mechanisms of acetaminophen (APAP)-mediated hepatic oncotic necrosis have been
extensively characterized. However, it was recently demonstrated that fed CD-1 mice have a
transient caspase activation which initiates apoptosis. To evaluate these findings in more detail,
outbred (Swiss Webster, SW) and inbred (C57BL/6) mice were treated with APAP with or
without pan-caspase inhibitor and compared to the apoptosis model of galactosamine (GalN)/
endotoxin (ET). Fasted or fed APAP-treated C57BL/6 mice showed no evidence of caspase-3
processing or activity. Interestingly, a minor, temporary increase in caspase-3 processing and
activity (150% above baseline) was observed after APAP treatment only in fed SW mice. The
degree of caspase-3 activation in SW mice after APAP was minor compared to that observed in
GalN/ET-treated mice (1600% above baseline). The pancaspase inhibitor attenuated caspase
activation and resulted in increased APAP-induced injury (plasma ALT, necrosis scoring). The
caspase inhibitor did not affect apoptosis because regardless of treatment only <0.5% of
hepatocytes showed consistent apoptotic morphology after APAP. In contrast, >20% apoptotic
cells were observed in GalN/ET-treated mice. Presence of the caspase inhibitor altered hepatic
glutathione levels in SW mice, which could explain the exacerbation of injury. Additionally, the
infiltration of hepatic neutrophils was not altered by the fed state of either mouse strain.
Conclusion: Minor caspase-3 activation without apoptotic cell death can be observed only in fed
mice of some outbred strains. These findings suggest that although the severity of APAP-induced
liver injury varies between fed and fasted animals, the mechanism of cell death does not
fundamentally change.

© 2011 Elsevier Inc. All rights reserved.

"For Correspondence: Hartmut Jaeschke, Ph.D., Department of Pharmacology, Toxicology & Therapeutic, University of Kansas
Medical Center, 3901 Rainbow Blvd, MS1018, Kansas City, KS 66160 USA, Tel. (913) 588 7969, Fax. (913) 588 7501,
hjaeschke@kumc.edu.

LPresent Address: University of Illinois at Chicago, College of Medicine, Chicago, IL 60612. mkoern2@illinois.edu
CONFLICT OF INTEREST STATEMENT

The authors do not have any conflict of interest to disclose.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al. Page 2

Keywords
acetaminophen; hepatotoxicity; DNA fragmentation; caspases; necrosis; apoptosis

INTRODUCTION

Acetaminophen (APAP) overdose is a major health concern in the clinic resulting in
substantial morbidity and mortality each year (Larson et al. 2005). The first reports of APAP
overdose resulting in liver cell necrosis were described nearly fifty years ago (Boyd and
Bereczky, 1966; Davidson and Eastham, 1966) and still today APAP toxicity is considered a
classical example of oncotic necrotic cell death (Gujral et al., 2002; Jaeschke et al., 2004,
2011; Schulte-Osthoff and Bantel, 2011). Hepatocytes within the centrilobular area swell,
become highly vacuolated, lose the ability to maintain ion homeostasis and eventually the
membrane integrity is compromised. This process is initiated by the formation of the
reactive metabolite, N-acetyl-p-benzoquinone imine (NAPQI), which can covalently bind to
cellular proteins (Cohen et al., 1997; Nelson, 1990). By comparing protein adducts of APAP
and its nonhepatotoxic regioisomer 3'-hydroxyacetanilide (AMAP), it was recognized that
toxicity correlates with binding to mitochondrial proteins (Tirmenstein and Nelson, 1989;
Qiu et al., 2001). This initiates mitochondrial dysfunction resulting in increased oxidant
stress, peroxynitrite formation and eventually opening of mitochondrial membrane
permeability transition (MPT) pores (Jaeschke and Bajt, 2006). Downstream effects of the
MPT include nuclear DNA damage mediated by two endonucleases, apoptosis-inducing
factor (AIF) and endonuclease G (EndoG), which are released from the mitochondrial
intermembrane space (Bajt et al., 2006). During this process, hepatocytes will display
nuclear swelling and eventually caspase-independent DNA fragmentation. To assess the
degree of DNA damage, terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining is often used (Lawson et al., 1999). When evaluated histologically, DNA
damage begins with punctate nuclear TUNEL staining but quickly becomes diffuse as the
nucleus degenerates and DNA fragments spill into the cytoplasm and extracellular space
(Jaeschke and Lemasters, 2003). The early punctate staining observed during APAP
overdose can often be confused with apoptosis. Therefore, TUNEL-positive cells must also
display the classic characteristics of apoptosis (cell shrinkage, chromatin margination, DNA
condensation, formation of apoptotic bodies, etc.) to be verified as apoptotic (Kerr et al.,
1972).

Consistent with the limited relevance of apoptotic cell death, no relevant activation of
caspases can be found during APAP hepatotoxicity in fasted mice (Lawson et al., 1999;
Adams et al., 2001; Gujral et al., 2002; El-Hassan et al., 2003; Jaeschke, et al., 2006). In
addition, caspase inhibitors, which are highly effective against Fas- or TNF-induced
apoptosis (Bajt et al., 2000; Jaeschke et al., 1998), did not protect against APAP toxicity in
fasted mice (Lawson et al., 1999; Gujral et al., 2002; Jaeschke et al., 2006; Williams et al.,
2010b, Antoine et al., 2009). Only a few papers have implied caspase inhibition has
hepatoprotective effects after APAP overdose (El-Hassan et al., 2003; Hu and Colletti,
2010). However, the pretreatment regimen and the use of the solvent dimethyl sulfoxide
(DMSO), which is a potent inhibitor of P450 (Park et al., 1988; Yoon et al., 2006), makes it
almost certain that the protection was caused by the solvent not by the caspase inhibitior
(Jaeschke et al., 2006; Schulze-Osthoff and Bantel, 2011; Jaeschke et al., 2011a). Together,
these studies provide strong support for the hypothesis that APAP hepatotoxicity in mice
involves oncotic necrotic cell death and not caspase-dependent apoptosis.

In contrast to these previous data, the recent findings by Antoine et al. (2009, 2010)
provided for the first time more solid evidence for caspase activation based on evidence for
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caspase-3 processing, histological assessment of active caspase-3 staining and caspase-
dependent cytokeratin-18 cleavage, and for apoptosis. Most importantly, this was only
observed in fed mice with high ATP levels. Because most mechanistic studies in the past
were done with fasted animals, the authors’ findings suggested that most previous toxicity
studies missed a critical mechanistic aspect, i.e., an early caspase activation and apoptosis.
Thus, Antoine et al. (2009, 2010) provided a mechanistic explanation why most other
investigators never observed caspase-3 activation and apoptosis after APAP overdose. In
addition, the authors suggested that the apoptosis in fed mice results in release of an
oxidized form of high mobility group box 1 (HMGB1) protein, which is unable to trigger
inflammatory mediator production through toll like receptor-4 activation (Antoine et al.,
2010). This means that there might be less inflammation in fed compared to fasted mice, i.e.,
apoptotic cell death may limit the potential detrimental consequences of an excessive
inflammatory response compared to necrosis (Antoine et al., 2010). If these findings are
generally applicable, this would be at least in part a paradigm shift for the mechanisms of
APAP toxicity and possibly for other hepatotoxic drugs. This would also mean that most of
the published data generated with fasted mice would have to be re-evaluated. Therefore, the
purpose of this study was to investigate the mechanisms of cell death during APAP
hepatotoxicity in fed and fasted mice using both an inbred (C57BL/6) and an outbred
(Swiss-Webster) strain to determine what role, if any, apoptosis and caspase activation plays
in APAP-induced liver injury and inflammation.

MATERIALS AND METHODS

Animals

Eight to twelve week old male C57BL/6J mice (Jackson Labs, Bar Harbor, ME) and Swiss
Webster mice (Harlan Labs, Indianapolis, IN) with an average weight of 18 to 24 g were
purchased and maintained at the University of Kansas Medical Center. 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 were approved by the
University of Kansas Medical Center Institutional Animal Care and Use Committee. All
chemicals were purchased from Sigma Chemical Co. (St. Louis, MO) unless otherwise
stated.

Experimental design

Mice were intraperitoneally (i.p.) injected with 530 mg/kg APAP (dissolved in warm saline)
or with an equivalent volume of saline; some mice were fasted overnight and others had free
access to food (Antoine et al., 2009). Additionally, some mice were subsequently treated
(i.p.) with 10 mg/kg Z-VD-fmk (pan-caspase inhibitor) dissolved in Tris-buffered saline or
vehicle thirty minutes after APAP treatment (EP1013; a generous gift from Dr. S. X. Cali,
Epicept Corp., San Diego, CA). Animals were sacrificed 3, 5 or 24 h after APAP. As a
positive control for hepatocellular apoptosis some mice were treated (i.p.) with 700 mg/kg
D-galactosamine (GalN) and 100 pg/kg endotoxin (ET) for six hours. Blood was drawn into
heparinized syringes for measurement of plasma alanine aminotransferase (ALT) activity
(Pointe Scientific, Canton, MI). 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. For ATP
measurement, livers from anesthetized animals were freeze clamped in liquid nitrogen and
immediately assayed.
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Formalin-fixed tissue samples were embedded in paraffin and 5 um sections were cut.
Sections were stained with hematoxylin and eosin (H&E) for blinded evaluation of the areas
of necrosis by the pathologist. The amount of necrosis is assessed by giving the percentage
of microscopic field involved as compared to the number of fields occupied by the entire
tissue section. In most cases this is done using low power fields (i.e., x2 or x4) (Gujral et al.,
2002). In addition, liver sections were evaluated for apoptotic cells. Cells that showed
morphological features of apoptosis (cell shrinkage, chromatin margination, apoptotic
bodies) were counted in 15 high power fields per section (Gujral et al., 2002). Additional
sections were stained for neutrophils using the anti-mouse 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
transferase dUTP nick end labeling (TUNEL) in situ cell death assay (Roche, Indianapolis,
IN) as previously described (Lawson et al., 1999).

Glutathione quantification

Glutathione (GSH) and glutathione disulfide (GSSG) were measured in liver homogenate
using the modified 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 first trapping and removing GSH with
N-ethylmaleimide.

Caspase-3 Activity Assay and Western Blotting

Liver caspase-3 activity was determined as previously described in detail (Lawson et al.,
1999). Briefly, after homogenization of liver tissue in 25 mM HEPES buffer (containing 5
mM EDTA, 2 mM DTT and 0.1% CHAPS) centrifuged homogenate was added to a
fluorogenic substrate (Ac-DEVD-AFC, Enzo Life Sciences, Plymouth Meeting, PA) with or
without the presence of pan-caspase inhibitor (z-VAD-fmk, Enzo) as a sample background
control and measured on a Gemini EM plate reader (Molecular Devices, Sunnyvale, CA).
Results are expressed as relative light units (RFU) per unit time normalized to protein
concentration (microBCA kit, Thermo Scientific, Rockford, IL). Tissue homogenate was
also used for caspase-3 western blotting (Cell Signaling Technology, Beverly, MA) as
described in detail (Bajt et al., 2000).

ATP quantification

Statistics

Liver adenosine triphosphate (ATP) was quantified by homogenizing frozen tissue in 2N
perchloric acid to deproteinate the sample and then the sample was neutralized with 5N
potassium hydroxide, 3M potassium bicarbonate solution. Centrifuged homogenate was then
assayed using the ATP Bioluminescent Assay Kit (FLAA-1KT; Sigma) and confirmed with
2D-NMR analysis as described (Zwingmann and Bilodeau, 2006).

All results were expressed as mean + SE. All comparisons were made between time points
or at the same time point between the presence of caspase inhibitor; no comparisons were
made between strains. Comparisons between multiple groups were performed with one-way
or two-way ANOVA or, where appropriate, by Dunnett’s test as indicated in figure legends.
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. Calculations were performed in SigmaStat (Systat Software, San Jose, CA).
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RESULTS

Liver injury in fed and fasted C57BL/6 and Swiss Webster mice

To assess the differences in liver injury in fed and fasted mice following APAP
administration, ALT levels were measured in plasma of mice at 0, 3, 5 and 24h (Fig. 1A and
1B). Additionally, blinded histological scoring of liver injury was performed at 24h (Fig. 1C
and 1D). In both C57BL/6 (inbred) and Swiss Webster (SW, outbred) strains, the severity of
liver injury was dependent on the fed/fasted state of the animals, with fasted mice having
greater liver injury by 24h. Early in the injury phase of APAP overdose (3h and 5h), no
significant differences in APAP-induced injury could be seen between fed and fasted
animals. Because Antoine et al. (2009) reported an increase in liver injury in fed animals
after treatment with a caspase- inhibitor, fed and fasted (C57BL/6 and SW) mice were
treated with the pan-caspase inhibitor Z-VD-fmk. The caspase inhibitor significantly
enhanced APAP-induced liver injury in both fed and in fasted SW mice (Fig 1B and 1D).
Similarly, a trend toward increased liver injury was seen in fed C57BL/6 mice treated with
the caspase inhibitor (Fig. 1A and 1C).

Caspase-3 processing and activity

It has been well established in several inbred strains of mice that during APAP overdose
there is no caspase-3 processing or increased enzyme activity. In addition, caspase inhibition
does not modulate injury in fasted animals (Gujral et al., 2002; Jaeschke et al., 2006;
Williams et al., 2010b). Antoine et al. (2009, 2010) showed a temporary caspase processing
in fed CD-1 mice, which is an outbred strain. Thus, we assessed evidence for caspase
activation in both fed and fasted C57BL/6 (inbred) and SW (outbred) mice. In confirmation
of what was observed in CD-1 mice, fed SW mice also showed a transient increase in
caspase-3 activity (Fig. 2B) and processing by western blot (Fig. 2D) at 3h that was no
longer detectable at 5h by activity (Fig 2B) or processing (data not shown). No evidence of
caspase-3 activation was observed in fasted SW mice with the exception of a minor increase
at 24h (Fig. 2B), which was not supported by processing (data not shown). C57BL/6 mice
showed no increase in caspase-3 activity or processing following APAP at any time
evaluated (Fig. 2A and 2C). The treatment of mice with GalN/ET is a positive control for
hepatocellular caspase-dependent apoptosis. In comparison to the GalN/ET positive control
for both strains of mice, which reflects apoptosis in 20-30% of hepatocytes (Jaeschke et al.,
1998), the transient caspase-3 activity and processing observed in APAP-treated SW mice is
minor.

ATP content in fed and fasted mice during APAP overdose

Antoine et al. (2010) hypothesized that caspase-3 activation occurs only in fed mice at 3 h
after APAP treatment because in fasted mice there is insufficient ATP to initiate caspase
processing. We confirmed the finding that there is a temporary capase-3 activity increase
and processing in fed mice of an outbred strain. However, this was not observed in C57BL/6
mice. Therefore, we determined if this difference in caspase activity was due to altered
hepatic ATP between mouse strains. Fasting mice overnight resulted in an approximately
50% decrease in hepatic ATP levels in both mouse strains (Fig. 2E and 2F), and fasted mice
after APAP had an additional 67-69% decrease in hepatic ATP levels in both mouse strains.
Interestingly, 3 hours after APAP treatment fed C57BL/6 mice showed no significant
difference in ATP levels from fed controls, but the ATP levels of fed SW mice were reduced
by 49% (Fig. 2E and 2F). Thus, the temporary caspase activation was observed in animals
with lower ATP levels. Additionally, fasted mice of both strains treated with GalN/ET
showed substantial caspase activation and apoptotic cell death (data not shown). Together
these findings are inconsistent with the hypothesis that ATP levels are the mitigating factor
for caspase activity during APAP overdose.
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No morphological evidence of APAP-induced apoptosis in both strains of mice

Despite caspase-3 activity and processing in the liver 3h after APAP in SW mice no
evidence of apoptosis over control (<0.5% of hepatocytes undergoing apoptosis) could be
observed at this time or subsequent times by histology. This was determined by blinded
evaluation of H&E sections by the pathologist (Fig. 3A, 3B, 4). In contrast, the GaIN/ET
treated mice showed >20% of hepatocytes consistent with apoptosis as distinguished by cell
shrinkage, chromatin margination, formation of apoptotic bodies, and nuclear condensation
(Fig. 3A, 3B, 4). Additionally, TUNEL stained liver sections showed injury consistent with
oncotic necrosis in APAP-treated mice (Fig. 3A, 3B). APAP-induced necrosis resulted in an
initial punctuate nuclear staining, but soon diffuse staining could be seen in the cytosol and
over time the nucleus could no longer be observed; in addition, injured hepatocytes became
swollen and highly vacuolated. This pattern of oncotic necrosis can be observed in fed and
fasted mice for both C57BL/6 and SW mice. To demonstrate these morphological features
in more detail, centrilobular regions of untreated controls, GaIN/ET and APAP-treated SW
mice are shown (Figure 4). The control section shows no evidence of apoptosis or oncotic
necrosis, but >20% of hepatocytes in the GalN/ET-treated mice show loss of cellular contact
(cell shrinkage), membrane blebbing, and condensation of nuclear chromatin all of which
are indicative of apoptosis. Three hours after APAP no evidence of apoptosis is observed,
however, centrilobular hepatocytes become vacuolated indicating the early stages of oncosis
in both fed and fasted mice (Figure 4). By 24h the later stages of oncotic necrosis are
apparent including the loss of membrane integrity and karyolysis in both fed and fasted
APAP-treated mice. These histological findings demonstrate that despite transient caspase-3
activity no increased apoptotic cell death occurs during APAP overdose.

Glutathione recovery after APAP

Most in vivo models of APAP overdose use fasted mice because depleted GSH allows the
use of lower doses of APAP resulting in more consistent liver injury. Both C57BL/6 and
SW mice showed decreased hepatic GSH levels after fasting (Fig. 5A and 5B). At 3h after
APAP, C57BL/6 mice still had nearly complete GSH depletion regardless of the fed/fasting
state, which began to recover in fed mice but not fasted mice by 5h (Fig. 5A). At 3h post-
APAP, caspase inhibitor treated fed SW mice had substantially lower GSH levels than fed
SW mice; by 5h this difference in hepatic GSH was no longer seen with the caspase
inhibitor (Fig. 5B). SW mice by 24h had full GSH recovery regardless of fed or fasted state.
Fed C57BL/6 mice had GSH recovery equivalent to SW mice at 24h, however fasted
C57BL/6 mice had yet to fully recover their hepatic GSH content. GSSG and GSSG-to-GSH
ratio are indicators of oxidant stress. During early phases of injury (3h and 5h) total GSH is
depleted and therefore the ability to generate GSSG is impaired (Fig. 5C-5F). At 24h, all
C57BL/6 groups show increased oxidant stress as measured by GSSG (Fig. 5C) and GSSG-
to-GSH ratio (Fig. 5E). SW mice at 24h showed elevated GSSG (Fig. 5D) and GSSG-to-
GSH ratio (Fig. 5F) with the greatest increases observed in fasted mice, which showed more
severe liver injury.

Hepatic neutrophil recruitment in fed and fasted mice

It was previously reported that fed mice showed attenuated inflammation and hepatic
leukocyte recruitment (Antoine et al., 2010). To determine if this effect was also a strain
specific phenomenon, hepatic neutrophils were quantified in C57BL/6 and SW mice at 24h
via immunohistochemistry (Fig. 6). Interestingly, hepatic neutrophil recruitment was not
altered by fed or fasting state or by the presence of caspase inhibitor in C57BL/6 (Fig. 6A)
or SW mice (Fig. 6B). Despite reduced necrotic injury in fed mice (Fig. 1C and 1D) a higher
density of neutrophils could be observed within necrotic lesions (Fig. 6C and 6D) thereby
resulting in equivalent hepatic neutrophil recruitment.
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DISCUSSION

Role of caspase-3 activation in APAP hepatotoxicity

The main objective of this investigation was to reconcile the discrepant results involving the
activation of caspase-3 during APAP overdose and determine if caspase activation can
modulate the mechanisms of cell death. Antoine et al. (2009, 2010) demonstrated that CD-1
mice experience a transient caspase-3 activation (based on caspase-3 processing,
immunohistochemistry of activated caspase-3 and detection of the caspase-dependent
cleavage product of cytokeratin-18) after APAP overdose in fed mice. Our data indicate
similar caspase-3 processing and enzyme activity in another outbred mouse strain (SW), but
consistent with previously published data (Williams et al. 2010b), no processing or
caspase-3 enzyme activity could be detected in the inbred mouse strain C57BL/6 at any time
after APAP treatment regardless whether the animal was fed or fasted. Similarly, when we
previously evaluated the role of apoptosis during APAP overdose, no caspase-3 processing
or enzyme activity was detected in a different inbred strain, C3Heb/FeJ (Gujral et al., 2002;
Lawson et al., 1999). In these investigations, fed and fasted animals were used (Gujral et al.,
2002). Thus, based on the evidence provided by all studies together (Antoine et al., 2009,
2010; Gujral et al., 2002, Lawson et al., 1999; Williams et al., 2010b), the transient increase
of caspase-3 activation appears to be a strain-dependent phenomenon that can occur in fed
mice of certain outbred strains.

Does the hepatic ATP content determine the mode of cell death?

It is well known that apoptosis is an ATP-dependent cell death mechanism (Nicotera et al.,
1998). Activation of caspase-9 by the apoptosome requires not only cytochrome c release
from mitochondria but also ATP (Bratton and Salveson, 2010). This applies to receptor-
mediated apoptosis in hepatocytes, which requires amplification through mitochondria (Yin
et al., 1999; Bajt et al., 2000), as well as for the mitochondria-initiated apoptosis pathway
(Green and Kroemer, 2004). If sufficient levels of ATP are not maintained, the process
deteriorates to secondary necrosis (Jaeschke and Lemasters, 2003). However, the exact
levels of ATP that are necessary to support apoptosis are unknown. Antoine et al. (2010)
concluded that the availability of ATP may be the determining factor whether or not the
cells are able to initiate caspase activation during APAP hepatotoxicity. This conclusion was
based on the correlation of caspase activation with higher ATP levels in fed animals
compared to the lack of caspase activation in fasted animals with lower ATP content
(Antoine et al., 2010). However, our data do not support this conclusion. Although fasting
mice overnight depleted hepatic ATP by 50%, it did not prevent caspase activation or
apoptotic cell death in the GalN/ET model. This demonstrates that the reduced hepatic ATP
levels as a result of fasting are still sufficient to allow caspase activation and apoptotic cell
death. In addition, only fed SW mice showed minor caspase activation despite having lower
ATP levels than fed C57BL/6 mice at 3 h after APAP treatment. These data are not
consistent with the conclusion of Antoine et al. (2010) that the reduced hepatic ATP levels
due to fasting the animals is the reason for the absence of caspase activation. Our data
suggest that hepatic ATP levels of >1 umol/g liver are enough to support caspase activation
and therefore the difference in caspase activation appears to be a strain-dependent effect.

DNA ladders and apoptosis

Antoine et al. (2009, 2010) provided evidence for caspase-dependent internucleosomal DNA
fragmentation by showing DNA ladders in livers of fed but not from fasted animals between
3 and 5 h after APAP treatment. However, DNA laddering has been demonstrated in fasted
C3Heb/FeJ (Cover et al., 2005) and C57BL/6 (unpublished data) mice in the absence of
caspase activation or morphological evidence of apoptosis. Furthermore, DNA ladders are
detectable well beyond 5 h after APAP exposure (Ray et al., 1993). Thus, DNA ladders are
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evidence for endonuclease-mediated DNA fragmentation but are not specific for activation
of caspase-activated DNase and apoptotic cell death (Corcoran et al., 1994; Schulze-Osthoff
and Bantel, 2011). In APAP hepatotoxicity, nuclear DNA fragmentation is initially
dependent on mitochondrial bax translocation (Bajt et al., 2008) and later on mitochondrial
damage (Cover et al., 2005) due to the translocation of endonuclease G and apoptosis-
inducing factor from the mitochondria to the nucleus (Bajt et al., 2006, 2011). Although
small molecular weight DNA fragments are generated during APAP hepatotoxicity, there
are clearly also larger DNA fragments produced (Jahr et al., 2001). As DNA fragmentation
starts around 5 h after APAP, the observed difference between fed and fasted animals could
have been simply a delayed mitochondrial dysfunction and release of endonucleases in the
fasted animals. Certainly, DNA fragmentation as indicated by DNA ladder, TUNEL staining
and anti-histone ELISA is a hallmark of APAP-induced necrotic cell death.

Antoine et al. (2010) also used injection of glucose and glycine to maintain hepatic glycogen
and ATP in fasted mice. In this study they showed this supplementation allows for caspase
activation after APAP as indicated by DNA ladders and caspase processing. These
experiments were similar to previous cell culture studies where APAP-induced necrotic cell
death was prevented by fructose and glycine resulting in later apoptotic cell death (Kon et
al., 2004). However, fructose alone, which is sufficient to prevent the decline of ATP levels,
did not protect or cause apoptosis (Kon et al., 2004). This is consistent with cell culture
experiments where animals are fed a sucrose diet before cell isolation to maintain glycogen
levels. Primary mouse hepatocytes isolated from these animals have high glycogen and ATP
levels but still die by oncotic necrosis and not apoptosis (Bajt et al., 2004). In addition,
delayed injection of glycine and glutamic acid provided energy substrates for mitochondria
and increased hepatic ATP levels but did not protect against APAP-induced necrosis (Saito
et al., 2010). Together, these data support the conclusion that simply manipulating hepatic
ATP levels can not promote apoptosis and prevent necrosis in APAP-induced liver injury.
Moreover, pretreatment with glycine as done by Antoine et al. (2010) is known to have
multitude of beneficial effects in numerous models making the mechanistic interpretation of
such experiments very difficult (Zhong et al., 2003).

How many cells must be apoptotic to be physiologically relevant?

In the study by Antoine et al. (2010) apoptotic hepatocytes were characterized as
“numerous” at early time points, however, numerical quantification was never shown. In our
study, based on the blinded evaluation of all tissue sections by the pathologist, both C57BL/
6 (inbred) and SW (outbred) mice never had apoptotic hepatocytes exceeding 0.5% of total
cells following APAP overdose. These findings are consistent with previously published
results obtained from C3Heb/FeJ mice (Gujral et al. 2002) in which both fed and fasted mice
were evaluated. The very small percentage of hepatocytes undergoing apoptosis (<0.5%)
relative to hepatocytes undergoing necrosis (~50%) seems insignificant even if one
considers that necrotic cells remain visible for several days and apoptotic cells can be
removed in less than 9 h (Corcoran et al., 1994). Modulation of such a small percentage of
damaged cells most likely would not have an impact on overall injury. This conclusion is
directly supported by the fact that caspase inhibitors do not protect against APAP-induced
liver injury (Lawson et al., 1999; Gujral et al., 2002; Jaeschke et al., 2006; Antoine et al.,
2009; Williams et al., 2010b).

The inflammatory response in fed and fasted mice

APAP-induced liver injury triggers a substantial inflammatory response characterized by
activation of macrophages and neutrophils (Jaeschke et al., 2011b). Damage-associated
molecular patterns (DAMPSs), which include HMGBL1 protein, are released by necrotic cells
and can induce formation of pro-inflammatory mediators. The release of HMGB1 during
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APAP-induced liver injury is well documented (Scaffidi et al., 2002; Antoine et al., 2009;
Martin-Murphy et al., 2010; Williams et al., 2011). However, in order to bind to toll-like
receptors on macrophages, HMGBL1 requires the reduction of a critical cysteine residue
(YYang et al., 2010). It was hypothesized that caspase-dependent oxidation of this cysteine
group in apoptotic cells may eliminate the capacity of HMGB1 to bind to macrophages and
induce an inflammatory response (Kazama et al., 2008). Based on these data, Antoine et al.
(2010) characterized the oxidation status of HMGBL released after APAP treatment and
found that in fed mice HMGB1 was mainly in the oxidized form whereas HMGB1 was
reduced in fasted mice. Thus, the authors concluded that the inflammatory response is more
pronounced in fasted animals than in fed mice (Antoine et al., 2010). However,
inflammatory cytokine levels such as TNF-o showed no relevant difference at 5 h and
neutrophils were only judged qualitatively in H&E sections. In our study, we did not
observe significant differences in hepatic neutrophil recruitment between fed and fasted
mice at 24 h in either strain of mice. However, C57BL/6 mice had overall about twice as
many neutrophils in the tissue compared to SW mice. It has to be kept in mind that during a
sterile inflammatory response necrotic cells release many DAMPS, which can to various
degrees promote cytokine formation and activation of inflammatory cells. Even if there is a
temporary difference in the oxidation status of HMGB1 due to temporary caspase activation,
given the various DAMPs it is not surprising that the difference in neutrophil recruitment is
minimal.

Why does the caspase inhibitor increase injury with high doses of APAP?

In the study by Antoine et al. (2010), the caspase inhibitor was used only in fed mice, which
resulted in an enhanced injury similar to what was observed in fasted mice. In our study, the
caspase inhibitor increased hepatic injury (ALT and area of necrosis) in both fed and fasted
mice. Interestingly at a more moderate APAP overdose (300 mg/kg) the caspase inhibitor
did not cause any modulation of injury at 6h or 24h (Lawson et al., 1999; Williams et al.
2010b). The degree of injury is highly dependent on the levels of hepatic GSH. Initially,
GSH is responsible for the detoxification of NAPQI (Corcoran et al., 1985). Thus, the higher
GSH levels in fed mice represents a higher detoxification capacity for NAPQI and therefore
results in less injury. However, at later times GSH is critical for the scavenging of ROS
generated by mitochondrial injury (Knight et al., 2002). Any delay in GSH recovery,
especially in the mitochondria, will have a profound impact on injury at later times (Saito et
al., 2010). Caspase inhibitor-treated, fed SW had 70% less GSH than fed, vehicle-treated
mice 3 h after APAP. This difference in hepatic GSH at the onset of injury can explain the
enhanced injury observed later in fed SW mice treated with the caspase inhibitor. The
molecular mechanism of this effect requires further investigations.

Summary and Conclusions

Although our data confirm the temporary caspase activation in fed animals of a different
outbred strain of mice, we also report the important new finding that this does not occur in
inbred strains such as C57BL/6 mice. In addition, higher hepatic ATP levels do not correlate
with APAP-induced caspase activation and apoptosis. Furthermore, using a positive control
for apoptosis, fasting does not inhibit caspase activation or apoptosis in the GalN/ET model.
Most importantly, the limited caspase activation after APAP overdose is insufficient to
actually cause apoptotic cell death. Moreover, when the inflammatory response was
quantified, it is obvious that the number of neutrophils in the liver, which are the potentially
cytotoxic innate immune cells, did not differ between fed and fasted animals in both strains
of mice. Thus, the conclusions by Antoine et al. (2010) that “the inhibition of caspase-driven
apoptosis and HMGBL1 oxidation by ATP depletion from fasting promotes an inflammatory
response during drug-induced hepatotoxicity/liver pathology” could not be confirmed in our
study. Overall, our data do not support the hypothesis that fasting causes a major shift in the
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mode of cell death, mechanism of injury and/or extent of the inflammatory response after
APAP overdose between fed and fasted animals due to lower ATP levels. Thus, results
obtained with both fed and fasted mice can yield important new insight into the
pathophysiology of APAP-induced liver injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Acetaminophen-induced liver injury in fed and fasted C57BL/6 and Swiss Webster
mice with and without caspase inhibitor

Fed and fasted mice were treated with 530 mg/kg APAP + pan-caspase inhibitor (10mg/kg
Z-VD-fmk or vehicle) and plasma ALT was measured at Oh, 3h, 5h and 24h in C57BL/6 (A)
and Swiss Webster (B) mice. The area of necrosis was quantified by blinded evaluation of
H&E stained liver sections in C57BL/6 (C) and Swiss Webster (D) mice (vehicle control,
24h APAP-treated and 6h GalN/ET-treated mice). Data represent means + SE of n = 4-6
animals per group. *P < 0.05 (comparison as indicated by the brackets were done by one-
way ANOVA dependent on the presence of caspase inhibitor comparing the Oh and 24h

time points)

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 December 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Williams et al. Page 16

>

600 - C57BL/6 . 400 - Swiss Webster

Sl FED @R FED
BXX FED + Casp inh BXX3 FED + Casp Inh
W FASTED
E=3 FASTED + Casp Inh

W FASTED
=3 FASTED + Casp Inh

w

[«

o
I

» (&)
[=] o
o o
L L

[
o
1

Caspase-3 Activity
s
o

(RFU/min/mg protein)

)
Caspase-3 Activity
(RFU/min/mg protein)
N
o
o
A *

N
o
1

Fl

Oh 3h 5h 24h  GalET Oh 3h 5h 24h  GalET

o
i

o
I

MW (kDa
< 32

C MW (kDa D

< 32
17

15
S < c 5 S e
FF o o

17
15

25 , C57BL/6 F 25 - Swiss Webster

1

[$)]

*

-

Oh 3h Oh 3h Oh 3h Oh 3h
FED FASTED FED FASTED

Hepatic ATP (nmol/mg protein) m
o o & & 8
F*
Hepatic ATP (nmol/mg protein)
o o & & 3

*

Figure 2. Role of fed/fasted state on caspase-3 activity/processing and hepatic ATP levels

Fed or fasted C57BL/6 and SW mice were treated with 530 mg/kg APAP + pan-caspase
inhibitor (10mg/kg Z-VD-fmk or vehicle) and liver tissue was homogenized. Hepatic
caspase-3 activity was determined by AC-DEVD-AMC cleavage in C57BL/6 (A) and SW
(B) mice. To confirm activity, caspase-3 western blot analysis was performed on liver
homogenate from 3h APAP-treated C57BL/6 (C) and SW (D) mice. Hepatic ATP levels
were determined by chemiluminescence assay in control and 3h APAP-treated C57BL/6 (E)
and SW (F) mice and normalized to protein concentration. Data represent means + SE of
n = 4-6 mice per group (panels A-D) or n = 3 mice per group (panels E-F). *P < 0.05
(compared to respective fed/fasted 0 h control as determined by Dunnett’s test)
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Figure 3. Time course of histology in fed and fasted mice

Fed or fasted mice were treated with 530 mg/kg APAP (3h, 5h and 24h) or GalN/ET (6h).
C57BL/6 (A) and SW (B) liver sections were stained with hematoxylin and eosin (H&E) or
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). All panels 200x
magnification.
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Figure 4. High power magnification of centrilobular regions in fed and fasted mice

Fed or fasted SW mice were treated with 530 mg/kg APAP (3h and 24h), saline vehicle or
GalN/ET (6h). Liver sections were stained with hematoxylin and eosin (H&E). All panels
400x magnification.
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Figure 5. Total hepatic glutathione (GSH) and glutathione disulfide (GSSG)

Hepatic content of total GSH (GSH + GSSG) was quantified in C57BL/6 (A) and SW (B)
mice at various times after APAP. Similarly, GSSG was measured in C57BL/6 (C) and SW
(D) mice. The GSSG-to-GSH ratio was calculated from each mouse and data for the groups
are presented for C57BL/6 (E) and SW (F) mice. Data represent means + SE of n = 4-6
mice per group. *P < 0.05 (comparison as indicated by the brackets were determined by
two-way ANOVA dependent on fed/fasted state and presence of caspase inhibitor)
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Figure 6. Hepatic neutrophil accumulation after APAP treatment in C57BL/6 and SW mice
Neutrophil numbers were quantified in 15 randomly selected high power fields (HPF; x400)
in C57BL/6 (A) and SW (B) mice. Representative immunohistochemistry are shown for
C57BL/6 (C) and SW (D) mice. Data represent means + SE of n = 4-6 mice per group.
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