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Abstract

HIF-1a is a nuclear factor important in the transcription of genes controlling angiogenesis
including vascular endothelial growth factor (VEGF). Both hypoxia and oxidative stress are
known mechanisms for the induction of HIF-1a. Oxidative stress and mitochondrial permeability
transition (MPT) are mechanistically important in acetaminophen (APAP) toxicity in the mouse.
MPT may occur as a result of oxidative stress and leads to a large increase in oxidative stress. We
previously reported the induction of HIF-1a in mice with APAP toxicity and have shown that
VEGEF is important in hepatocyte regeneration following APAP toxicity. The following study was
performed to examine the relative contribution of hypoxia versus oxidative stress to the induction
of HIF-1a in APAP toxicity in the mouse. Time course studies using the hypoxia marker
pimonidazole showed no staining for pimonidazole at 1 or 2 h in B6C3F1 mice treated with
APAP. Staining for pimonidazole was present in the midzonal to periportal regions at 4, 8, 24 and
48 h and no staining was observed in centrilobular hepatocytes, the site of the toxicity. Subsequent
studies with the MPT inhibitor cyclosporine A showed that cyclosporine A (CYC; 10 mg/kg)
reduced HIF-1a induction in APAP treated mice at 1 and 4 h and did not inhibit the metabolism of
APAP (depletion of hepatic non-protein sulfhydryls and hepatic protein adduct levels). The data
suggest that HIF-1a induction in the early stages of APAP toxicity is secondary to oxidative stress
via a mechanism involving MPT. In addition, APAP toxicity is not mediated by a hypoxia
mechanism.
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INTRODUCTION

Acetaminophen (paracetamol, N-acetyl-p-aminophenol, APAP) overdose is one of the
leading causes of acute liver failure in the United States. The role of metabolism in the
mediation of toxicity has been recognized for 40 years (Jollow et al., 1973; Mitchell et al.,
1973; Mitchell et al., 1973; Potter and Hinson, 1987). In addition, oxygen and nitrogen
stress are considered to be important in the mediation of toxicity (Brand et al., 2004;
Casteilla et al., 2001; Koop et al., 1992; Sies et al., 1992; Hinson et al., 1998). The
relationships between the development of oxidative stress and subsequent adaptive
responses that occur in the liver in APAP toxicity have not been well investigated.
Unraveling the mechanisms that trigger endogenous hepatoprotective responses in toxin
mediated liver injury can have implications for the future development of novel treatments
for liver injury.

In previous work, we reported the induction of hypoxia inducible factor 1o (HIF-1c) in
APAP toxicity in mice (James et al., 2006). HIF-1a is a transcription factor that is stabilized
in response to low oxygen tension, leading to the transcription of a number of genes
important in maintaining overall cellular homeostasis, including genes important in
angiogenesis, metabolism, and gluconeogenesis. Vascular endothelial growth factor (VEGF)
is a well known target of HIF-1a transcription. We previously reported the upregulation of
VEGEF in the late phases of APAP toxicity (Donahower et al., 2006; Donahower et al.,
2010). A number of reports have shown that VEGF is important to the recovery of the liver
in models of partial hepatectomy, hepatic ischemia reperfusion injury, carbon tetrachloride
toxicity, and APAP toxicity (LeCouter et al., 2003; Taniguchi et al., 2001; Tsurui et al.,
2005; Papastefanou et al., 2007).

The role of hypoxia in the induction of HIF-1a has been well-characterized. During
normoxia, the subunit HIF-1a is constitutively expressed and undergoes oxygen dependent
proline hydroxylation whereby it is tagged for destruction through the ubiquitination system
(Semenza, 2002). During hypoxia, proline hydroxylation is inhibited leading to the
accumulation of the HIF-1a subunit in the cell where it binds to HIF-1f3, another
constitutively expressed subunit. The resulting heterodimeric complex translocates to the
nucleus to activate genes that are important in maintaining cellular homeostasis including
VEGF. Oxidative stress has also been identified as a mechanism for the induction of HIF-1a
(Chandel et al., 2000; Duyndam et al., 2001; Pialoux et al., 2009; Bonello et al., 2007) and
oxidative stress is mechanistically important in APAP toxicity (Albano et al., 1982; Hinson
et al., 1998; Hinson et al., 2000). Evidence for the involvement of oxidative stress, including
Fenton reactions and the involvement of superoxide, nitric oxide, and peroxynitrite, was
recently reviewed (Hinson et al., 2009). Mitochondrial permeability transition (MPT) has
also been implicated to be mechanistically important in APAP toxicity (Knight et al., 2001;
Kon et al., 2004; Lemasters 1999; Reid et al., 2005). MPT results in the loss of
mitochondrial membrane potential, leading to the failure of ATP synthesis, loss of
cytochrome C and cell death (Lemasters et al., 1997). In support of this hypothesis, Jaeschke
et al. (1990) reported the loss of ATP in liver homogenates in the early phases of APAP
toxicity. ATP depletion may also occur as a result of hypoxia leading to anoxia and the loss
of cell viability (LeMasters et al., 1981).
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Our laboratory previously reported the induction of HIF-1a at 1 h in APAP toxicity in the
mouse (James et al., 2006). This early time point is well before the onset of biochemical and
histological changes indicating hepatocyte injury. In the following study, the relative
contribution of hypoxia and oxidative stress via MPT to the induction of HIF-1a in APAP
toxicity in the mouse was examined. We tested the hypothesis that HIF-1a induction in the
early stages of APAP toxicity is secondary to oxidative stress. The MPT inhibitor
cyclosporine A (CYC) was utilized to examine the relationship between oxidative stress and
HIF-1a in mice with APAP toxicity. In addition, the potential relevance of hypoxia in the
early stages of toxicity to the induction of HIF-1o was examined using pimonidazole, a
marker of tissue hypoxia.

Materials and Methods

Drugs and Reagents

APAP was obtained from Sigma Chemical Co. (St. Louis, MO). CYC was obtained from
Novartis (San Carlos, CA). Coomassie Plus Protein Assay Reagent was purchased from
Pierce Chemical Co. (Rockford, IL). DTT (dithiothreitol; Cleland’s reagent) was obtained
from Bio-Rad Laboratories (Hercules, CA). Gills Hematoxylin 1l and Permount were
acquired from Fisher Scientific, Inc. (Pittsburgh, PA). Anti-HIF-1a monoclonal antibody
was purchased from Novus Biologicals (Littleton, CO) and diluted 1:1000 immediately
before use. Pimonidazole was purchased from Hypoxyprobe Inc. (Burlington, MA).

Experimental Animals

Six-week old male B6C3F1 mice (mean weight, 25.1 grams) were obtained from Harlan
Sprague Dawley (Indianapolis, IN). All animal experimentation was in accordance with the
criteria of the “Guide for the Care and Use of Laboratory Animals” prepared by the National
Academy of Sciences. Protocols for animal experimentation were approved by the
institution’s Animal Care and Use Committee. Mice were acclimatized one week prior to the
planned experiments and fed ad libitum. Animals were housed 3 per cage and maintained on
a 12 h light/dark cycle. On the day prior to experiments, mice were fasted overnight and
dosing studies began at 0800 the following morning. Food was returned to the mice 4 h after
APAP. For the pimonidazole experiments, mice were injected with APAP (200 mg/kg IP)
followed by pimonidazole hydrochloride (60 mg/kg IP; Hypoxyprobe, Burlington, MA) 1 h
prior to animal sacrifice. Mice were sacrificed at the indicated times. In other studies, mice
were administered APAP, immediately followed by CYC (50 mg/kg IP) and sacrificed at 1,
2, and 4 h after APAP. Other mice received APAP/vehicle and were sacrificed at the same
time points. In another experiment, mice were administered APAP immediately followed by
CYC (10 mg/kg or 20 mg/kg IP) and sacrificed at 30 or 60 minutes. Each experimental
group included 3-6 mice. Animals were anesthetized with CO, for blood sampling. Blood
was removed from the retro-orbital plexus, allowed to coagulate at room temperature,
centrifuged, and the serum was used for measurement of alanine aminotransferase (ALT).
Mice were then euthanized in a CO, atmosphere followed by cervical dislocation and
removal of the livers. The time of CO, narcosis was limited to less than 20 seconds to
control for any potential effects of CO, on HIF-1a induction. Pilot studies determined that
neither saline injections nor short term (< 20 seconds) exposure to CO, had a significant
affect on HIF-1a induction. The livers were weighed and a portion was preserved in
formalin for histological sections. The remaining livers were snap frozen in liquid nitrogen
and stored at —80° C for additional analyses.

Liver Histology

Hematoxylin and eosin staining was performed for histological examination of the liver
samples. Sections were reviewed independently by three reviewers that were blinded to the
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experimental groups. The sections were scored for necrosis using 0 as absent and 4 as
severe.

Metabolism and Toxicity Assays

Serum ALT levels were measured using an ACE Alera (Alfa Wassermann, West Caldwell,
NJ). APAP covalently bound to protein in liver was measured by initial protease treatment
of liver homogenates followed by high performance liquid chromatography-electrochemical
analysis for APAP-cysteine as previously described (Muldrew et al., 2002). Results are
expressed as nanomoles APAP-Cysteine per mg liver protein (Roberts et al., 1991).
Measurement of non-protein sulfhydryls (a measure of glutathione) was performed utilizing
standard protocols using Ellman’s reagent.

HIF-1a nuclear extraction

HIF-1a was measured by western blot as previously described (James et al., 2006). Liver
tissue for HIF-1a was prepared using Active Motif’s (Carlsbad, CA) Nuclear Extract kit. A
peroxidase-conjugated goat anti-mouse IgG secondary antibody (Santa Cruz Biotechnology
Inc, Santa Cruz, CA) at 1:2000 dilution for 1 h at room temperature. Band detection was
performed using ECL Plus detection (Amersham, Piscataway, NJ).

Immunohistochemical analysis for pimonidazole

Liver sections were deparaffinized with xylene and then rehydrated using decreasing
diluents of ethanol and finally distilled water. A peroxidase blocking step was performed
using 3% hydrogen peroxide for 15 minutes followed by antigen retrieval. FITC-Mab 1
(Hypoxyprobe Inc., Burlington, MA) was used as the primary antibody (1:400) for 30
minutes. Horse radish peroxidase was used as the secondary antibody linked to rabbit anti-
FITC IgG at a dilution of 1:100 for 30 minutes.

Statistical Analysis

Results

Results are expressed as means + SE. A p value of 0.05 was considered significant for all
analyses. Comparisons between multiple groups were performed by one-way analysis of
variance followed by the Tukey HSD post-hoc test. Non-parametric analysis (Kruskal
Wallis and Mann Whitney) were used for analysis of data that was not normally distributed.
SPSS Version 10.0 (SPSS Inc., Chicago, IL) was used for all statistical analyses.

Dose response of HIF-1a in APAP toxicity

In previous work, we reported the induction of HIF-1a at 1 h in B6C3F1 male mice with
APAP toxicity (James et al., 2006). To further examine HIF-1a induction in APAP toxicity
in the mouse, B6C3F1 male mice were treated with APAP at 15, 30, 100, or 200 mg/kg by
IP injection and sacrificed at 1 h. No significant changes were noted in serum ALT levels at
1 h as would be expected at this early time point (Fig. 1A). Western blot assays of nuclear
extracts of mouse livers were performed to examine HIF-1a induction. As shown in Figure
1B, significant induction of HIF-1o was apparent at all doses of APAP (p<0.05).

Examination of the role of hypoxia in HIF-1a induction in APAP toxicity in the mouse

Pimonidazole is reductively activated in hypoxic conditions and is a commonly used marker
of cellular hypoxia (Begg et al., 2001; Copple et al., 2003; Raleigh et al., 1998; Varia et al.,
1998). In order to examine the possible role of hypoxia in the induction of HIF-1a in APAP
toxicity, mice were treated with APAP (200 mg/kg IP) followed by pimonidazole (60 mg/kg
IP). Other mice received APAP followed by vehicle IP. The mice were sacrificed at 1 h. To
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verify that pimonidazole had no affect on the metabolism of APAP, serum ALT, hepatic
non-protein sulfhydryls and APAP protein adduct measurements were determined. Figure
2A demonstrates that ALT values were comparable between the mice, as would be expected
at this early time point in toxicity. Hepatic non-protein sulfhydryls were depleted to
comparable levels in both groups of APAP treated mice (Fig. 2B). In addition, measurement
of hepatic APAP protein adducts was comparable between the two APAP treatment groups.
Thus, the compound pimonidazole had no inhibitory affect on APAP metabolism that would
preclude its use in the mouse model of APAP toxicity.

Time course of pimonidazole expression in APAP toxicity in the mouse

To examine the temporal sequence and regional distribution of hypoxia in APAP toxicity,
B6C3F1 male mice were treated with APAP (200 mg/kg IP) and sacrificed at 1, 2, 4, 8, 24,
and 48 h after APAP administration. One hour prior to animal sacrifice, the mice were
treated with pimonidazole 60 mg/kg IP. Figure 3 demonstrates the time course of toxicity in
the mice and shows that ALT values were significantly increased above saline at 2, 4, 8, 24
and 48 h. Sections from the APAP and saline treated mice were stained for pimonidazole.
Liver sections from an FSall tumor in a C3 mouse served as the positive control (Fig 4F).
Analysis of immunohistochemical assays for pimonidazole showed no staining in the saline
mice (Fig. 4A) or the APAP mice at 1 or 2 h (Fig. 4B; Fig. 4C). At 4 h, mild to moderate
staining for pimonidazole was noted in the midzonal regions of the liver (Fig. 4D). The
intensity and distribution of the midzonal staining was increased at 8 h and staining of the
endothelial cells lining the sinusoids in the midzonal regions was also noted at this time
point. By the 24 h time point, there was enhanced staining that encompassed the midzonal to
periportal regions (Fig. 4E). These same findings persisted at 48 h (data not shown). Overall,
the staining was initially present in the midzonal regions and progressed to the periportal
regions over time and there was sparing of the centrilobular regions. Collectively, the
immunohistochemical data suggest that hypoxia was not an operant mechanism in the early
stages (1-2 h) of toxicity.

Effect of Cyclosporine A on the early stages of APAP toxicity

CYC, an MPT inhibitor, was previously reported to reduce APAP toxicity and the
mechanism was postulated to be blockade of MPT and oxidative stress in vivo (Masubuchi
et al., 2005). To test the hypothesis that HIF-1a induction is secondary to oxidative stress
through the mechanism of MPT, mice were treated with CYC and APAP. Mice received 50
mg/kg IP CYC (Masubuchi et al., 2005) or vehicle (VEH) immediately after APAP and the
mice were sacrificed at 1, 2, and 4 h. As shown in Figure 5A, ALT was increased above the
saline treated mice in both APAP groups at 4 h. However, ALT levels were lower in the
mice that received APAP/CY C compared to the APAP/veh mice. Consistent with the ALT
results, mice receiving APAP/CY C had reduced necrosis scores compared to the APAP/veh
mice (Table 1A; Fig. 5B). To assess the effect of CYC on the metabolism of APAP, liver
samples were analyzed for hepatic non-protein sulfhydryls and APAP protein adducts,
respectively. As demonstrated in Figure 5C, hepatic non-protein sulfhydryls were depleted
to comparable levels at 1 and 2 h in the APAP/veh mice and the APAP/CYC mice. At 4 h,
hepatic non-protein sulfhydryls rebounded to levels that approached baseline in the APAP/
CYC group, but remained low in the APAP/veh group. Furthermore, hepatic levels of APAP
protein adducts were increased in the APAP/veh and the APAP/CYC mice at 1, 2, and 4 h.
However, levels of hepatic APAP protein adducts were lower in the mice that received
APAP/CYC (Fig. 5D). Thus the data demonstrated that CYC at a dose of 50 mg/kg reduced
APAP toxicity by inhibiting the metabolism of APAP.

Western blot assays for HIF-1a induction were performed using the nuclear extracts from
the livers of the mice sacrificed at 1 h. HIF-1a induction was significantly increased above
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saline in the APAP/veh mice; however, HIF-1a induction in the APAP/CYC mice was
similar to that of the saline treated mice (Fig. 5E).

Effect of Low Dose CYC on APAP toxicity and metabolism

Based on the results of the 50 mg/kg CYC study described above, additional studies were
designed to examine lower doses of CYC that did not inhibit the metabolism of APAP. Mice
were treated with CYC at 10 or 20 mg/kg and were sacrificed at 30 minutes or 1 h. At 30
minutes, no differences were detected in ALT, hepatic non-protein sulfhydryls, hepatic
protein adducts or HIF-1a induction for the mice treated with APAP/CYC 10 mg/kg
compared to the mice treated with APAP/saline (data not shown). For the mice treated with
APAP/CYC 20 mg/kg and sacrificed at 30 minutes, no differences were detected in ALT
levels or depletion of hepatic non-protein sulfhydryls, compared to the APAP/saline mice at
30 minutes. However, APAP protein adduct levels were decreased in APAP/CYC 20 mg/kg
mice at 30 minutes, compared to the APAP/saline mice at 30 minutes. The 1 hour data for
these experiments (Fig. 6A) demonstrated comparable values for ALT and comparable
depletion of hepatic non-protein sulfhydryls among the three groups of APAP treated mice
(Fig. 6B). However, differences in the levels of hepatic APAP protein adducts were noted
among the groups at 1 h. Levels of hepatic protein adducts were increased above saline in
the APAP/veh, APAP/CYC 10 mg/kg and the APAP/CYC 20 mg/kg mice (Fig. 6C), but
were significantly lower in the APAP/CYC 20 mg/kg mice compared to the other APAP
treated groups. These data indicated that the 20 mg/kg dose of CYC also inhibited the
metabolism of APAP at 30 minutes and at 1 hour.

To further examine the CYC 10 mg/kg dose, a separate experiment was performed in which
mice were treated with APAP/veh or APAP/CYC 10 mg/kg and sacrificed at 1 h. ALT (data
not shown) values were comparable in the saline mice, the APAP/veh, and the APAP/CYC
mice at 1 h and consistent with the data above (Fig 6A). Levels of hepatic non-protein
sulfhydryls (Fig 7A) were reduced to comparable levels in the APAP/veh and the APAP/
CYC mice. Similarly, hepatic APAP protein adduct levels (Fig. 7B) were elevated in the
APAP/veh and APAP/CYC 10 mg/kg mice and consistent with the results above (Fig. 6C).
HIF-1a induction was examined and indicated that HIF-1a induction was increased in the
APAP/veh mice at 1 h but was reduced in the APAP/CYC 10 mg/kg mice, as demonstrated
by densitometry analysis of individual mice (Fig. 7C). Thus, the CYC 10 mg/kg dose did not
alter the metabolism of APAP and reduced HIF-1a induction, implicating the involvement
of MPT in HIF-1a in APAP toxicity. These data clearly indicated that HIF-1a induction was
a result of additional events important in the development of APAP toxicity.

Effect of CYC 10 mg/kg on acetaminophen toxicity and HIF-1a induction at 4 h

In further experiments, the duration of effect of the MPT inhibitor CYC 10 mg/kg on
HIF-1a induction in APAP toxicity was examined. In this experiment, mice were treated
with APAP/veh or APAP/CYC 10 mg/kg and sacrificed at 4 h. ALT values were
significantly increased in the APAP/veh and the APAP/CY C mice compared to the saline
mice and there were no differences in ALT values between the APAP groups (Fig. 8A).
Histologic examination of liver tissues of the mice showed similar degrees of hepatic
necrosis in the two groups of APAP treated mice (Table 1B; Fig. 8B). Similar to the 1 h data
(Fig. 7A, Fig. 7B), hepatic GSH and APAP protein adducts were comparable among the
APAP/veh and APAP/CYC mice at 4 h (data not shown). Western blot assays for HIF-1a
induction in the APAP treated mice showed that HIF-1a was strongly induced at 4 h in the
APAP/veh treated mice (Fig. 8C). However, HIF-1a induction was reduced in the APAP/
CYC compared to the APAP/veh mice. Thus, CYC 10 mg/kg reduced HIF-1o induction in
APAP toxicity in mice at 1 h and this was a sustained effect that persisted at 4 h.
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Discussion

HIF-1a is a major regulator of cellular homeostasis and is best known for its role in
triggering adaptive responses secondary to hypoxia. The transcriptional upregulation of
HIF-1a is associated with gene upregulation for pathways associated with angiogenesis,
antioxidant defense and gluconeogenesis. The non-hypoxic induction of HIF-1a is less well
understood. Studies using in vitro approaches have shown that oxidative stress may induce
HIF-1a. For example, it was shown that arsenite induces oxidative stress in pre-adipocyte
cells leading to the induction of HIF-1a protein levels in human ovarian cancer cells
(Salazard et al., 2004). Deshmane (Deshmane et al., 2009) showed that a viral protein
known as Vpr induced oxidative stress by increased hydrogen peroxide formation that in
turn led to HIF-1a induction in HIV-1 infected neurons. In addition, nitrosylation reactions
(i.e., posttranslational protein modifications that involve the covalent attachment of a NO
group to the sulfhydryl groups on proteins) have been shown to lead to HIF-1a stabilization,
leading to HIF protein induction [reviewed in (Sun et al., 2006)] and the transcription of
target genes.

Oxidative stress has been well established as an early phase event in APAP mediated
toxicity. Early supporting data for the role of oxidative stress in APAP toxicity include
reports citing the upregulation of inducible nitric oxide synthase (Gardner et al., 2002) in
APAP toxicity in rats and the colocalization of nitrotyrosine, an indicator of peroxynitrite,
with necrotic hepatocytes in APAP toxicity in mice (Hinson et al., 1998). Peroxynitrite is
formed by the rapid reaction of superoxide (SO) with nitric oxide. Subcellular fractionation
studies have previously shown that peroxynitrite is primarily localized to the mitochondria
of APAP treated animals (Cover et al., 2000). Although less is known about SO, some
evidence indicates its involvement in APAP toxicity. The administration of human
recombinant superoxide dismutase (SOD) to rats decreased their susceptibility to the toxic
effects of APAP (Nakae et al., 1990). However a more recent report suggested that SOD 1
knockout mice were more resistant to APAP toxicity than wild type mice (Lei et al., 2006).
These mice had lower ALT values and less glutatione depletion than the WT mice.
However, the protection conferred by SOD1 deletion was associated with less hepatic
protein nitration and reduced levels of CYP2E1L. The reduced levels of CYP2EL suggest that
the mechanism was decreased metabolism of APAP to the toxic metabolite.

The involvement of MPT in APAP toxicity has also been addressed by multiple laboratories
(Kon et al., 2004; Kon et al., 2007; Masubuchi et al., 2005; Reid et al., 2005). MPT is a
common mechanism implicated in cellular injury and has been reported to occur in a
number of models of cellular injury involving ischemia, anoxia, and oxidative stress. MPT
may occur through increased Ca2*, a known mechanism in APAP toxicity (Corcoran et al.,
1987), as well as oxidative stress. Since we previously reported that HIF-1a induction
occurred very early in APAP toxicity (i.e., 1 h) (James et al., 2006), (Fig 1) and prior to
evidence of hepatic injury, we postulated that HIF-1a induction was secondary to oxidative
stress and that administration of a MPT inhibitor to APAP treated mice would reduce
HIF-1a induction.

Hypoxia is a well described mechanism by which hepatotoxicity may occur (Fuhrmann et
al., 2010; Kan et al., 2008; Schemmer et al., 1999) and from a physiologic standpoint, the
centrilobular regions of the liver are the most susceptible to hypoxia (Schemmer et al; 1999).
It is not believed that APAP toxicity is mediated by a hypoxic mechanism, but the evidence
supporting this conclusion is indirect (Roberts et al., 1991). Significant microcirculatory
alterations occur early in APAP toxicity and these alterations could lead to hypoxia
(McCuskey et al., 2006; McCuskey et al., 2008). For example, experiments performed by Ito
and McCuskey (Ito et al., 2004) using intravital microscopy showed that swelling to
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sinusoidal endothelial cells occurred as early as a half hour after APAP. In addition,
extravasation of red blood cells from the sinusoids to the extra-sinusoidal regions occurred
by 2 h, but was not statistically significant until 6 h (Ito et al., 2004). To test the potential
role of hypoxia in APAP toxicity, studies with pimonidazole were performed to examine the
temporal relationship between toxicity events and the expression of cellular markers of
hypoxia. Oxygen-dependent nitroreductase activity is homogenously distributed throughout
the liver (Arteel et al., 1995) and 2-nitroimidazole binding, as reflected by
immunohistochemical assays for pimonidazole, occurs whenever regional oxygen
concentrations are less than 14 uM (Varia et al., 1998). Initial studies confirmed that
pimonidazole did not alter the metabolism of APAP (Fig. 2), nor did it alter the sensitivity of
the mice to APAP. Subsequent examination of the temporal profile and regional localization
of pimonidazole staining in the livers of the APAP treated mice showed no evidence of
hypoxia at 1 or 2 h (Fig. 3). Throughout the 48 h time course study, the pattern of staining
increased in intensity across time and was distributed initially in the midzonal regions with
progression to periportal regions of the liver. Notably, the centrilobular regions were spared.
Thus the time course and distribution of pimonidazole staining failed to implicate hypoxia as
a relevant mechanism for either toxicity or for induction of HIF-1a in the early stages of
APAP toxicity. Although the periportal regions of the liver are less susceptible to hypoxia
than the centrilobular regions of the liver (Schemmer et al., 1999), previous data on covalent
binding in APAP toxicity lend support to the data of the present manuscript. For example,
previously published data of immunohistochemical assays for covalent binding, an oxygen
dependent, P450-mediated event, showed homogenous and intense binding at early time
points (eg., 1 and 2 h) in APAP treated mice (Robert et al., 1991). The pattern of intense
pimonidazole staining at later time points (24 and 48 h) in the time course with higher
distribution in the periportal regions may be consistent with hepatic ischemia secondary to
congestion and pooling of blood in the hepatic parenchyma (Bajt et al., 2008). Peak levels of
hemoglobin in liver in mice treated with APAP have been previously shown to occur at 6
hours and persist until at least 24 h (Lawson et al., 2000).

Alternatively it is possible that injury to the sinusoidal endothelium (McCuskey et al., 2006;
McCuskey et al., 2008; Ito et al., 2004) in the very early stages of APAP toxicity may have
limited the distribution of PIM into the centrilobular areas of the liver. We previously noted
that significant elevation of plasma hyaluronic acid did not occur until 4 h in mice with
APAP toxicity (Donahower et al., 2010). Since plasma hyaluronic acid is a functional
marker of sinusoidal endothelial cell injury, it is likely that the microcirculation in the early
stages of APAP toxicity would be sufficient to allow for distribution of PIM to the cells in
the centrilobular areas. Consistent with our data, Ito et al. also noted changes in the hepatic
sinusoidal diameter and the intersinusoidal distance at the 4 hr time point (Ito et al., 2003).
In addition, Yin etal. (Yin et al., 2009) also recently reported staining for pimonidazole at
the 5 h time point in APAP toxicity in the Balb/cJ mouse.

CYC has been previously utilized as an inhibitor of MPT in both in vitro and in vivo studies
of APAP toxicity. CYC is reported to inhibit MPT by binding to cyclophilin D, one of the
three proteins comprising the MPT pore (Halestrap et al., 1997). Kon et al. (Kon et al.,
2004) utilized CYC to block MPT in an in vitro model of cultured hepatocytes exposed to
APAP. He demonstrated that CYC blocked both MPT and toxicity but these effects were
short-lived (Kon et al., 2004). MPT was noted to be sensitive to CYC at early time points
(3-6 h after APAP), but insensitive to CYC at later time points (9-16 h after APAP). Similar
short term effects on MPT were observed using another MPT inhibitor, NIM811, a non-
immunosuppressive analogue of CYC (Kon et al., 2004). CYC was also utilized in
experiments involving freshly isolated hepatocytes treated with APAP and was shown to
block MPT (Reid et al., 2005). Because freshly isolated hepatocytes do not lose cytochrome
P450 activity, they may represent a better in vitro model for studies of APAP toxicity. In
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this model, (Reid et al., 2005) the addition of CYC to hepatocyte media at 2 h, after the
metabolic phase of toxicity, was associated with protection from toxicity, a reduction in
oxidative stress, and a reduction in the loss of mitochondrial membrane potential.

In the present study, high dose CYC (50 mg/kg) protected from toxicity but interfered with
the metabolism of APAP (Fig. 5D) and subsequently lowered HIF-1a induction. In previous
work using an in vivo model of APAP toxicity, Masubuchi et al. (Masubuchi et al., 2005)
reported that CYC (50 mg/kg) attenuated APAP toxicity and noted that the observed
swelling in the mitochondria of mice treated with APAP was eliminated with the treatment
of the mice with CYC. In addition, the decrease in mitochondrial membrane potential
elicited by APAP was reversed by treatment with CYC (Masubuchi et al., 2005). However,
the data of the present study suggests that the 50 mg/kg dose of CYC inhibited the toxicity
of APAP via inhibition of metabolism as demonstrated by reduced levels of hepatic APAP
protein adducts (Fig. 5D). Previous in vitro studies utilizing human hepatic microsomes
found that CYC had inhibitory effects on CYP P450 metabolism (Hopkins et al., 2010),
including CYP 1A2, an important CYP P450 isoform for APAP metabolism (reviewed in
Bessems et al., 2001). To our knowledge, no data have examined the inhibitory potential of
CYC on mouse CYP 1A2, 2E1 or 3A4. Our data demonstrate that lack of hepatic GSH
depletion per se (Fig. 5C) did not adequately measure the potential effects of CYC on the
metabolism of APAP. However, the finding that 50 mg/kg of CYC led to lower APAP
covalent binding (Fig. 5D) and reduced HIF-1a induction (Fig. 5E) clearly shows the
importance of APAP metabolism leading to HIF-1a induction.

In contrast to the 20 mg/kg dose of CYC, treatment with low dose CYC (10 mg/kg) did not
alter the metabolism of APAP as demonstrated by comparable values for hepatic GSH and
hepatic APAP protein adducts (Fig. 6B, Fig. 6C). Notably, low dose treatment with CYC
lowered HIF-1a induction at 1 h (Fig. 7C) and this effect was sustained at 4 h (Fig. 8E).
However, the mice treated with low dose CYC (10 mg/kg) had similar amounts of necrosis
as the APAP/veh mice (Table 1; Fig 8D).

The induction of HIF-1a in mice treated with low doses of APAP (15 mg/kg, 30 mg/kg, and
100 mg/kg; Fig. 1B) was unexpected as these doses do not cause hepatic necrosis.
Moreover, 15 mg/kg of APAP is a therapeutic dose. Since the induction of HIF-1o was
inhibited by the MPT inhibitor CYC (Figure 5E, Figure 7D), the data suggest that low doses
of APAP produce some level of mitochondrial toxicity (ie., MPT) without overt necrosis.
Assuming that oxidative stress is the key event occurring as a result of MPT and leading to
both HIF-1a induction and toxicity, there may be either an APAP dose-dependent difference
in the oxidative stress species leading to HIF-1a induction and toxicity, or there may be a
threshold for oxidant mediated necrosis.

In summary, the data of the present study implicate a mechanism involving oxidative stress
and MPT in the induction of HIF-1a in APAP toxicity in the mouse. The data suggest that
hypoxia is not a relevant mechanism for HIF-1a induction in the early stages of APAP
toxicity. These findings have application for understanding the endogenous protective
mechanisms of the liver in response to toxin mediated injury. For example, HIF-1a
upregulates VEGF, which we previously found to be important in hepatocyte regeneration in
APAP toxicity (Donahower et al., 2006; Donahower et al., 2010). Understanding the cellular
responses that trigger the upregulation of pathways that facilitate repair following hepatic
injury may ultimately have relevance for future therapies designed to treat APAP toxicity in
the clinical setting.
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Figure 1. Dose response examination of HIF-1a in acetaminophen toxicity

B6C3F1 male mice were treated with saline or acetaminophen at 15, 30, 100 or 200 mg/kg
IP and sacrificed at 1 h. A. ALT values were comparable in all groups of mice. B. Western
blot assays of HIF-1a induction in hepatic nuclear extracts demonstrated that HIF-1o was
increased in all APAP-treated groups of mice (*p<0.05).
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Figure 2. Effect of pimonidazole on acetaminophen (APAP) toxicity and metabolism

B6C3F1 mice were treated with APAP (200 mg/kg IP) followed by pimonidazole (PIM) IV
and sacrificed at 1 h. A. Serum ALT values. ALT values were comparable in all groups of
mice. B. Hepatic non-protein sulfhydryls. Hepatic non-protein sulfhydryls were depleted to
comparable levels in the APAP/veh and APAP/PIM mice, compared to the saline mice
(*p<0.05). C. APAP protein adduct levels in liver. APAP protein adducts were reduced in
the APAP/veh and the APAP/PIM levels (*p<0.05) and the reduction was comparable
between the two groups.
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Figure 3. Time course of APAP toxicity
B6C3F1 mice were treated with APAP (200 mg/kg IP) followed by pimonidazole (PIM) IP
and sacrificed at the indicated times. Serum ALT values were increased at 2, 4, 8, and 24
and 48 h compared to saline treated mice (*p<0.05).
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Figure 4. Time course of pimonidazole binding in APAP toxicity in the mouse

A. Saline control. B. Mouse at 1 h indicating no staining for pimonidazole. C. Mouse at 2 h
indicating no staining for pimonidazole. D. Mouse at 4 h indicating mild to moderate
staining in the midzonal regions and sparing of staining in the regions around the CV. E.
Mouse at 8 h showing wider distribution of pimonidazole staining. F. Mouse at 24 h
showing intense staining for pimonidazole in the midzonal and periportal regions. G.
Positive control (F Sall tumor). All images are 10X magnification.
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Figure 5. Effect of cyclosporine A (50 mg/kg) on acetaminophen metabolism and toxicity in mice
Mice were treated with APAP followed by cyclosporine A (50 mg/kg) and sacrificed at the
indicated times. A. Mean (£SE) values of serum ALT, an indicator of hepatic toxicity. ALT
was significantly increased in the APAP/veh and APAP/CYC mice at 4 h compared to the
saline mice (*p < 0.05). Mean ALT was lower at 4 h in the APAP/CYC mice (*p<0.05)
compared to the APAP/veh mice. B. H&E stained sections (10X) of representative saline,
APAP/veh, and APAP/CYC mice at 4 h, indicated decreased necrosis in the APAP/CYC
mice. C. Hepatic non-protein sulfhydryls. The APAP/veh and APAP/CYC mice had
comparable amounts of non-protein sulfhydryl depletion, compared to the saline mice, *p <
0.05. D. Hepatic levels of APAP protein adducts (mean £ SE). Adduct values were
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significantly increased in APAP/veh and APAP/CYC mice (*p<0.05) compared to the saline
mice. However, the APAP/CYC mice had APAP protein adduct levels that were
significantly lower (*p<0.05) than the APAP/veh mice. E. HIF-1a induction in nuclear
extracts for APAP treated livers at 1 h. The three lanes are representative examples of the
mice treated with saline, APAP/veh, or APAP/CYC. Densitometry analysis of western blots
demonstrated that HIF-1a induction was reduced in the APAP/CYC mice (*p<0.05),
compared to the APAP/veh mice.
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Figure 6. Comparison of CYC 10 mg/kg and CYC 20 mg/kg in acetaminophen (APAP) treated
miceat1h

Mice were treated with APAP/veh, APAP/CYC (10 mg/kg), or APAP/CYC (20 mg/kg) or
saline and sacrificed at 1 h. A. ALT values in the APAP and saline mice. No differences
were detected between the four groups of mice at 1 h. B. Hepatic non-protein sulfhydryl
levels. Hepatic non-protein sulfhydryl levels were equally depleted in all APAP groups
compared to the saline mice (*p<0.05). C. Hepatic APAP protein adduct levels. Adduct
levels were significantly increased above saline mice in the APAP/veh, APAP/CYC (10 mg/
kg), and APAP/CYC (20 mg/kg) mice (*p<0.05). However, adducts were lower in the
APAP/CYC (20 mg/kg) group (*p<0.05) compared to the APAP/CYC (10 mg/kg) group.
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Figure 7. HIF-1e induction in mice treated with APAP/CYC 10 mg/kg, sacrificed at 1 h

Mice were treated with APAP/veh, APAP/CYC (10 mg/kg), or saline and sacrificed at 1 h.
ALT values were comparable between the groups. A. Non-protein sulfhydryls. Non-protein
sulfhydryl depletion was comparable in the APAP/veh and APAP/CYC mice (*p<0.05)
compared to saline mice. B. APAP protein adducts. APAP protein adducts were increased
above saline in both groups of APAP mice (*p<0.05). C. Densitometry analysis of western
blots of HIF-1a in hepatic liver confirmed that HIF-1o induction was reduced in individual
APAP/CYC mice (*p<0.05) compared to APAP/veh mice.
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Figure 8. Effect of CYC (10 mg/kg) on APAP toxicity and HIF-1e induction at 4 h

B6C3F1 mice were treated with APAP (200 mg/kg IP) followed by CYC (10 mg/kg IP) or
vehicle (veh). The mice were sacrificed at 4 h. A. Serum ALT values. ALT values were
increased above saline in the APAP/veh and APAP/CYC mice (*p<0.05). B. Representative
H&E stained sections in mice treated with saline, APAP/veh and APAP/CYC. The APAP/
veh and APAP/CYC treated mice had increased necrosis compared to the saline mice. C.
Western blot assays and densitometry of HIF-1a induction in liver homogenates. HIF-1a
induction was reduced in the APAP/CYC (*p<0.05) compared to the APAP/veh mice at 4 h.
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Table 1

Necrosis Scores at 4 hours

Mean +SE Significance

A.
APAP/veh 3 0.3 *p<0.05 vs. saline
*p<0.05 vs. saline; **p<0.05 vs.
APAP/CYC 50 mg/kg 2 (N veh
Saline 0 0
B.
APAP/veh 2 0.2  *p<0.05 vs. saline

APAP/CYC 10 mg/kg

Saline

2 0.3 *p<0.05 vs. saline
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