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Abstract
Caveolin-1 (Cav-1) is a membrane scaffolding protein which functions to regulate intracellular
compartmentalization of various signaling molecules. In the present studies, transgenic mice with a
targeted disruption of the Cav-1 gene (Cav-1−/−) were used to assess the role of Cav-1 in
acetaminophen-induced hepatotoxicity. Treatment of wild type mice with acetaminophen (300 mg/
kg) resulted in centrilobular hepatic necrosis and increases in serum transaminases. This was
correlated with decreased expression of Cav-1 in the liver. Acetaminophen-induced hepatotoxicity
was significantly attenuated in Cav-1−/− mice, an effect that was independent of acetaminophen
metabolism. Acetaminophen administration resulted in increased hepatic expression of the oxidative
stress marker, lipocalin 24p3, as well as hemeoxygenase-1, but decreased glutathione and superoxide
dismutase-1; no differences were noted between the genotypes suggesting that reduced toxicity in
Cav-1−/− mice is not due to alterations in anti-oxidant defense. In wild type mice, acetaminophen
increased mRNA expression of the pro-inflammatory cytokines, interleukin-1β and monocyte
chemoattractant protein-1 (MCP-1), as well as cyclooxygenase-2, while 15-lipoxygenase (15-LOX),
which generates anti-inflammatory lipoxins, decreased. Acetaminophen-induced changes in MCP-1
and 15-LOX expression were greater in Cav-1−/− mice. Although expression of tumor necrosis factor-
α, a potent hepatocyte mitogen, was up-regulated in the liver of Cav-1−/− mice after acetaminophen,
expression of proliferating cell nuclear antigen and survivin, markers of cellular proliferation, were
delayed which may reflect the reduced need for tissue repair. Taken together, these data demonstrate
that Cav-1 plays a role in promoting inflammation and toxicity during the pathogenesis of
acetaminophen-induced injury.
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Introduction
Acetaminophen is one of the most commonly used over the counter analgesics and the major
cause of acute liver failure due to accidental and intentional overdose (Bower et al., 2007).
Toxicity is characterized by centrilobular hepatic necrosis progressing to fulminant liver failure
(Ramachandran and Kakar, 2009). Hepatotoxicity is initiated by N-acetyl-p-benzoquinone-
imine (NAPQI), generated from acetaminophen via cytochrome P4502E1, which is
predominantly localized in centrilobular regions of the liver (Lee et al., 1996). Other factors
contributing to the hepatotoxicity of acetaminophen include inflammatory mediators, such as
tumor necrosis factorα (TNFα), interleukin-1 (IL-1) and monocyte chemoattractant protein-1
(MCP-1), as well as reactive oxygen and nitrogen species (Gardner and Laskin, 2007; Laskin
and Gardner, 2007; Laskin, 2009). Tissue repair following acetaminophen intoxication
involves proliferation of remnant hepatocytes and the production of new extracellular matrix
proteins (Chiu et al., 2003b; Gardner et al., 2003; Cozma et al., 2004; Bourdi et al., 2008).
Accumulating evidence suggests that inflammatory mediators, including TNFα, are also
involved in this process (Gardner and Laskin, 2007; Laskin and Gardner, 2007; Wullaert et
al., 2007; Laskin, 2009). TNFα is a potent mitogen for hepatocytes (Yamada et al., 1997;
Ledda-Columbano et al., 1998). It also stimulates extracellular matrix turnover and up-
regulates antioxidants (Roderfeld et al., 2006; Han et al., 2009).

Caveolin-1 (Cav-1) is a membrane scaffolding protein that functions as an organizing center
to concentrate various signaling molecules and negatively regulate their activity (Quest et
al., 2004; Williams and Lisanti, 2004). Functional caveolin-binding motifs have been identified
in a number of downstream cytokine and growth factor signaling molecules including tumor
necrosis factor receptor-1 (TNFR1) and TNFR-associated factor-2, and in several proteins and
serine/threonine and tyrosine kinases important in regulating cell cycle progression and cellular
proliferation such as β-catenin, cyclin D1, and inhibitor of apoptosis proteins or survivin
(Torres et al., 2006; Goetz et al., 2008; Parat, 2009). The role of Cav-1 in liver regeneration
after injury is unknown. Under homeostatic conditions, Cav-1 is expressed in hepatocytes and
sinusoidal cells, and in portal veins and hepatic arteries (Calvo et al., 2001; Shah et al.,
2001; Malerod et al., 2002; Ogi et al., 2003). Following partial hepatectomy, Cav-1 has been
reported to be up-regulated in hepatocytes (Pol et al., 2004; Fernandez et al., 2006; Mayoral
et al., 2007). Moreover, defects in liver repair and reduced survival are observed in transgenic
mice lacking the gene for Cav-1 (Fernandez et al., 2006) suggesting that Cav-1 may be
important in stimulating wound repair processes following exposure to hepatotoxicants such
as acetaminophen. To test this, we analyzed the effects of acetaminophen in Cav-1−/− mice.
Unexpectedly, these mice were found to be less sensitive to the hepatotoxic effects of
acetaminophen relative to wild-type mice. This was associated with decreased expression of
the pro-inflammatory proteins, MCP-1 and IL-1, and increased expression of IL-10, which
suppresses inflammation. These findings suggest that Cav-1 plays a role in promoting
inflammation and tissue injury in this model of hepatotoxicity.

Materials and Methods
Animals and treatments

Male Cav-1−/− mice and wild-type B6J129SV F2 mice (7–9 weeks, 20–25 g) were purchased
from the Jackson Laboratory (Bar Harbor, ME). Mice were maintained on food and water ad
libitum and housed in microisolator cages. All animals received humane care in compliance
with the institution’s guidelines, as outlined in the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health. Mice were fasted overnight prior to
administration of acetaminophen (300 mg/kg, I.P.) or phosphate-buffered saline (PBS) control.
Blood samples were collected via cardiac puncture and analyzed for serum alanine and
aspartate transaminase using diagnostic assay kits (ThermoElectron, Pittsburgh, PA).
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Histology and immunohistochemistry
Livers were fixed over night at 4°C in 3% paraformaldehyde in PBS containing 2% sucrose,
washed 3 times with 2% sucrose/PBS, transferred to 50% ethanol, and then paraffin embedded.
Six micron tissue sections were prepared and stained with hematoxylin and eosin (Goode
Histolabs, New Brunswick, NJ). For immunohistochemistry, sections were incubated
overnight with rabbit antibody to hemeoxygenase-1 (HO-1, 1:1000; Stressgen/Assay Designs,
Ann Arbor, MI), proliferating cell nuclear antigen (PCNA, 1:125, Abcam, Cambridge, MA),
survivin (1:200; Abcam) or rabbit IgG control (Santa Cruz Biotechnology, Santa Cruz, CA).
Antibody binding was visualized using a Vectastain Elite ABC kit (Vector Laboratories,
Burlingame, CA). Three random sections of each liver were examined.

Western blot
Liver samples were homogenized in lysis buffer consisting of 20 mmol/L HEPES, 150 mmol/
L NaCl, 10% glycerol, 1% Triton X-100, 1.5 mmol/L MgCl2, 1 mmol/L diethylene triamine
pentacetic acid, 1 mmol/L phenylmethylsulfonylenediamine, 10 mmol/L sodium
pyrophosphate, 50 mmol/L sodium fluoride, 2 mmol/L sodium orthovanadate and protease
inhibitor cocktail (Sigma). Protein concentrations were assayed using a BCA Protein Kit
(Pierce, Rockford, IL) with bovine serum albumin as the standard. Proteins were separated on
10% polyacrylamide gels and then transferred onto nitrocellulose membranes. Non-specific
binding was blocked by incubation of the blots at room temperature with blocking buffer (5%
nonfat dry milk, 10 mmol/L Tris-base, 200 nmol/L sodium chloride and 0.1% Tween 20) for
60 min. Membranes were then incubated overnight at 4oC with a monoclonal rabbit anti-Cav-1
antibody (1:1000, Cell Signaling Technology), or polyclonal rabbit anti-cyclooxygenase-2
(Cox-2) (1:250, Abcam). This was followed by incubation with goat anti-rabbit horse radish
peroxidase antibody for 1 h at 20oC (1:10,000; BioRad, Carlsbad CA). Binding was detected
using ECL Plus (GE Healthcare, Piscataway, NJ).

Measurement of liver glutathione (GSH)
Livers were minced in ice cold 5% metaphosphoric acid (1:10), homogenized and then
centrifuged at 3000g for 10 min at 4oC. Supernatants were filtered though a 0.2 μm syringe
filter and reduced GSH quantified using a colorimetric assay kit (GSH-400, OxisResearch,
Portland, OR). GSH was calculated based on the slope of a standard curve and expressed as
μmol/g wet liver weight.

Quantitative real time PCR
Total RNA was extracted from liver samples (25 mg) using an RNeasy Miniprep kit (Qiagen
Inc, Valencia, CA) and RNA reverse-transcribed using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA) according to the manufacturers’
protocol. Standard curves were generated using serial dilutions from pooled randomly selected
cDNA samples. Real time PCR was performed using SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA) on a 7900HT thermocycler using 96-well optical reaction plates
according to manufacturer protocol. All PCR primer sequences were generated using Primer
Express 2.0 (Applied Biosystems) and primers were synthesized by Integrated DNA
Technologies (Coralville, IA). A minimum of three samples were analyzed for each
experimental group, and all samples were run in duplicate. Primer sequences were: HO-1,
CCTCACTGGCAGGAAATCATC; superoxide dismutase-1 (SOD-1),
AGGCTGTACCAGTGCAGGAC; IL-1β, CCAAAAGATGAAGGGCTGCT; TNFα,
AAATTCGAGTGACAAGCCGTA; MCP-1, GCCAGCTCTCTCTTCCTCCA; IL-10,
GGTTGCCAAGCCTTATCGGA; survivin, TGAATCCTGCGTTTGAGTCG, 5-
lipoxygenase (5-LOX), CAGGGAGAAGCTGTCCGAGT; 15-lipoxygenase (15-LOX),
TCGGAGGCAGAATTCAAGGT, COX-2, CATTCTTTGCCCAGCACTTCAC; NADPH
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quinine oxidoreductase-1 (NQO1), ACGCCTGAGCCCAGATATTG; 24p3,
GCCCAGGACTCAACTCAGAA; actin, TCACCCACACTGTGCCCATCTACGA; and
glyceraldehyde 3-phophate dehydrogenase (GAPDH), TGAAGCAGGCATCTGAGGG.

Acetaminophen metabolism
Blood samples were collected by cardiac puncture and serum separated by centrifugation
(3000g, 4oC, 10 min), frozen in liquid nitrogen and stored at −80°C Until analysis.
Acetaminophen and conjugated metabolites were analyzed as previously described (Brunner
and Bai, 1999). Briefly, samples were thawed and deproteinated with 6% perchloric acid
containing 10 mg/ml theophylline as an internal standard. Precipitated proteins were
sedimented by centrifugation (13,000g, 5 min, 4oC), supernatants collected and analyzed
isocratically by HPLC (Shimadzu, Colombia, MD) fitted with a Luna 5 μm, C18 column, 250
mm × 2.0 mm (Phenomenex, Torrance, CA) with a guard column containing the same sorbent.
Samples were analyzed at a constant flow rate of 0.2 ml/min, detected by UV absorbance at
254 nm with a mobile phase composed of 7% acetonitrile in 0.05 mmol/L sodium sulfate (pH
2.2).

Hepatic cytochrome P450-2E1 activity
To prepare microsomes, samples of whole liver (3 g) from control mice were homogenized in
2 volumes (w/v) of 10 mM Tris-base (pH 7.4) containing 1.5% KCl using a Teflon-glass
homogenizer at 4oC. Homogenates were centrifuged at 1,000g (10 min, 4oC), supernatants
collected and centrifuged at 11,000g (20 min, 4oC) to remove cellular debris, and then at
105,000g (1.5 h, 4oC) to isolate microsomes. Microsomes were resuspended in homogenization
buffer containing 0.5 mM phenylmethanesulfonyl fluoride and centrifuged at 105,000g (90
min, 4oC). Pellets were resuspended in 0.25 M sucrose containing 10 mM Tris-base (pH 7.4)
and stored at −80°C Until use (Cooper et al., 1993). Cytochrome P4502E1 was measured by
metabolism of p-nitrophenol to p-nitrocatecol. To assay for cytochrome P450-2E1 activity,
microsomes were incubated with 200 μM p-nitrophenol and 500 μM NADPH at 37oC for 30
min. Trichloroacetic acid (20%, w/v) was then added to stop the reaction. The mixture was
then centrifuged (10,000g, 5 min, 4oC), supernatants collected, and mixed with 2 M NaOH.
Changes in absorbance were measured spectrophotometrically at 535 nm. Concentrations of
p-nitrocatechol in the samples were calculated based on a standard curve generated with
authentic p-nitrocatechol (Koop, 1986).

Statistics
Data were analyzed using a Student’s t test or by one way ANOVA followed by Tukey’s post
hoc analysis.

Results
Effects of acetaminophen on Cav-1 expression in the liver; role of Cav-1 in hepatotoxicity

In initial studies, we analyzed the effects of acetaminophen on expression of Cav-1 in the liver.
Cav-1 protein was readily detected in livers of wild type mice treated with PBS control (Fig.
1). Administration of acetaminophen resulted in a rapid and time-dependent decrease in total
liver Cav-1 which persisted for 72 h (Fig. 1). Subsequently, Cav-1 protein began to increase.
To analyze the role of Cav-1 in acetaminophen-induced hepatotoxicity, we used transgenic
mice with a targeted disruption of the gene for this protein. Consistent with previous studies
(Drab et al., 2001;Le Lay and Kurzchalia, 2005), Cav-1 protein was not evident in livers of
Cav-1−/− mice (Fig. 1). Treatment of these mice with acetaminophen had no effect on
expression of this protein. In wild type mice, acetaminophen caused a rapid and time-related
induction of hepatotoxicity. Thus, significant elevations in both alanine (ALT) and aspartate
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(AST) transaminases were noted within 3 h post-acetaminophen treatment; levels of these
enzymes continued to increase for 18–24 h (Fig. 2). Subsequently, serum transaminase levels
declined towards control. These changes were associated with histological alterations in the
liver which were evident within 1–3 h and included hepatocellular cytoplasmic degeneration
(Fig. 3 and not shown). This progressed to bridging necrosis by 6 h and severe congestion with
moderate inflammation at 24 h (Fig. 3). At this time, greater than 75% of the liver lobules
contained necrotic regions. Similar histopathology was observed at 48 h. By 72 h, however,
liver regeneration was evident, characterized by the appearance of mitotic figures within
hepatocytes adjacent to necrotic areas. Liver regeneration was nearly complete by 96 h (not
shown). Acetaminophen-induced increases in serum transaminase levels were significantly
reduced in Cav-1−/− mice, when compared to wild type mice (Fig. 2). In addition, in
Cav-1−/− mice, histologic evidence of liver damage developed more slowly, and at 24 h
included smaller areas (less than 50% lobular involvement) of the acinus (Fig. 3). By 48 h
necrotic lesions began to coalesce. As observed in wild type mice, mitotic figures were also
noted in livers of Cav-1−/− mice 72 h following acetaminophen, although at significantly lower
levels (30.0 ± 9.2 in wild type mice versus 15.3 ± 0.9 in Cav-1−/− mice in 15 oil immersion
fields). As noted in wild type mice, by 96 h, liver histology was similar to control (not shown).

We next examined expression of lipocalin 24p3, an acute phase protein and a marker of
oxidative stress (Roudkenar et al., 2007; Roudkenar et al., 2008). Low levels of 24p3 mRNA
were evident in the livers of both wild type and Cav-1−/− mice (Fig. 4, upper panel).
Acetaminophen treatment of the mice resulted in a time-dependent increase in 24p3 mRNA
levels which reached a maximum at 24 h in both genotypes. Loss of Cav-1 had no significant
effect on hepatic expression of 24p3.

To exclude the possibility that differences in hepatotoxicity between wild type and Cav-1−/−

mice were due to alterations in acetaminophen metabolism, we measured serum levels of
acetaminophen conjugates and hepatic cytochrome P4502E1 activity. HPLC analysis of serum
samples collected 30 min after acetaminophen administration revealed the presence of
unconjuguated acetaminophen (266.3 ± 4.0 and 230.5 ± 6.1 μg/ml, n = 3 mice), acetaminophen-
glucuronide (386.8 ± 22.9 and 417.4 ± 47.5 μg/ml, n = 3 mice), and acetaminophen-sulfate,
which was below the level of quantification, in wild type and Cav-1−/− mice, respectively (Fig.
5). No significant differences were observed between the genotypes. We also noted generally
similar rates of cytochrome P4502E1 mediated hydroxylation of p-nitrophenol in microsomal
fractions of livers from wild type and Cav-1−/− mice (0.54 ± 0.04 and 0.46 ± 0.06 nmol/min/
mg, respectively). NQO1, a phase II enzyme important in detoxification of the acetaminophen
metabolite, NAPQI (Vasiliou et al., 2006) was also analyzed. Consistent with previous studies
(Aleksunes et al., 2008), NQO1 mRNA levels were found to increase in the livers of wild type
mice following administration of acetaminophen (Fig. 4). This was first observed 6 h post
exposure (Fig. 4). Similar increases in NQO1 mRNA expression were noted in Cav-1−/− mice.

Effects of loss of Cav-1 on hepatic antioxidants
In further studies, we determined if reduced sensitivity of Cav-1−/− mice to acetaminophen
was associated with alterations in levels of GSH and antioxidants important in protecting
against liver injury (Nakae et al., 1990; Ferret et al., 2001; Chiu et al., 2003a; Fujimoto et
al., 2009; Mladenovic et al., 2009; Yoshikawa et al., 2009). GSH was detected in livers of wild
type and Cav-1−/− mice; however levels of this antioxidant were significantly lower in
Cav-1−/− mice (Table 1). In both mouse strains, acetaminophen administration caused a rapid
(within 1 h) decrease in GSH which returned to control levels after 6 h (Table 1). SOD-1 mRNA
was also identified in livers of both wild type and Cav-1−/− mice (Fig. 6); a similar time-
dependent decrease in SOD expression was observed in both mouse strains which reached a
maximum 24 h after acetaminophen (Fig. 6). In contrast to SOD-1, a rapid and transient
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increase in HO-1 mRNA was noted in the livers of both wild type and Cav-1−/− mice after
acetaminophen administration which reached a maximum within 3 h and returned to control
levels by 18–24 h. Increases in HO-1 expression were also evident in histologic sections of
liver 24 h post-treatment (Fig. 6 and not shown). Interestingly, HO-1 was predominantly
localized in macrophages within the hepatic sinusoids. No significant differences were noted
in acetaminophen-induced HO-1 mRNA or protein expression between the genotypes.

Effects of loss of Cav-1 on acetaminophen-induced alterations in expression of inflammatory
mediators

In our next series of studies, we analyzed the effects of loss of Cav-1 on acetaminophen-induced
expression of pro- and anti-inflammatory mediators. Consistent with previous studies (Gardner
et al., 2003; Dambach et al., 2006), acetaminophen treatment of wild type mice resulted in a
time-dependent increase in expression of mRNA for the pro-inflammatory cytokines IL-1β
and MCP-1 (Fig. 7). Whereas, significant increases in IL-1β were detectable at 3 h, increases
in MCP-1 were delayed for 18 h. In Cav-1−/− mice, acetaminophen-induced increases in
expression of MCP-1 mRNA occurred earlier (within 3 h) and were significantly greater when
compared to wild type mice, while changes in IL-1β were generally similar in the two mouse
strains. In both wild type and Cav-1−/− mice, expression of these mediators returned to control
levels by 48 h (not shown). We also analyzed the effects of loss of Cav-1 on expression of
TNFα, which exerts both pro- and anti-inflammatory actions in the liver (Rutherford and
Chung, 2008; Han et al., 2009). Acetaminophen treatment of wild type mice had no significant
effect on TNFα mRNA expression in the liver. In contrast, a significant increase in expression
of this cytokine was observed within 3 h in Cav-1−/− mice which persisted for at least 24 h
(Fig. 7). Acetaminophen administration was also associated with increased expression of the
anti-inflammatory cytokine, IL-10 in Cav-1−/− mice, but not in wild type mice (Fig. 7). This
response was rapid, appearing within 1 h and persisting for 6 h.

We also analyzed expression of enzymes mediating the production of eicosaniods, including
COX-2, 5-LOX and 15-LOX, which are involved in both initiation and resolution of
inflammation (Harizi et al., 2008). Treatment of wild type mice with acetaminophen resulted
in a marked increase in expression of COX-2 mRNA which reached a maximum at 3 h and
persisted at these levels for 24 h (Fig. 8, upper panel). Subsequently, COX-2 mRNA levels
declined toward control. This correlated with increases in expression of COX-2 protein (Fig.
8, lower panel). COX-2 protein also increased in Cav-1−/− mice peaking at 24 h, but this was
attenuated relative to wild type mice. In contrast, acetaminophen had no significant effect on
COX-2 mRNA expression in Cav-1−/− mice. Acetaminophen also had no significant effect on
5-LOX expression in either wild type or Cav-1−/− mice, while 15-LOX mRNA decreased in
both mouse stains (Fig. 9). These effects occurred more rapidly in Cav-1−/− mice, when
compared to wild type mice, and persisted for at least 96 h.

Effects of loss of Cav-1 on hepatocyte proliferation
We next determined if hepatotoxicity of acetaminophen in Cav-1−/− mice was associated with
increased proliferation of remnant hepatocytes, a key step in tissue repair. In initial
experiments, we analyzed expression of PCNA, a nuclear protein that is up-regulated in
proliferating cells (Mendieta-Condado et al., 2009). In wild type mice acetaminophen caused
in a time dependent increase in PCNA staining in hepatocyte nuclei in periportal regions of
the liver, which was evident within 3 h and remained elevated for at least 96 h (Fig. 10). The
appearance of PCNA positive hepatocytes was delayed until 18 h in Cav-1−/− mice. However,
by 24 h, significantly greater numbers of PCNA labeled hepatocytes were observed in
Cav-1−/− mice when compared to wild type mice. PCNA positive macrophages were also noted
in livers of both wild type and Cav-1−/− mice after acetaminophen administration. Whereas at
early times (3–6 h), these cells were scattered throughout the liver lobule, at later times (48–
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96 h), PCNA positive macrophages were more abundant in centrilobular regions of the liver.
Greater numbers of these cells were noted in wild type when compared to Cav-1−/− mice (113.7
± 32.7 cells/10 high power fields versus 10.3 ± 3.3/10 high power fields; n = 3 mice at 3 h post
exposure).

We also examined expression of survivin, a 16.5 kDa protein implicated in the regulation of
cell-cycle progression (Li et al., 1998; Reed, 2001). Following acetaminophen administration
to wild type mice, survivin protein expression increased in hepatocyte nuclei located adjacent
to portal veins and necrotic zones in the livers. This was evident 3 h post exposure and persisted
for at least 72 h (Fig. 11 and not shown). Survivin was also up-regulated in the livers of
Cav-1−/− mice after acetaminophen, however, the kinetics were distinct. Thus, survivin
expression was delayed until 24 h post exposure in Cav-1−/− mice; subsequent expression of
this protein decreased towards control levels (Fig. 11). Greater expression of survivin was
noted in wild type mice relative to Cav-1−/− mice at all time points examined.

Discussion
Cav-1 is an integral membrane protein important in negatively regulating cell signaling and
proliferation (Williams and Lisanti, 2004; Shatz and Liscovitch, 2008). The present studies
show that acetaminophen administration decreases expression of Cav-1 protein in the livers of
wild type mice. Similar down-regulation of Cav-1 protein has been described in the lung in
response to toxicants such as bleomycin and ozone (Koslowski et al., 2004; Odajima et al.,
2007; Fakhrzadeh et al., 2008). In contrast, partial hepatectomy results in increased Cav-1
expression (Fernandez et al., 2006; Mayoral et al., 2007). This suggests that the regulatory
molecules controlling liver injury and repair after acetaminophen and partial hepatectomy are
distinct.

To investigate the role of Cav-1 in acetaminophen-induced hepatotoxicity, Cav-1−/− mice were
used. Unexpectedly, these mice were found to be less sensitive to the hepatotoxic effects of
acetaminophen than wild type mice. Analysis of plasma levels of acetaminophen-glucuronide
and -sulfate metabolites after acetaminophen administration, as well as hepatic cytochrome
P4502E1 activity, indicated that there were no major differences in acetaminophen metabolism
or the capacity to metabolize acetaminophen between Cav-1−/− mice and wild type mice. This
is supported by findings that levels of NQO1, which is important in detoxification of NAPQI,
were generally similar in the two mouse strains.

Antioxidants play a key role in protecting against acetaminophen-induced injury (Nakae et
al., 1990; Ferret et al., 2001; Chiu et al., 2003a; Fujimoto et al., 2009; Mladenovic et al.,
2009; Yoshikawa et al., 2009). Consistent with previous studies (Gardner et al., 2002; Chiu
et al., 2003a), we observed a significant reduction in whole liver GSH levels in wild type mice
following acetaminophen administration. Similar results were observed in Cav-1−/− mice. GSH
is known to be present at high levels in hepatocytes (Yuan and Kaplowitz, 2009). In addition
to scavenging reactive oxygen species, it plays a key role in detoxification of the cytotoxic
acetaminophen metabolite, NAPQI (Jaeschke, 1990). Interestingly, baseline levels of GSH
were significantly lower in livers of Cav-1−/− mice, when compared to wild type mice. Our
findings that Cav-1−/− mice are less sensitive to acetaminophen suggest that reduced levels of
GSH are not key to the pathogenesis of hepatotoxicity in these mice. As observed with GSH,
no significant differences in expression of HO-1, SOD-1 or lipocalin 24p3 were noted between
the genotypes following acetaminophen administration. Thus, it appears that protection of
Cav-1−/− mice against the hepatotoxic effects of acetaminophen is not due to alterations in
oxidative stress or antioxidant defense.
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Acetaminophen administration to both wild type and Cav-1−/− mice was associated with up-
regulation of pro- and anti-inflammatory mediators which have been implicated in the
pathogenesis of liver injury and repair, including IL-1β, MCP-1, IL-10, and TNFα (Liu and
Kaplowitz, 2006; Laskin, 2009). Of particular note are IL-10 and MCP-1 which play important
roles in mediating the resolution of inflammation and initiating tissue repair following
acetaminophen intoxication, in part, by recruiting and activating M2 repair macrophages
(Hogaboam et al., 2000; Dambach et al., 2002; Holt et al., 2008). In Cav-1−/− mice, expression
of both IL-10 and MCP-1 increased more rapidly when compared to wild type mice; moreover,
expression levels were greater. Early production of these mediators may contribute to
hepatoprotection in Cav-1−/− mice against acetaminophen. We also found that TNFα mRNA
expression increased in response to acetaminophen in Cav-1−/− mice, with no effect in wild
type mice. Accumulating evidence suggests that TNFα is a key mediator of hepatocyte
proliferation following injury (Bruccoleri et al., 1997; Chiu et al., 2003b; Okamoto et al.,
2009; Shimizu et al., 2009). TNFα also up-regulates hepatic antioxidant defense, and induces
matrix remodeling and tissue repair in various models of liver injury (Haruyama et al., 2000;
Gharaee-Kermani and Phan, 2001; Chiu et al., 2003a). TNFα may play a similar
hepatoprotective role in Cav-1−/− mice after acetaminophen-intoxication. Previously, studies
have reported increases in TNFα mRNA levels in wild type mice following acetaminophen
intoxication (Gardner et al., 2002; Dambach et al., 2006). Differences between our findings
and earlier reports are likely due to genetic distinctions between the mouse strains used
(Mayoral et al., 2007). The present studies also show that acetaminophen-induced changes in
IL-1β mRNA levels were similar in wild type and Cav-1−/− mice. This indicates that Cav-1 is
not required for hepatic IL-1β expression in this model.

Arachidonic acid metabolites, including prostaglandins, leukotrienes and lipoxins are
important mediators of the responses to tissue injury, contributing to both pro- and anti-
inflammatory activity (Harizi et al., 2008; Serhan, 2008). Prostaglandins are generated from
arachidonic acid via the actions of COX-2. The present studies demonstrate that COX-2 mRNA
and protein are upregulated in livers of wild type mice after acetaminophen administration.
Although COX-2 protein was also up-regulated in Cav-1−/− mice following acetaminophen,
levels were reduced when compared to wild type mice. Moreover, there were no significant
changes in COX-2 mRNA. These data indicate that the proinflammatory activity of COX-2
may play a more prominent role in hepatotoxicity in this model. This is consistent with previous
reports demonstrating that COX-2−/− mice are protected from acetaminophen-induced
hepatotoxicity (Reilly et al., 2001).

Leukotrienes and lipoxins are produced via the sequential activation of 5-LOX and 15-LOX
which are expressed in leukocytes and endothelium at sites of tissue damage (Romano, 2006;
Kronke et al., 2009). Whereas, products of 5-LOX are generally proinflammatory, 15-LOX
generates anti-inflammatory lipoxins (Serhan, 2008). Although no significant changes were
noted in 5-LOX expression after acetaminophen administration in either wild type or
Cav-1−/− mice, 15-LOX decreased in both genotypes. In Cav-1−/− mice, this decrease occurred
more rapidly and was persistent, while in wild type mice it was delayed and transient. The
rapid and persistent decrease in Cav-1−/− mice may reflect reduced need for anti-inflammatory
eicosanoids due to decreased hepatotoxicity.

The outcome of the response to hepatotoxicants is determined, in part, by the ability of remnant
hepatocytes to proliferate, a major step in tissue repair (Mehendale, 2005; Fausto et al.,
2006). Cav-1 has been reported to regulate multiple pathways important for tissue regeneration,
including TNFα signaling (Gassmann and Werner, 2000; Lopez-Rivera et al., 2005; Canbay
et al., 2007). Although TNFα was rapidly up-regulated in Cav-1−/− mice after acetaminophen
administration, hepatocyte proliferation, assessed by PCNA expression, was delayed when
compared to wild type mice, suggesting that alternative signaling molecules control hepatocyte
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proliferation in Cav-1−/− mice. Of note is our observation that PCNA expression was
significantly greater in Cav-1−/− mice relative to wild type mice 24 hr post acetaminophen.
This may contribute to the hepatoprotective effects of loss of Cav-1. Interestingly, macrophages
located within the sinusoids in the midzonal and portal regions and necrotic areas of the liver
were found to express PCNA, indicating that these cells rapidly proliferate in response to
acetaminophen-induced injury. Macrophage proliferation in the liver has been described after
partial body irradiation, carbon tetrachloride intoxication, or depletion by liposome-
encapsulated dichloromethylene diphosphate, suggesting that this may be a generic response
to tissue injury (Bouwens et al., 1986; Yamamoto et al., 1996; Orfila et al., 1999). The finding
that there are greater numbers of proliferating macrophages in acetaminophen-treated wild type
mice may be indicative of more severe injury in the liver when compared to Cav-1−/− mice.
The phenotype of the proliferating macrophages in the liver is unknown and is likely to
influence the ultimate pathogenic response to acetaminophen (Laskin, 2009). Thus, whereas
M1 macrophages contribute to tissue injury, M2 cells are involved in repair. It may be that
early proliferation of M1 macrophages in wild type mice plays a role in tissue injury, while
delayed proliferation of M2 macrophages initiates repair and is important in hepatoprotection
in Cav-1−/− mice. Delayed proliferation of mitogen producing M2 macrophages in Cav-1−/−

mice is consistent with the delay in the initiation of hepatocyte proliferation observed after
acetaminophen, as well as the decreased need for tissue repair.

Survivin is a member of the family of inhibitor of apoptosis proteins and functions as a regulator
of mitosis and apoptosis (Mita et al., 2008). Expression of survivin is associated with inhibition
of cell death and is required for cell division (Altieri, 2008). Survivin has recently been reported
to be important in liver regeneration following partial hepatectomy (Baba et al., 2009). Within
3 h of acetaminophen administration to wild type mice, we found that survivin protein
expression was up-regulated in hepatocyte nuclei located adjacent to portal veins and spreading
to necrotic zones in the livers by 24 h. Evidence suggests that expression of survivin is
controlled by Cav-1 via the β-catenin-Tcf/Lef-dependent signaling pathway and it has been
suggested that the anti-proliferative and pro-apoptotic properties of Cav-1 are due to reduced
survivin expression (Torres et al., 2006). Our observation that acetaminophen-induced
expression of survivin in livers of Cav-1−/− mice was attenuated, relative to wild type mice,
and hepatocyte proliferation increased 24 h post acetaminophen are consistent with this idea.

In summary, the present studies demonstrate that protection of Cav-1−/− mice from
acetaminophen-induced liver injury is associated with increased expression of cytokines
implicated in down-regulation of inflammation and initiation of tissue repair including IL-10,
MCP-1 and TNFα. This is correlated with reduced expression of COX-2, an enzyme important
in the generation of proinflammatory eicosaniods. Taken together, these data suggest that
Cav-1 plays a role in promoting acetaminophen-induced hepatotoxicity. This is surprising since
Cav-1 has been shown to play an important role in regulating signaling molecules involved in
cell replication, a key step in tissue repair in other models of tissue injury (Quest et al.,
2008). Further studies are necessary to determine if the pro-inflammatory activity of Cav-1 is
unique to the pathogenesis of hepatotoxicity induced by acetaminophen.
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MCP-1 monocyte chemoattractant protein-1

LOX lipoxygenase

NAPQI N-acetyl-p-benzoquinone-imine

TNFα tumor necrosis factor-α

TNFR tumor necrosis factor receptor

HO-1 hemeoxygenase-1

PCNA proliferating cell nuclear antigen

COX-2 cyclooxygenase-2

GSH glutathione

SOD-1 superoxide dismutase-1

NQO1 NADPH quinine oxidoreductase-1

GAPDH glyceraldehyde 3-phosphate dehydrogenase

ALT alanine transaminase

AST aspartate transaminase
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Fig. 1.
Effects of acetaminophen on Cav-1 expression. Mice were treated with acetaminophen (APAP)
or control (CTL). After 1–96 h in wild type mice or 18 h in Cav-1−/− mice, livers were collected
and analyzed by Western blotting for Cav-1 expression. One representative section from 3
mice/treatment is shown.
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Fig. 2.
Effects of acetaminophen treatment of mice on serum transaminases. Wild type and
Cav-1−/− mice were treated with acetaminophen (APAP) or control (CTL). Serum was
collected 1–96 h later and analyzed for alanine (ALT) and aspartate (AST) transanimase. Each
bar represents the mean ± SE (n= 5–13 mice). aSignificantly different (p ≤ 0.05) from
CTL; bSignificantly different (P ≤ 0.05) from wild type mice.
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Fig. 3.
Effects of acetaminophen on liver histology. Wild type and Cav-1−/− mice were treated with
acetaminophen (APAP) or control (CTL). Livers were collected 3–96 h later and sections
stained with hematoxylin and eosin (original magnification X200; insets, X400). One
representative section from 3 mice/treatment is shown.

Gardner et al. Page 18

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Effects of acetaminophen on 24p3 and NQO1 mRNA expression. Livers were collected 1–96
h after treatment of wild type (open bars) or Cav-1−/− mice (closed bars) with control (CTL)
or acetaminophen (APAP). Samples were analyzed by real time PCR. Each bar represents the
mean ± SE (n = 3–8 mice). aSignificantly different (p ≤ 0.05) from CTL.
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Fig. 5.
Effects of loss of Cav-1 on acetaminophen metabolism. Serum was collected 30 min after
administration of acetaminophen to wild type and Cav-1−/− mice and analyzed by HPLC for
the presence of APAP, APAP-glucuronide (-gluc), and APAP-sulfate (-sulf) metabolites, with
retention times of 15, 9.1 and 8 min respectively; IS, internal standard. One representative
chromatogram from 3 mice/strain is shown.
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Fig. 6.
Effects of acetaminophen on SOD-1 and HO-1 expression. Livers were collected 1–24 h after
treatment of wild type or Cav-1−/− mice with control (CTL) or acetaminophen (APAP). Left
panel: Liver samples from wild type (open bars) and Cav-1−/− (closed bars) mice were analyzed
by real time PCR. Each bar represents the mean ± SE (n = 3–15 mice). aSignificantly different
(p ≤ 0.05) from CTL; bSignificantly different (p≤0.05) from wild type mice. Right panel: Liver
samples from wild type (Panels A, C, and E) and Cav-1−/− mice (Panels B, D, and F) were
collected 24 h after treatment with CTL (Panels A and B) or APAP (Panels C-F) and stained
with antibody to HO-1 (Panels A-D) or rabbit IgG (Panels E and F). Antibody binding was
visualized using a Vectastain Elite ABC kit (original magnification, X1000). One
representative section from 3 mice/treatment is shown.
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Fig. 7.
Effects of acetaminophen on mRNA expression of pro- and anti-inflammatory cytokines.
Livers, collected 1–24 h after treatment of wild type (open bars) or Cav-1−/− (closed bars) mice
with control (CTL) or acetaminophen (APAP) were analyzed by real time PCR. Each bar
represents the mean ± SE (n = 3–15 mice). aSignificantly different (p ≤ 0.05) from
CTL; bSignificantly different (p ≤ 0.05) from wild type mice.
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Fig. 8.
Effects of acetaminophen on COX-2 expression. Livers were collected 1–96 h after treatment
of wild type (open bars) or Cav-1−/− (closed bars) mice with control (CTL) or acetaminophen
(APAP). Upper panel: Livers were analyzed by real time PCR. Each bar represents the mean
± SE (n = 3–8 mice). aSignificantly different (p ≤ 0.05) from CTL; bSignificantly different (p
≤ 0.05) from wild type mice. Lower panel: Liver samples collected 6–96 after APAP
administration to wild type (W) or Cav-1−/− (C) mice were analyzed by Western blotting. One
representative blot from 3 mice/treatment is shown.
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Fig. 9.
Effects of acetaminophen on expression of 5-LOX and 15-LOX. Livers were collected 1–96
h after treatment of wild type (open bars) or Cav-1−/− (closed bars) mice with control (CTL)
or acetaminophen (APAP) and analyzed by real time PCR. Each bar represents the mean ± SE
(n = 3–8 mice). aSignificantly different (p ≤ 0.05) from CTL; bSignificantly different (p ≤ 0.05)
from wild type mice.
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Fig. 10.
Effects of acetaminophen on PCNA expression in the liver. Sections were prepared 1–96 h
after treatment of wild type (WT) or Cav-1−/− mice with CTL or acetaminophen (APAP).
Upper panel: The number of PCNA-positive hepatocytes was counted in 5 randomly selected
microscopic fields (400x), centered on the portal triad. A minimum of 500 hepatocytes were
analyzed in each liver section. Data are presented as % PCNA-positive cells. Each bar
represents the mean ± SE (n = 6 sections from 3 mice/treatment). aSignificantly different (p ≤
0.05) from CTL; bSignificantly different (p ≤ 0.05) from wild type mice. Lower panel: Liver
samples from wild type and Cav-1−/− mice were stained with antibody to PCNA. Antibody
binding was visualized by using a Vectastain Elite ABC kit (original magnification, X400).
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Arrows, PCNA labeled hepatocyte nuclei; arrowheads, PCNA labeled macrophages. One
representative section from 3 mice/treatment is shown.
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Fig. 11.
Effects of acetaminophen on expression of survivin. Liver samples from wild type and
Cav-1−/− were collected 3–72 h after treatment with control (CTL) or acetaminophen and
stained with antibody to survivin. Antibody binding was visualized by using a Vectastain Elite
ABC kit (original magnification, X400). Arrows indicate survivin stained hepatocyte nuclei.
One representative section from 3 mice/treatment is shown.
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Table 1

Effects of acetaminophen treatment of mice on hepatic GSH levels.

Time after Acetaminophen (h) Wild Type Cav-1−/−

Control 7.2 ± 0.9 4.5 ± 0.8a

1 0.6 ± 0.1b 0.8 ± 0.1b

3 0.7 ± 0.1b 2.0 ± 0.9b

6 4.6 ± 2.1 4.8 ± 1.0

18 4.7 ± 0.5 7.4 ± 1.5

24 5.8 ± 0.1 5.7 ± 1.7

Wild type and Cav-1−/− mice were treated with acetaminophen or control. Livers were collected 1–24 h later and analyzed for GSH content as
described in the Materials and Methods. Data are presented as μmol GSH/g liver, mean ± SE (n = 3–5 mice).

a
Significantly different (P ≤ 0.05) from wild type mice.

b
Significantly different (p ≤ 0.05) from control.
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