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Abstract
Oxidative stress and mitochondrial permeability transition (MPT) are important mechanisms in
acetaminophen (APAP) toxicity. The MPT inhibitor trifluoperazine (TFP) reduced MPT,
oxidative stress, and toxicity in freshly isolated hepatocytes treated with APAP. Since hypoxia
inducible factor-one alpha (HIF-1α is induced very early in APAP toxicity, a role for oxidative
stress in the induction has been postulated. In the present study, the effect of TFP on toxicity and
HIF-1α induction in B6C3F1 male mice treated with APAP was examined. Mice received TFP
(10 mg/kg, oral gavage) prior to APAP (200 mg/kg IP) and at 7 and 36 h after APAP. Measures of
metabolism (hepatic glutathione and APAP protein adducts) were comparable in the two groups of
mice. Toxicity was decreased in the APAP/TFP mice at 2, 4, and 8 h, compared to the APAP
mice. At 24 and 48 h, there were no significant differences in toxicity between the two groups.
TFP lowered HIF-1α induction but also reduced the expression of proliferating cell nuclear
antigen, a marker of hepatocyte regeneration. TFP can also inhibit phospholipase A2, and
cytosolic and secretory PLA2 activity levels were reduced in the APAP/TFP mice compared to the
APAP mice. TFP also lowered prostaglandin E2 expression, a known mechanism of
cytoprotection. In summary, the MPT inhibitor TFP delayed the onset of toxicity and lowered
HIF-1α induction in APAP treated mice. TFP also reduced PGE2 expression and hepatocyte
regeneration, likely through a mechanism involving PLA2.
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INTRODUCTION
Acetaminophen (paracetamol, N-acetyl-p-aminophenol, APAP) toxicity is a very common
cause of acute liver failure in the United States (Larson et al., 2005). The role of metabolism
in the initiation of APAP toxicity was reported over 40 years ago (Jollow et al., 1973;
Mitchell et al., 1973). In addition, oxidative stress has been implicated to be important in the
mediation of toxicity (Laskin et al., 1994; Hinson et al., 1998; Knight et al., 2001). The
nitration of proteins in APAP toxicity has been recognized, implicating the involvement of
the nitrating and oxidizing species peroxynitrite as a mechanism in the development of
toxicity (Hinson et al., 1998; Knight et al., 2001).

Mitochondrial permeability transition (MPT) is another mechanism of toxicity in APAP
mediated liver injury (Lemasters et al., 1999; Kon et al., 2004; Reid et al., 2005). MPT
represents an abrupt increase in the permeability of the inner mitochondrial membrane that
results in the loss of ATP and eventual cellular necrosis. The loss of ATP in APAP toxicity
was previously demonstrated by Jaeschke et al (Jaeschke, 1990). MPT inhibitors, such as
cyclosporine A (CYC), have been previously tested using in vitro models of APAP toxicity
(Lemasters, 1999; Kon et al., 2004; Reid et al., 2005). In addition, MPT inhibitors have been
shown to be beneficial in a number of animal models of cellular injury. For example,
NIM811, a CYC analogue, decreased mitochondrial dysfunction and remnant liver injury in
a mouse model of massive partial hepatectomy (Rehman et al., 2011). Few studies have
examined the effect of MPT inhibitors on APAP toxicity in vivo. We recently reported that
the MPT inhibitor CYC decreased toxicity in mice, but CYC also markedly inhibited the
metabolism of APAP (Chaudhuri et al., 2010), precluding further study with this compound.

The transcription factor HIF-1α is a master regulator of adaptive responses of cells to
hypoxia. The HIF-1 complex is composed of two protein subunits known as HIF-1β, which
is constitutively expressed, and HIF-1α, which is not present in normal cells but is induced
under hypoxic conditions. The HIF-1α subunit is continuously synthesized and degraded by
the prolyl hydroxylase system under normoxic conditions, while it accumulates rapidly
following exposure to low oxygen tensions. HIF-1α may also be induced by oxidative
stress. HIF-1α is induced in the early stages of APAP toxicity in the mouse and in freshly
isolated hepatocytes incubated under a stream of oxygen (James et al., 2006). Moreover,
HIF-1α induction occurs at sub-toxic doses of APAP, suggesting the presence of low levels
of oxidative stress (Chaudhuri et al., 2010) without overt toxicity (eg., ALT elevation).
Treatment of mice with low dose CYC reduced HIF-1α, supporting the hypothesis that
HIF-1α induction in APAP toxicity is secondary to oxidative stress. However, high dose
CYC inhibited the metabolism of APAP, preventing further studies with this compound. To
further examine the role of MPT in APAP toxicity, the effect of the MPT inhibitor
trifluoperazine (TFP) was studied in APAP treated mice. Previous studies have shown TFP
to be protective in APAP toxicity but mechanisms of the protection were not well defined
(Yamamoto, 1990; Dimova et al., 1995). We hypothesized that TFP would reduce toxicity in
mice treated with high doses of APAP and that treatment with TFP would reduce HIF-1α
induction in the liver. Since TFP is also a phospholipase A2 inhibitor, the effects of TFP on
the cyclooxygenase pathway were examined, in addition to later events in APAP toxicity.
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MATERIALS AND METHODS
Drugs and Reagents

APAP was obtained from Sigma Chemical Co. (St. Louis, MO). Trifluoperazine was
obtained from Sigma-Aldrich Co. (St. Louis, MO) 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 II and
Permount were acquired from Fisher Scientific, Inc. (Pittsburgh, PA). Anti-HIF-1α
monoclonal antibody was purchased from Novus Biologicals (Littleton, CO) and diluted
1:1000 immediately before use.

Experimental Animals
Six-week old male B6C3F1 mice (mean weight, 25.1 g) 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
University of Arkansas for Medical Sciences 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. In a preliminary dose response
study, TFP was administered by oral gavage (5, 7.5 or 10 mg/kg; 3 mice/dose group) one
hour before administration of APAP (200 mg/kg) IP. Other mice received APAP (200 mg/
kg). Control mice received saline IP. Mice were sacrificed at 1 or 2 h after APAP. In the
time course study, the APAP/TFP mice received additional doses of TFP by oral gavage (10
mg/kg) at 7 and 36 h after APAP (Yamamoto, 1990; Dimova et al., 1995). The mice were
sacrificed at 1, 2, 4, 8, 24, or 48 h after APAP (6-7 mice/dose group). Animals were
anesthetized with CO2 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 CO2
atmosphere followed by cervical dislocation and removal of the livers. 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 (H&E) staining was performed for histological examination of the
liver samples. A reviewer blinded to treatment group examined the liver sections and scored
them for hepatocellular necrosis and hemorrhage using a 0 (no lesion) to 4 (severe change)
scoring system that included lobular localization as per previous publications (Chaudhuri et
al., 2010).

Metabolism and Toxicity Assays
Serum ALT levels were measured using an Alera chemistry analyzer (Alfa Wassermann,
West Caldwell, New Jersey). APAP covalently bound to protein in liver was measured by
initial protease treatment of liver homogenates, followed by high performance liquid
chromatography-electrochemical (HPLC-EC) analysis for APAP-cysteine as previously
described (Muldrew et al., 2002). Glutathione (GSH) was measured using Ellman’s reagent
as previously described (Rehman et al. 2011; Yamamoto, 1990).
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HIF-1α nuclear extraction
HIF-1α expression was measured by western blot as previously described (James et al.,
2006). Liver tissue for HIF-1α was prepared using Active Motif’s (Carlsbad, CA) Nuclear
Extract kit. Briefly, 30 ug of protein was separated by SDS-PAGE and blocked for 1 h at
room temperature and then incubated in the primary monoclonal antibody (Novus
Biologicals, Littleton, CO) was used at a dilution of (1:1000) overnight at 4°C. A
peroxidase-conjugated goat anti-mouse IgG secondary antibody (Santa Cruz Biotechnology
Inc, Santa Cruz, CA) was used (1:2000 dilution) for 1 h at room temperature. Band detection
was performed using ECL Plus detection (Amersham, Piscataway, NJ).

Expression of Proliferating Cell Nuclear Antigen (PCNA)
Immunoblots of mouse liver for PCNA expression were performed using a monoclonal
antibody (Carpentaria, CA) at 1:500 as per our previous publications (Donahower et al.,
2006). In addition, immunohistochemical assays for PCNA in liver sections was performed
as per our previous publication (Donahower et al., 2006), using a mouse monoclonal PCNA
antibody (Dako, Carpinteria, CA) (1:75) and Gills Hematoxylin II as the counterstain.
Quantification of PCNA staining of hepatocyte nuclei was performed using Aperio imaging.
Quantitative pathological analysis hardware and software, Aperio Scanscope T2 and
ImageScope software (Aperio, Vista, CA), were used to quantify the staining in the
proliferating hepatocyte nuclei in each tissue section.

Growth factor and cytokine assays
Supernatants of homogenized liver were assayed for vascular endothelial growth factor
(VEGF) using an ELISA kit available from R & D (Minneapolis, MN) as per our previous
publications (Donahower et al., 2006). Serum samples were analyzed for tumor necrosis
factor alpha (TNFα) using an ELISA kit available from Enzo Life Sciences (Plymouth
Meeting, PA).

PLA2 activity and PGE2 levels in liver
PLA2 activity in liver was measured using a PLA2 activity kit (Cayman Chemicals, Ann
Arbor, MI) as per the manufacturer’s instructions and following published methods (Reyes
et al., 2006). Liver samples were homogenized and centrifuged at 14,000 for 40 min using a
cellulose membrane filter with a cut-off of 30 kDa (Spin-X 500 UF Concentrators, 30K
MWCO, Corning Scientific, Wilkes Barre, PA) to separate the PLA2 isoforms. The higher
molecular weight fraction was used to measure cPLA2 activity and the lower molecular
weight fraction was used to measure sPLA2 activity. To avoid the measurement of iPLA2 in
the sample, bromoenol lactone was used. Results are expressed as nmol/mg/mL. PGE2 was
measured in liver homogenates using the Luminex Prostaglandin E2 kit from Cayman
Chemicals (Ann Arbor, MI) as per the manufacturer’s instructions.

Statistical Analysis
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.
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RESULTS
Dose response study of trifluoperazine and APAP metabolism

In preliminary dose response studies, B6C3F1 male mice received the MPT inhibitor TFP at
three doses (5.0, 7.5, or 10 mg/kg) by oral gavage 1 h prior to APAP (200 mg/kg IP). Other
mice received APAP (200 mg/kg IP) only. Control mice received saline IP. Mice were
sacrificed at 1 or 2 h and blood and liver were removed for analysis. APAP reduced GSH by
approximately 90% (Fig. 1A) and the APAP/TFP mice had GSH levels that were
comparable to the APAP mice at 1 and 2 h. In addition, hepatic APAP protein adducts were
increased in the APAP and the APAP/TFP mice compared to saline mice, and there were no
differences in adduct levels between the APAP/TFP mice and the APAP mice (Fig. 1B).
Thus, the data demonstrated that the three tested doses of TFP did not alter the metabolism
of APAP.

Effect of trifluoperazine on APAP toxicity
In subsequent studies, a time course study was performed in APAP and APAP/TFP mice.
TFP (10 mg/kg) was administered to mice by oral gavage 1 h prior to APAP and then again
at 7 and 36 h after APAP (200 mg/kg IP). Mice were treated with APAP (200 mg/kg IP) and
sacrificed at the indicated times. Serum ALT was significantly increased at 2, 4, 8, and 24 h
in the APAP mice and peaked at 8 h. In contrast, ALT levels in the APAP/TFP mice were
75 to 82% lower at 2, 4, and 8 h than the corresponding ALT values in the APAP mice. In
addition, the peak of ALT was delayed in the APAP/TFP mice (Fig. 2).

Histologic analysis of liver sections by a blinded reviewer indicated reduced necrosis in the
APAP/TFP mice at 4 and 8 h (Fig. 3A) compared to the APAP mice at these time points
(#p<0.05). In addition, the extent of hemorrhage was reduced in the APAP/TFP mice at 8 h
compared to the APAP mice (Fig. 3B; #p<0.05). A cumulative score reflecting the combined
necrosis and hemorrhage scores showed differences between the two groups of mice at 4
and 8 h (Fig. 3C; #p<0.05). At both 24 and 48 h, there were no significant differences in
ALT levels between the APAP and APAP/TFP mice. Thus, TFP delayed the onset of APAP
toxicity. Figure 3D-F demonstrates the histology of representative saline, APAP and APAP/
TFP mice at 8 h. Similar to the data presented in Figure 1, hepatic GSH depletion and APAP
protein adduct formation were comparable between the APAP and APAP/TFP mice (Fig 4).

Effect of trifluoperazine on HIF-1α induction
We previously reported that low dose CYC (10 mg/kg) reduced HIF-1α induction in APAP
toxicity (James et al., 2006). However, high dose CYC (50 mg/kg) inhibited the metabolism
of APAP, limiting further study with this compound (James et al., 2006). Thus, the effect of
the MPT inhibitor TFP on HIF-1α induction was examined. Western blot assays of the
nuclear extracts of liver homogenates demonstrated the induction of HIF-1α at 1 h in the
APAP mice, which persisted throughout the time course of toxicity and appeared to be
greatest at the 4 and 8 h time points, consistent with previous data (James et al., 2006). In
contrast, the APAP/TFP had reduced induction of HIF-1α at 1, 2, 4, 8, and 24 h (Fig. 5)
compared to the APAP mice. The induction of HIF-1α was greatest in the APAP/TFP mice
at 4 h and decreased at 8 h, following administration of the second dose of TFP to the mice.
Differences in HIF-1α induction between the APAP and APAP/TFP mice were confirmed
by densitometry analysis of individual lanes for each of the groups (Fig. 5; #p<0.05).

Effect of TFP on hepatocyte regeneration and expression of VEGF and TNFα
In previous work, we observed the induction of PCNA, a marker of hepatocyte regeneration,
at the 24 h time point in APAP toxicity in the mouse (Donahower et al., 2006). To examine
the effect of TFP on the liver repair response, western blot assays for PCNA were

Chaudhuri et al. Page 5

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2013 October 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



performed. A robust response in PCNA expression was observed in the APAP mice at 24 h
(Fig. 6A). In contrast, PCNA expression in the APAP/TFP mice was virtually absent in the
mice at 24 h. By 48 h, the APAP mice had strong expression of PCNA, while some mice in
the APAP/TFP group had little evidence of hepatocyte regeneration. An additional group of
mice was treated as described above and sacrificed at 72 h. In this experiment, PCNA
expression was also reduced in the APAP/TFP mice compared to the APAP mice, but
showed evidence of rebound (Fig 6B) compared to the 24 and 48 h time points (Fig 6A).

To further examine hepatocyte regeneration in the mice, immunohistochemical staining of
liver sections for PCNA was performed, followed by quantitative image analysis. Figure 7
demonstrates scattered brown nuclear staining in the midzonal regions of the APAP mice at
24 that increased in amount and localized to the centrilobular areas by 48 h. By 72 h, the
PCNA staining had a diffuse pattern of distribution in the hepatic lobules of the APAP mice.
In contrast, the APAP/TFP mice had marked reduction of PCNA staining in hepatocytes at
all time points. Despite these differences in PCNA expression in the two groups of mice, all
animals survived the experimental protocol.

In previous work, treatment of mice with compounds that reduce VEGF signaling delayed
the repair response in APAP treated mice (Donahower et al., 2006). Conversely, exogenous
treatment with recombinant VEGF enhanced the repair response (Donahower et al., 2010).
Since VEGF is a major target of HIF-1α induction (Semenza, 1998), levels of VEGF were
measured in the two groups of mice. VEGF levels were initially elevated at 8 h in the APAP
mice (Fig. 8A), consistent with previous data (Donahower et al., 2006). VEGF levels in the
APAP/TFP mice were 60% higher than the APAP mice at 8 h (#p<0.05) and similar
differences in VEGF levels between the two groups were noted at 24 h. By 48 h, VEGF
levels in the two groups of mice were comparable.

Tumor necrosis factor alpha (TNFα) may have hepatoproliferative effects under certain
conditions (Michalopoulos, 2010) and TNF receptor one (TNFR1) knockout mice treated
with APAP had delayed hepatocyte regeneration (James, 2005). TNFα levels were higher in
the APAP/TFP mice at 2 and 4 h, compared to the APAP mice (Fig. 8B). By 24 and 48 h,
there were no differences in TNFα between the two groups of mice.

Effect of TFP on PLA2 Activity
In addition to its effects on MPT (Elimadi et al., 1997), TFP is also a PLA2 inhibitor. PLA2
specifically recognizes the sn-2 acyl bond of phospholipids and catalytically hydrolyzes the
bond, releasing arachidonic acid and lysophospholipids. Activation of PLA2 is an important
step in host defense and signal transduction. Activity assays for cytosolic PLA2 (cPLA2) and
secretory PLA2 (sPLA2) were performed to examine the temporal relationships of PLA2
activity to indicators of toxicity in the APAP and APAP/TFP mice. cPLA2 activity (Fig. 9A)
in liver was increased above saline in the APAP mice at 4 and 8 h and peaked at 24 h
(*p<0.05). In contrast, cPLA2 activity remained at baseline at all time points in the APAP/
TFP mice. sPLA2 activity (Fig. 9B) was increased in the APAP mice at 8 h (*p<0.05), while
it remained at baseline in the APAP/TFP mice at all time points. Thus, cPLA2 and sPLA2
had distinct patterns of increased activity in the APAP mice that were suppressed in the
APAP/TFP mice.

Effect of TFP on PGE2 levels
PGE2 is the principal metabolic product of cyclo-oxygenase-2 and is increased in APAP
toxicity (Reilly et al., 2001). In addition, PGE2 facilitates cell proliferation in models of
hepatic resection (Casado et al., 2001; Schoen Smith & Lautt, 2005). As demonstrated in
Figure 10, hepatic PGE2 levels were markedly increased during the later stages of toxicity in
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the APAP mice at 8, 24 and 48 h. In contrast, PGE2 levels were reduced at 8 and 24 h in the
APAP/TFP mice, compared to the APAP mice. By 48 h, PGE2 levels were comparable in
the two groups of mice. The data suggest that reduced PCNA expression in the APAP/TFP
mice may be secondary to the inhibitory effects of TFP on PLA2 activity, resulting in
reduced PGE2 expression.

DISCUSSION
Previous in vitro studies of APAP toxicity have implicated MPT as a mechanism of cell
death (Lemasters et al., 1998; Reid et al., 2005). MPT represents a permeabilization of the
mitochondrial inner membrane with selectivity for solutes having a molecular mass of less
than 1500 Da (Halestrap et al., 2002). Following the onset of MPT, mitochondria depolarize
and swell and oxidative phosphorylation is uncoupled. The primary goal of the present study
was to examine the effect of the MPT inhibitor TFP on toxicity and HIF-1α expression
using an in vivo model of APAP toxicity. TFP has been shown to be hepatoprotective in
APAP toxicity but the mechanisms of hepatoprotection were not well delineated
(Yamamoto, 1990; Dimova et al., 1995). These earlier studies examined a single point in
time, as opposed to the time course design utilized in the present study (Yamamoto, 1990;
Dimova et al., 1995). TFP markedly reduced the severity of APAP toxicity at 2, 4, and 8 h,
time points that reflect the early stages of toxicity (Fig. 2, 3). Examination of H & E sections
for necrosis was consistent with the ALT data and also showed reduced hemorrhage in the
APAP/TFP mice (Fig. 3B, 3F). In addition, TFP delayed the peak of toxicity until the 24 h
time point. Importantly, TFP did not interfere with the metabolism of APAP, as indicated by
comparable values for hepatic GSH and APAP protein adducts in the early stages of toxicity
(Fig. 1).

The transcription factor HIF-1α is a master regulator of adaptive responses of cells to
hypoxia. The induction of HIF-1 leads to upregulation of genes involved in angiogenesis
(including VEGF), gluconeogenesis, cell proliferation and survival, and metabolic
adaptation (Chandel et al., 2000; Salazard et al., 2004). While hypoxia is the best known
mechanism for the induction of HIF-α, oxidative stress is another recognized trigger of
HIF-1α induction (Chandel et al., 2000; Salazard et al., 2004). We previously postulated
that HIF-1α induction in APAP toxicity is secondary to oxidative stress (Chaudhuri et al.,
2010) and showed that HIF-1α induction occurs early in APAP toxicity (1 h) and occurs
following sub-toxic dose exposure to APAP (Chaudhuri et al., 2010). In addition, HIF-1α
induction in the early stages of APAP toxicity did not coincide temporally with hypoxia
(pimonidazole) staining in mouse liver (Chaudhuri et al., 2010).

The effect of APAP toxicity on prolyl hydroxylase activity, a mechanism of HIF-1α
stabilization associated with hypoxia, is unknown. We also found that low dose CYC (eg.,
10 mg/kg) reduced HIF-1α induction while high dose CYC (50 mg/kg) inhibited the
metabolism of APAP, limiting further study with CYC (Chaudhuri et al., 2010). In the
present study, HIF-1α was induced at 1 h and peaked at 4 and 8 h in the APAP mice. The
induction of HIF-1α was lower in the APAP/TFP mice throughout the time course, and in
particular at the 8 h time point, following the second dose of TFP (Fig. 5).

In agreement with our data, Sparkenbaugh and colleagues recently reported that conditional
depletion HIF-1α mice had protection from APAP toxicity at 6 h, but not at 24 h
(Sparkenbaugh et al. 2011). Hepatoprotection was associated with reduced translocation of
Bax and subsequent DNA fragmentation and changes in the coagulation system. No
differences in VEGF expression were observed in the HIF-1α depletion mice at 6 h, a
relatively early time point in the toxicity. Of interest, lower levels of interleukin 6 and
interleukin 8, cytokines that have been associated with hepatocyte proliferation, were
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observed in the HIF-1α depletion mice, but hepatocyte regeneration per se was not
examined (Sparkenbaugh et al. 2011).

In vitro models of cell toxicity found that CYC inhibits MPT by causing a desensitization of
the permeability transition pore in mitochondria (Giorgio et al., 2010). Both CYC and TFP
reduced mitochondrial swelling induced by Ca2+ or tert-bulylhydroperoxide and TFP
reduced the extent of mitochondrial swelling (Elimadi et al., 1997). TFP is thought to have a
more prolonged effect on MPT inhibition than CYC (Broekemeier & Pfeiffer, 1989;
Castilho et al., 1995). Studies using flow cytometry imaging of isolated rat liver
mitochondria showed that MPT occurred initially with Ca2+ influx, which was followed by
the generation of reactive oxygen species, mitochondrial depolarization, mitochondrial
swelling, and concluded with Ca2+ release; this sequence of events was inhibited by both
CYC and TFP, in addition to other compounds known to be PLA2 inhibitors (Umegaki et
al., 2008).

While TFP is an inhibitor of MPT, it is also known as a PLA2 inhibitor. PLA2 represents a
family of enzymes that hydrolyze phospholipids at the sn2 ester bond, generating metabolic
products that are important in inflammation, phospholipid metabolism, and signal
transduction (Glaser, 1995). PLA2 consists of 6 groups (sPLA2, cPLA2, iPLA2, PAF-acetyl
hydrolases [PAF-AH], lysosomal PLA2, and adipose PLA2). cPLA2 and sPLA2 have both
been previously implicated to be involved in APAP toxicity (Bhave et al. 2011; Reilly et al.
2001). cPLA2 is intracellular and calcium dependent, and sPLA2 is extracellular and
secreted. cPLA2 is considered a central mediator in the inflammatory response and has been
implicated to be important in oxidant mediated cellular toxicity (Cummings et al., 2000). In
the present study, cPLA2 activity was increased at 4, 8 and 24 h in the APAP mice and
remained at baseline in the APAP/TFP mice until 8 h (Fig. 8A). Elevations in sPLA2
activity occurred in the APAP mice at 8 h, consistent with a role for sPLA2 in the
progression of tissue injury as previously reported (Bhave et al. 2011), rather than the
initiation of toxicity (Fig. 9B). In contrast, sPLA2 activity in the APAP/TFP mice remained
at baseline throughout the time course study. The findings of the present study are consistent
with a previous study in which COX-2 knockout mice had increased toxicity to APAP in the
later stages of toxicity through a mechanism involving enhanced activity of sPLA2 (Bhave
et al. 2011). Another report found that COX-2 knockout mice had increased toxicity to
APAP and a defect in heat shock protein gene expression was observed (Reilly et al. 2001).

An unexpected finding of the present study was the reduced expression of PCNA in the
APAP/TFP mice at 24 and 48 h (Fig. 6A, Fig. 7). By 72 h, rebounding PCNA expression
was apparent in the APAP/TFP mice (Fig. 6B, Fig. 7). One explanation for the reduced
PCNA response in the TFP mice is that the repair response was not initiated secondary to
the lower levels of toxicity in the TFP mice. PCNA expression follows a dose response
pattern in APAP toxicity (unpublished data). However, it is also likely that TFP had a direct
effect on PCNA expression due to the PLA2 inhibitory effects of TFP. In support of this
theory, previous studies have shown the activation of PLA2 and subsequent expression of
PGE2 to be important in cellular proliferation (Fayard et al., 1998), including hepatocyte
proliferation (Casado et al., 2001). While prostaglandins are generally regarded to be pro-
inflammatory, an evolving body of literature supports the concept that prostaglandin E2 has
wide ranging effects on many cell types, including effects on cell proliferation and survival.
Increased expression of PGE2 was reported in the rat model of partial hepatectomy and a
correlation was observed between increased PGE2 levels and PCNA expression, a marker of
entry into S phase of the mitotic cycle (Casado et al., 2001). Conversely, Bhave found an
association between reduced PGE2 and reduced DNA replication (Bhave et al., 2011). North
found that PGE2 promoted hepatocyte regeneration in the zebrafish model of APAP toxicity
(North et al., 2010). In addition, a recent report found that PGE2 given as a rescue therapy at
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2 h was hepatoprotective in APAP toxicity in the mouse at 20 to 22 h (Cavar et al., 2012). In
addition, a mechanism involving reduction of nuclear factor kappa B (NF-κB) was
implicated. Treatment with agonists of PGE2 receptors stimulated the induction of the anti-
apoptotic protein Bcl-2 in vitro (Ushio et al., 2004) and treatment of Jurkat cells with PGE2
protected these cells from apoptotic stimuli (George et al., 2007). In the present study,
reduced levels of PGE2 were observed in the APAP/TFP mice at 8 and 24 h and by 48 h,
PGE2 levels were comparable between the two groups of mice. The temporal sequence of
reduced PGE2 levels, followed by reduced PCNA expression, suggests that TFP had a direct
effect on hepatocyte regeneration. Despite the observed reduction in PCNA expression in
the APAP/TFP mice, all mice survived the experimental protocol.

The potential effect of TFP on mitochondrial phospholipases in APAP toxicity is unknown.
Increased PLA2 activity has been linked to cell toxicity associated with CYP2E1
metabolism (Caro & Cederbaum, 2003). PLA2 activity was found to be increased in HepG2
cells over-expressing CYP2E1 that are exposed to arachidonic acid and the oxidant iron
(Caro & Cederbaum, 2003). Exposure of these cells to arachidonic acid and iron resulted in
the activation of PLA2, while treatment of cells with PLA2 inhibitors reduced toxicity, but
had no effect on MPT per se (Caro & Cederbaum, 2003).

In contrast, Broekemeier showed that TFP and CYC both independently inhibited MPT in
isolated mitochondria exposed to oxidative stress (Broekemeier & Pfeiffer, 1995). However,
TFP did not alter mitochondrial free fatty acid accumulation in vitro, suggesting that the
MPT effects of TFP did not involve mitochondrial phospholipases (Broekemeier & Pfeiffer,
1995). Other data suggest that TFP inhibits MPT by changing the surface membrane charge,
thus altering the sensitivity of the mitochondria to MPT (Broekemeier & Pfeiffer, 1995;
Halestrap et al., 2002). Further study is required to determine whether or not TFP has effects
on MPT in APAP toxicity through a mechanism specifically involving mitochondrial PLA2.

VEGF is important in hepatocyte regeneration in APAP toxicity (Donahower et al., 2006;
Donahower et al., 2010; Kato et al., 2011) and is a target of HIF-1α upregulation (Semenza,
1998). Echinomycin, a small molecule inhibitor of HIF-1 DNA binding, lowered VEGF
protein expression in APAP toxicity in mice (Micheli-Halle, 2011). Despite lower HIF-1α
induction, APAP/TFP mice had relatively higher levels of hepatic VEGF at 8 and 24 h,
compared to the APAP mice (Fig. 8A). The lack of association between HIF-1α induction
and VEGF expression in the present study suggest the involvement of other mechanisms
controlling VEGF expression. Kotch showed that HIF-1α deficient embryos had normal
VEGF expression and a mechanism involving hypoglycemia was implicated in the
regulation of VEGF (Kotch et al., 1999). One interpretation of the data from Fig 8 is that the
relative increases of VEGF levels in the APAP/TFP mice, compared to the APAP mice, may
represent an attempt to compensate for reduced PGE2 expression and reduced hepatocyte
regeneration (Figs 6, 7). TNFα may also regulate VEGF expression (Hitchon et al., 2002),
but its role in APAP toxicity is complex as it has been reported to have both pro-
inflammatory and hepatocyte proliferative effects (Boess et al., 1998; Ishida et al., 2004).
The increased levels of TNFα in the APAP/TFP mice at 2 and 4 h may also represent an
incomplete compensatory response within the liver to promote hepatocyte regeneration.
These correlative data require confirmation, but are consistent with previous data reporting
the existence of redundant adaptive networks within the liver to facilitate the repair response
(Michalopoulos, 2010).

In summary, the data suggest that TFP altered APAP toxicity through two possible
mechanisms that were independent of metabolism. The findings at early time points in the
toxicity (reduction of HIF-1α and toxicity; Figures 1-5) implicate a mechanism involving
oxidative stress and MPT. Consistent with our findings, the MPT inhibitor CYC also
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reduced HIF-α induction in APAP toxicity in the mouse and in freshly isolated hepatocytes
(James et al., 2006; Chaudhuri et al., 2010). In addition, TFP reduced PLA2 activity and
PGE2 expression, (Fig. 9, 10) responses that likely contributed to the overall effects of TFP
on the hepatocyte regeneration response. The current strategy for the treatment of APAP
toxicity in the clinical setting is limited to treatment with the antidote N-acetylcysteine, a
time-dependent therapy that targets the metabolism effects of APAP. The identification of
new mechanisms of APAP toxicity and the testing of therapies that alter these mechanisms
has relevance for the development of future novel drugs for the treatment of APAP mediated
liver injury.
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ABBREVIATIONS

APAP acetaminophen

ALT alanine aminotransferase

cPLA2 cytosolic phospholipase A2

CYC cyclosporine A

GSH glutathione

HIF-1α hypoxia inducible factor-1α

MPT mitochondrial permeability transition

PCNA proliferating cell nuclear antigen

PGE2 prostaglandin E2

sPLA2 secretory phospholipase A2

TFP trifluoperazine

TNFα tumor necrosis factor alpha

VEGF vascular endothelial growth factor
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HIGHLIGHTS

• Trifluoperazine reduced acetaminophen toxicity and lowered HIF-1α induction.

• Trifluoperazine had no effect on the metabolism of acetaminophen.

• Trifluoperazine reduced hepatocyte regeneration.

• Trifluoperazine reduced both phospholipase A2 activity and prostaglandin E2
expression.

• Trifluoperazine had dual effects in acetaminophen toxicity.
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Fig. 1.
Hepatic glutathione and APAP protein adducts in dose response study of TFP in APAP
toxicity in the mouse. Mice were treated with TFP (5.0, 7.5, or 10 mg/kg by oral gavage) 1 h
prior to APAP (200 mg/kg IP) and sacrificed at 1 or 2 h. A. Depletion of hepatic glutathione
(GSH) in APAP and APAP/TFP mice at 1 and 2 h compared to saline mice (*p<0.05). B.
APAP protein adducts in liver in APAP and APAP/TFP mice compared to saline mice
(*p<0.05). No differences were detected in adduct levels among the three doses of TFP.
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Fig. 2.
Time course of serum ALT levels in APAP and APAP/TFP mice. Mice were treated with
TFP (10 mg/kg oral gavage) 1 h prior to and at 7 and 36 h after APAP (200 mg/kg IP). ALT
levels were increased at 4, 8 and 24 h in the APAP mice (*p<0.05). ALT levels were
reduced in the APAP/TFP mice compared to the APAP mice (#p<0.05) at 2, 4, and 8 h.
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Fig. 3.
Histologic scoring for (A) necrosis, (B) hemorrhage, and (C) combined parameters in saline,
APAP and APAP/TFP mice over time. Liver sections were scored by a blinded reviewer.
*represents comparison to saline; #represents comparison to APAP (p<0.05). (D)
representative saline mouse, (E) representative APAP mouse at 8 h showing extensive
necrosis and hemorrhage, (F) representative APAP/TFP mouse at 8 h showing reduced
necrosis and hemorrhage.
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Fig. 4.
Hepatic glutathione and APAP protein adducts in time course study of TFP in APAP
toxicity in the mouse. Mice were treated with TFP (10 mg/kg by oral gavage) 1 h prior to
APAP (200 mg/kg IP) and sacrificed at the designated times. A. Hepatic glutathione (GSH)
levels in APAP and APAP/TFP mice were comparable at 1, 2, 4, 8, and 24 h (*p<0.05)
compared to saline, while hepatic GSH was higher in the APAP/TFP mice at 48 compared
to the APAP mice at 48 h. B. APAP protein adducts in liver in APAP and APAP/TFP mice
compared to saline mice APAP protein adducts were increased to comparable levels in the
two APAP groups compared to saline at 1, 2, and 4 h (*p<0.05). Adducts were higher at 8,
24, and 48 h in the APAP/TFP mice compared to APAP mice (#p<0.05).
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Fig 5.
Expression of HIF-1α by immunoblot in APAP and APAP/TFP mice. Nuclear expression of
HIF-1α was increased at 1 h in the APAP mice and throughout the time course of APAP
toxicity. HIF-1α expression was reduced in the APAP/TFP mice (#p<0.05, compared to
APAP mice) through the 24 h time point, as indicated by the immunoblot and confirmed by
the densitometry. Representative individual mice are shown in the immunoblot.
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Fig. 6.
Hepatocyte regeneration in APAP and APAP/TFP mice. A. Proliferating cell nuclear antigen
(PCNA) expression was measured by immunoblot in the APAP and APAP/TFP mice.
PCNA expression was increased in the APAP mice at 24 and 48 h and absent or very
decreased in the APAP/TFP mice at 24 and 48 h. Densitometry of PCNA expression in
APAP and APAP/TFP mice demonstrated reduced PCNA expression in the APAP/TFP
mice (#p<0.05) compared to the APAP mice. B. PCNA expression by immunoblot at 72 h in
an additional experiment of APAP and APAP/TFP mice. The APAP/TFP mice had reduced
expression of PCNA at the 72 h time point (#p<0.05) compared to the APAP mice.
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Fig. 7.
Time course of PCNA immunohistochemical staining in liver in saline, APAP and APAP/
TFP mice. No staining was apparent in the saline treated mice. The APAP mice had brown
nuclear staining in the midzonal hepatocyte nuclei at the border of the centrilobular area at
24 h. At 48 h, the staining localized to the centrilobular areas and by 72 h, the staining was
diffuse in distribution. Reduced staining was apparent at all time points in the APAP/TFP
mice. PCNA staining was quantified by Aperio image analysis as demonstrated in the bar
graph and showed reduced staining in the APAP/TFP mice at 24, 48, and 72 h (#p<0.05)
compared to the APAP mice at the same time points.
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Fig. 8.
VEGF and TNFα levels in APAP and APAP/TFP mice. A. Hepatic levels of vascular
endothelial growth factor in APAP and APAP/TFP mice. VEGF was increased above saline
(*p<0.05) at 8 and 24 h in the APAP and APAP/TFP mice. VEGF was significantly higher
in the APAP/TFP mice compared to the APAP mice at 24 h (#p<0.05). B. Serum levels of
TNFα. TNFα was increased above saline in the APAP/TFP mice at 2 h (*p<0.05) and
significantly higher than the APAP mice at 4 h (#p<0.05).
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Fig. 9.
PLA2 activity levels in APAP and APAP/TFP mice. A. cPLA2 activity was increased in
APAP mouse liver at 4, 8, and 24 h (*p<0.05) and remained at baseline in the APAP/TFP
mice. B. sPLA2 activity was increased in APAP mouse liver at 8 h and remained at baseline
in the APAP/TFP mice. #p<0.05 compared to the APAP mice.
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Fig. 10.
PGE2 levels in liver in APAP and APAP/TFP mice. PGE2 levels were increased above
saline at 8 h in the APAP mice and remained elevated at 24 and 48 h (*p<0.05). In contrast,
PGE2 levels remained at baseline in the APAP/TFP mice at 8 and 24 h (#p<0.05) and by 48
h were comparable to the APAP mice.
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