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Abstract

Background/Aims—Cytosolic phospholipase Asa (CPLAa) is a rate-limiting key enzyme
controlling the release of arachidonic acid (AA) substrate for the synthesis of prostaglandins and
leukotrienes. This study was designed to explore the role of hepatocyte cPLAa in Fas-mediated
liver injury, in vivo.

Methods—Transgenic mice with targeted expression of cPLA,a under control of the albumin-
promoter enhancer and wild-type mice were injected intraperitoneally with anti-Fas antibody Jo2
or lipopolysaccharide plus D-galactosamine and monitored for liver injury and survival at various
time points.

Results—The cPLAa Tg mice resist Fas-induced liver failure, as reflected by the lower serum
transaminase levels, fewer apoptotic hepatocytes, reduced caspase activation, and reduced PARP
cleavage when compared to the matched wild type mice. Inhibition of cPLAsa by its
pharmacological inhibitor, pyrrolidine, enhanced Jo2-induced liver injury in both cPLA,o Tg and
wild type mice. Hepatic overexpression of cPLAa increases the expression of EGFR in the liver
and the EGFR inhibitor, AG1478, exacerbated Jo2-mediated liver injury. The cPLAsa transgenic
mice develop more prominent liver tissue damage than wild-type mice after LPS/D-galactosamine
injection.

Conclusion—Hepatocyte cPLAa protects against Fas-induced liver injury and this effect is
mediated at least in part through upregulation of EGFR.
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INTRODUCTION

Cytosolic phospholipase Aoa (CPLA«) is a rate-limiting key enzyme that releases
arachidonic acid (AA) from membrane phospholipid for the synthesis of biologically active
lipid mediators, including prostaglandins (PGs), leukotrienes (LTs) and platelet-activating
factor (PAF). Whereas the free AA cleaved by cPLAa is subsequently converted to PGs by
cyclooxygenases (COXs) and LTs by lipoxygenases (LOXs), the lysophospholipid is
converted to PAF, lysophosphatidic acid (LPA), and sphingosine-1-phosphate (S1P)(5, 12,
13, 45). These lipid products function as local hormones through binding to their cellular
receptors in autocrine or paracrine fashions or serve as intracellular second messengers to
mediate a variety of physiological and pathophysiological functions in different organ
systems, such as inflammation, cell proliferation, and carcinogenesis(5, 12, 13, 21, 33, 45).

In the liver, the cPLAya-derived lipid mediators are implicated in several aspects of liver
pathobiology, such as hepatocyte growth, liver injury, hepatic microcirculation and
hepatocarcinogenesis. For example, liver regeneration following partial hepatectomy in mice
and rats is associated with PLA, activation, COX-2 upregulation and increased
prostaglandin production, and the regenerative response is suppressed by treatment with
COX inhibitors(6, 7, 25, 30, 40, 42, 52, 57). PGs stimulate DNA synthesis in primary
cultures of neonatal and adult rat hepatocytes(2, 38, 39, 47, 48); these effects are exerted in
synergism with epidermal growth factor (EGF), in a manner consistent with a co-mitogenic
stimulation(26, 38, 39). The cPLAa-controlled prostaglandin cascade also interacts with
other growth factors and cytokines (including HGF and 1L-6) to coordinately regulate
hepatic cell growth(1, 59). Additionally, PGs also play an important role in
hepatocarcinogenesis, as exemplified by the following observations: (1) COX-2 expression
is increased in human and animal HCC tissues; (2) activation of cPLA»a/COX-2/PGE2
signaling pathway enhances HCC cell growth and invasiveness; and (3) inhibition of COX-2
prevent the growth of HCC cells in vitro and in vivo(58). Moreover, the cPLA,-derived
prostaglandins and PAF are also implicated in several other liver diseases, such as
hepatosteatosis/steatohepatitis(19, 61), lipopolysaccharide-induced liver injury(15, 43),
portal hypertension and ascites(29, 35, 53, 60). All of these findings underscore the
importance of cPLA,/COX-2-controlled prostaglandin signaling in liver biology and in the
pathogenesis of liver diseases.

In spite of the involvement of arachidonic acid metabolism in liver pathobiology, detailed
assessment of hepatic cPLAya function in vivo has been limited by the lack of a genetic
animal model. This study was designed to examine the effect and mechanism of cPLAa in
Fas-induced liver injury in vivo. We generated transgenic mice with targeted expression of
cPLAa in the liver by using the albumin promoter-enhancer driven vector and the produced
cPLA,a transgenic mice were injected with the anti-Fas antibody Jo2 to document the extent
of liver injury. Our data show that the cPLAy0 Tg mice resist Fas-induced liver failure, as
reflected by the lower serum transaminase levels, fewer apoptotic hepatocytes, reduced
caspase activation, and reduced PARP cleavage when compared to the matched wild type
mice. Consistent with these observations, inhibition of cPLAya by its pharmacological
inhibitor, pyrrolidine, enhanced Jo2-induced liver injury in both cPLA,a Tg and wild type
mice. Furthermore, hepatic overexpression of cPLA,a increases the expression of EGFR in
the liver and the EGFR inhibitor, AG1478, exacerbated Jo2-mediated liver injury. These
results suggest that cPLAa prevents Fas-induced liver failure at least in part through
upregulation of EGFR.

J Hepatol. Author manuscript; available in PMC 2012 December 1.



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

1duasnuey Joyiny vd-HIN

Lietal.

Page 3

MATERIALS AND METHODS

Materials

Animals

Hamster monoclonal anti-mouse Fas antibody (Jo2) was purchased from PharMingen (San
Diego, CA). The antibodies against cPLAa, PARP, caspase-3, cyclin D1, Mcl-1, Bcl-xg,
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The antibodies against
EGFR, phospho-PTEN (Ser389), phospho-Akt (Ser*’3/Thr398) Akt, INK, phospho-
INK(Thr183/Tyr185) were purchased from Cell Signaling (Beverly, MA). The EIA Kits for
PGE,, PGFsa, LTBy, LTC4/D4/E4 and the antibody against GAPDH were purchased from
Cayman Chemical (Ann Arbor, MI). Horseradish peroxidase-linked streptavidin and
chemiluminescence detection reagents were from Amersham Pharmacia Biotech, Inc.
(Piscataway, NJ). The cPLAsa inhibitor (pyrrolidine derivative (cat. 525143)) was
purchased from Calbiochem (San Diego, CA). The EGFR inhibitor (AG1478) and the
caspase substrates (Ac-DEVD-AFC for caspase 3, Ac-IETD-AFC for caspase 8, and Ac-
LEHD-AFC for caspase 9) were obtained from EMD Bioscience (Gibbstown, NJ).

Transgenic mice with targeted expression of cPLAa in the liver were developed by using
the well-established albumin promoter-enhancer driven vector. To construct the albumin
promoter-cPLAa transgene, a 2.8 kb human cPLA, cDNA containing the entire coding
region of human cPLA»a was inserted into the first exon of the human growth hormone
gene controlled by the mouse albumin enhancer/promoter(4, 55). This transgene was micro-
injected into mouse zygotes (B6SJL/F1 eggs) and five transgenic lines were produced. The
transgenic lines were maintained by backcrossing to the C57BL/6 wild type mice. The
transgenic mice were identified by genotyping using tail DNA samples. The cPLAa
transgenic mice used in this study were derived from one transgenic line that was
backcrossed to C57BL/6 wild type mice for more than five consecutive generations. The
wild type C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, MA) and
the colonies were maintained at our animal facility. The cPLA»a transgenic mice used in
this study were derived from one transgenic line that was backcrossed to C57BI/6 wild type
mice for 7 consecutive generations. The mice at the age of 8-10 weeks were utilized for
experiments, with age- and sex-matched wild type C57BL/6 mice as controls. The animals
were kept at 22°C under a 12-h light/dark cycle and received food and water ad libitum. The
handling of mice and experimental procedures were conducted in accordance with
experimental animal guidelines.

Experimental Protocol

Male C57BL/6 wild type mice and cPLAya Tg mice were used for experiments at the age of
8-10 weeks. The mice were administered intraperitoneally (i.p.) with 0.5 ug/g body weight
of Jo2 to induce acute fulminant hepatic failure (the reagents were dissolved in sterile
nonpyrogenic saline solution). To determine the survival rate, the wild type mice (n=10) and
cPLAya Tg mice (n=10) were monitored continuously after Jo2 injection until animal death.
In other experiments, the animals (n = 6) were sacrificed at specific time points to obtain
blood and liver tissues. The liver tissues were rapidly excised, and the specimens were
immediately cut into small fragments and subjected to standard formalin fixation and
paraffin-embedding for histological evaluation and TUNEL stain. The remaining liver
samples were immediately frozen in liquid nitrogen and stored at —80°C for future
preparation of tissue homogenates. The blood samples were centrifuged at 3000 rpm for 15
min, and the sera were collected and stored at —80°C. Serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) activities were measured using an automatic
analyzer at the Hospital Chemistry Department. For inhibitor pre-treatment experiments,
mice were pre-treated intraperitoneally with vehicle (DMSO), pyrrolidine (3 mg/kg) or
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AG1478 (25 mg/kg) for 30 min before Jo2 administration and the animals were sacrificed at
4 hours after Jo2 administration to obtain blood and liver tissues. Separate experiments were
carried out to evaluate the extent of liver injury at a late time point, in which the cPLAya
transgenic and wild type mice were treated with lower dose of Jo2 (0.25 pg/g body weight)
and the animals were sacrificed 16 hours after Jo2 injection. All experimental animals used
in this study were treated according to the protocol approved by the University Animal Care
and Use Committee (Protocol # 0303501).

Hematoxylin and Eosin Staining

TUNEL Stain

For histological analysis, liver tissue was fixed in 10% neutral-buffered formalin and
embedded in paraffin. Sections of 5-um thickness were affixed to slides, deparaffinized, and
stained with hematoxylin and eosin (H&E) to determine morphologic changes.

The extent of hepatocyte apoptosis was detected by terminal deoxynucleotidy1-transferase
(TdT)-mediated deoxyuridine triphosphate-digoxigenin (dUTP) nick-end labeling (TUNEL).
TUNEL-positive cells were counted by randomly selecting high-power fields (400 x)
distributed over 6 independent sections. The numbers of TUNEL-positive and -negative
cells were compiled and the percentages of TUNEL-positive cells were calculated.

Immunoblotting

Mouse liver tissues were homogenized on ice in a modified NP-40 lysis buffer (150 mM
NaCl, 1.0 % NP-40, and 50 mM Tris, pH 8.0, 1 mM DTT) containing protease inhibitor
cocktail tablets (Roche Diagnostics GmbH). The liver extracts was collected by
centrifugation at the speed of 15,0009 at 4°C for 15 minutes to remove cell debris and stored
in aliquots at —80°C until use. The protein concentrations in the liver extracts were
determined by the Bio-Rad protein assay (Bio-Rad, CA). 30 ug of liver protein was
subjected to SDS-PAGE and the separated proteins were electrophoretically transferred onto
the nitrocellulose membranes (BioRad, CA). Nonspecific binding was blocked with PBS-T
(0.05% Tween 20 in PBS) containing 5% non-fat milk for 1 hr at room temperature. The
membranes were then incubated overnight at 4°C with antibodies against cPLAa, PARP,
caspase-3, EGFR, phospho-PTEN (Ser380), phospho-Akt (Ser4’3/Thr3%8), Akt, cyclin D1,
Mcl-1, Bel-x, INK, phospho-JNK(Thr183/Tyr185) in PBS-T containing 1% non-fat milk at
the dilutions specified by the manufacturers. Following three washes with PBS-T, the
membranes were then incubated with the horseradish peroxidase-conjugated secondary
antibodies at 1:10,000 dilution in PBS-T containing 1% non-fat milk for 1 hour at room
temperature. The membranes were then washed 3 times with PBS-T and the protein bands
were visualized with the ECL Western blotting detection system according to the
manufacturer’s instructions. GAPDH was used as the loading control.

Analysis of caspase activities

After Jo2 antibody challenge, caspase-3, 8 and 9 activities were measured in liver extracts
from mice pretreated with or without inhibitors. Briefly, 30 «g of liver protein was incubated
with 20 uM fluorogenic substrates Ac-DEVD-AFC, Ac-IETD-AFC, and Ac-LEHD-AFC for
caspase-3, caspase-8, caspase-9 activity, respectively. The fluorescence signals were
monitored by a fluorometer (Tecan, GENios) at excitation wavelengths of 400 nm and
emission wavelengths of 510 nm and the background signals were corrected. The caspase
activities were expressed as the fold changes over the control samples (from corresponding
wild type mice).
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Statistical Analysis

All values were expressed as the mean + standard deviation. The statistical significance of
differences between groups was analyzed with the homoscedastic Student’s t-Test, and
p<0.05 was considered to be statistically significant.

RESULTS

Development of transgenic mice with targeted expression of cPLAa in the liver

To determine the effect of hepatocyte cPLA; in Fas-induced hepatocyte apoptosis, we
developed transgenic mice with targeted expression of human cPLAa in the liver by using
the well-established albumin promoter-enhancer driven vector(4, 55). These mice were
generated by microinjection of the cPLA,a transgene (complete cPLAya cDNA cloned into
the albumin promoter-driven vector) into mouse zygotes(14). The cPLAya transgenic mice
develop normally with no significant liver inflammation or histological abnormality under
normal housing conditions, although cPLAa transgenic mice show slightly higher body
weight and liver weight than wild type mice (p<0.01) (Table 1). The liver tissues from the
cPLAa transgenic mice show increased levels of several biologically active lipid mediators
in the cPLA,a pathway, including prostaglandin E, (PGE,), prostaglandin Fy, (PGF5,),
leukotriene B, (LTB,), cysteinyl leukotrienes (LTC4/D4/E4) and platelet activating factor
(PAF), when compared to the wild type mice (Supplemental Figure S1).

Hepatic overexpression of cPLAa protects mice against Fas-induced liver failure

To investigate the effect of hepatocyte cPLAsa in Fas-induced hepatocyte apoptosis, the
cPLAya Tg mice and the age/sex-matched wild type mice (n=10) were injected
intraperitoneally with a single dose of purified hamster anti-mouse Fas monoclonal antibody
Jo2 (0.5 ug/g body weight) and followed for 24 hours to investigate the survival status. We
found that the wild type mice exhibited early mortality than cPLAa Tg mice after Jo2
treatment. In wild type mice group, death appeared at 5 h after Jo2 injection and mortality
became apparent at 6.5 to 7.5 h and all mice died by 10 h (Fig. 1A). However, in cPLAya Tg
mice, first animal death was observed at 7 h and all animals died by 22 h. The survival status
indicates that hepatic overexpression of cPLAya prolongs the survival time up to 12 hours
(Fig. 1A).

Based on the survival rate, additional cPLAa Tg and wild type mice were sacrificed at
specific time points (0, 4 and 6 h) after Jo2 administration to obtain blood samples and liver
tissues for liver enzyme and tissue analyses. The livers of wild type mice turned to dark red
after Jo2 injection because of massive hepatic hemorrhage, which was observed at 4 hour
and became much more prominent at 6h. In contrast, the livers of cPLA»a Tg mice were
completely normal at 4 h and became slightly red at 6 h (Fig. 1B). Accordingly, the wild
type mice showed significantly higher serum alanine transaminase (ALT) and aspartate
transaminase (AST) levels than cPLA,a Tg mice at both 4 and 6 h time points (p<0.01)
(Fig. 1C). Histological examination of the liver tissues revealed more prominent hepatocyte
apoptosis and liver damage in the wild type mice than in cPLAa Tg mice (Fig. 2). The wild
type mice showed multifocal hepatocyte apoptosis at 4 hours and massive hepatocyte
apoptosis with hemorrhage at 6 hours. In contrast, the livers from the cPLAa Tg mice
showed no significant histological abnormalities at 4 h and only mild scattered apoptosis at
6 h (Fig. 2A and B). The number of TUNEL-positive hepatocytes in the wild type mice is
significantly higher than in the cPLAya Tg mice at both 4 and 6 hour time points (p<0.01)
(Fig. 2C). These results indicate that hepatic overexpression of cPLAa protects the liver
from Fas-induced hepatocyte apoptosis and liver injury.
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Hepatic overexpression of cPLAa prevents Fas-induced caspase activation

Fas activates caspase-8 after binding to its ligand (e.g. Jo2); activated caspase-8
subsequently stimulates the caspase cascade leading to the activation of caspase-9 and
caspase-3. Given the involvement of caspase 3, 8, and 9 in Fas-induced apoptosis, we next
measured their activities in the cPLAya Tg and wild type livers. As shown in Fig. 3A,
although Jo2 injection significantly increased the levels of hepatic caspase 3, 8, and 9
activities in the wild type mice (p<0.01 compared to the corresponding saline treatment
groups), the same concentration of Jo2 only minimally altered caspase activities in the
cPLAya Tg mice. Thus, hepatic caspase 3, 8, and 9 activities in Jo2-treated wild type mice
are significantly higher than in Jo2-treated cPLA,a Tg mice.

Since caspase-3 is the primary executioner of programmed cell death and PARP is one of
the main cleavage targets of caspase-3 in vivo, we next performed western blot analysis to
determine the levels of cleaved caspase-3 and PARP in the liver tissues. As shown in Fig.
3B, Jo2 treatment for 4 hours induced the cleavage of caspase-3 and PARP in the wild type
mice, but not in the cPLA»a Tg mice. To further examine the role of hepatic cPLAa on
Fas-induced apoptosis, additional experiments were carried out at a late time point [16 hours
after injection with lower dose of Jo2 (0.25 pg/g body weight)]. At the latter experimental
condition, the cPLAya Tg mice also showed reduced liver injury, few apoptotic hepatocytes
and reduced caspase-3 activity compared to the wild type mice (Fig. 4). These results all
demonstrate that cPLA,a signaling prevents Fas-induced hepatocyte apoptosis.

Inhibition of cPLA>a exacerbates Fas-induced hepatocyte apoptosis and liver injury in wild

type mice

To further investigate the role of cPLAa in Fas-induced hepatocyte apoptosis, we next
employed pharmacological inhibitors of cPLAya in Jo2-challenged wild type mice. The
cPLAa inhibitor, pyrrolidine, was intraperitoneally injected into wild type mice (3 mg/kg
body weight) 30 minutes before administration of Jo2 (0.5 mg/kg body weight); the animals
were sacrificed 4 hours after Jo2 injection. As shown in Fig. 5A, pretreatment with the
cPLAa inhibitor resulted in more prominent hepatocyte apoptosis in response to Jo2
challenge. The number of TUNEL-positive hepatocytes in the wild type mice pretreated
with pyrrolidine is significantly higher than in the mice pretreated with vehicle control
(p<0.01) (Fig. 5B). Pretreatment of wild type mice with pyrrolidine induced significantly
higher serum ALT and AST levels when compared to pretreatment with vehicle control
(p<0.01) (Fig. 5C). Furthermore, pretreatment of wild type mice with pyrrolidine also
induced more caspase-8, 9, 3 activation in the liver than pretreatment with vehicle (p<0.01)
(Fig. 5D). The cPLAa inhibitor also enhanced Fas-induced liver injury in the cPLA«a
transgenic mice (see below). These results provide pharmacological evidence for the role of
cPLAya in prevention of Fas-induced liver injury.

Hepatic overexpression of cPLAsa upregulates the expression of EGFR

To elucidate the mechanism by which cPLAa protects against Fas-induced hepatocyte
apoptosis in our system, we further performed western blot analyses to determine the levels
of several molecules that are implicated in hepatocyte survival. We first examined the level
of EGFR in the cPLA,a Tg and wild type mice. As shown in Fig. 6, the level of EGFR is
increased in the cPLAa Tg liver compared to wild type liver. This pattern of alteration is
observed in mice with or without Jo2 treatment. Since EGFR is known to phosphorylate and
activate Akt and this process is facilitated by PTEN phosphorylation, we next examined the
phosphorylation level of Akt and PTEN in the cPLAa Tg and wild type livers. As shown in
Fig. 6, the phosphorylation of Akt and PTEN in the liver of cPLAya Tg mice is higher than
in the wild type mice. The levels of cyclin D1, Mcl-1 and Bcl-x| , three downstream targets
of Akt, are slightly increased in the cPLA»a Tg mice than in the wild type mice (Fig. 6).
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These findings suggest a potential role of EGFR and related signaling in cPLAa mediated
hepatocyte survival, in vivo. The latter assertion is further supported by the findings that
overexpression of cPLAa in the liver increases EGFR mRNA (Fig. 7A) and that the
cPLAa inhibitor, pyrrolidine, inhibited hepatic expression of EGFR mRNA and protein
(Fig. 7 A & B).

Inhibition of cPLA, and EGFR exacerbates Fas-induced hepatocyte apoptosis and liver

injury

To further investigate the role of cPLA, and EGFR in Fas-induced hepatocyte apoptosis, we
next employed pharmacological inhibitors of cPLA, and EGFR in the cPLAya transgenic
mice. For the cPLAya inhibitor regimen, the cPLAyo Tg mice received intraperitoneal
injection of pyrrolidine (3 mg/kg body weight) 30 minutes before administration of Jo2 (0.5
mg/kg body weight); the animals were sacrificed 4 hours after Jo2 injection. As shown in
Fig. 8A, pretreatment with the cPLAya inhibitor pyrrolidine resulted in more prominent
hepatocyte apoptosis in response to Jo2 challenge. The number of TUNEL-positive
hepatocytes in the cPLAya Tg mice pretreated with pyrrolidine is significantly higher than
in the mice pretreated with vehicle control (p<0.01) (Fig. 8B). Pretreatment with pyrrolidine
induced significantly higher serum ALT and AST levels when compared to pretreatment
with vehicle control (p<0.01) (Fig. 8C). Furthermore, the cPLAo. inhibitor also induced
more caspase-8, 9, 3 activation in cPLAya Tg mice (p<0.01) (Fig. 8D).

For the EGFR inhibitor regimen, the cPLAya Tg mice were pretreated with the EGFR
inhibitor, AG1478 (25 mg/kg body weight), or vehicle 30 minutes before Jo2 injection.
Histological examination of the liver tissues harvested 4 hours after Jo2 injection showed
more prominent hepatocyte apoptosis in AG1478 pretreated mice (Fig. 8A). The number of
TUNEL-positive hepatocytes in the AG1478 pretreated group is significantly higher than in
the control group (p<0.01) (Fig. 8B). The mice pretreated with AG1478 showed
significantly higher serum ALT and AST levels (Fig. 8C) and higher caspase-8, 9, 3
activities (Fig. 8D) (p<0.01), when compared with the mice pretreated with vehicle.

Given that JNK phosphorylation has been implicated in Fas-mediated apoptosis and that
JNK might switch otherwise observed proliferative EGFR activity towards cell death in
hepatic stellate cells(49), we performed further experiments to examine the status of INK
activation in our cPLAa transgenic model. As shown in Figure 9, the levels of JNK or
phospho-JNK were not altered in the cPLAa transgenic and wild type mice (with or
without Jo2 treatment). Thus, JNK activation does not appear to be involved in Jo-2-induced
liver injury in the cPLAa transgenic mice.

DISCUSSION

PLA,s are key enzymes that catalyze the hydrolysis of membrane phospholipids to release
bioactive lipids that play important roles in various physiological and pathological
processes. Among all of the PLA, forms, the Group 1Va cPLA,a exhibits a high selectivity
for liberating arachidonic acid that is subsequently metabolized by a panel of downstream
enzymes for eicosanoid production. Accordingly, cPLAsa has been shown to play a pivotal
role in several pathobiological conditions such as inflammation, cell growth regulation,
tissue injury and carcinogenesis(5, 12, 13, 21, 33, 45). However, the role of cPLAsa in liver
biology and liver diseases has not been defined. This study provides the first in vivo
evidence for the role of cPLAya in protection against Fas-induced hepatocyte apoptosis and
liver injury. Our findings suggest that upregulation of EGFR represents an important
mechanism for cPLAa-mediated resistance to Fas-induced liver injury.
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Our data have showed that hepatic overexpression of cPLAya partially prevents Fas-induced
liver injury (4 and 6 hours after Jo2 challenge). However, this is not a full protection, as the
cPLAa transgenic mice eventually died at later time points. It is unclear why the cPLAa
transgenic mice only confer partial protection against Fas-induced liver injury, although it is
possible that this may relate to the extrahepatic systemic effects associated with Jo-2
injection, which has been documented in various previous studies(20, 41). For example,
Rodriguez et al(41) reported that although intravenous administration of Jo2 did not induce
fulminant hepatic destruction in AAT-bcl-2 transgenic mice in which human bcl-2 cDNA
was placed under the control of hepatocyte-specific al-antitrypsin gene promoter, these
animals died. The authors suggest that the acute lethality resulted from stimulation of Fas
receptors on target organs or cells other than the liver, given that Fas receptor is expressed in
various extrahepatic organs/cells including lymphoid cells in the thymus and peripheral
lymphoid tissues as well as the heart, lung, kidney, and small intestine, as documented in
various previous studies (23, 50). Accordingly, Kakinuma et al(20) found cell apoptosis in
the spleen, thymus, lymph nodes, Peyer’s patch, instestine (besides the liver) after
intravenous administering of anti-Fas antibody to mice. In lieu of the previous studies, we
cannot exclude the possible contribution of systemic toxicity to the lethality of cPLAa
transgenic mice after Jo2 challenge. In our model we did not observe apparent apoptosis or
significant caspase activation in the liver of cPLAa transgenic mice 6 hours after Jo2
treatment; therefore, the possible involvement of mechanisms other than apoptosis (such as
necrosis) cannot be excluded.

EGFR is a key receptor tyrosine kinase in the liver which plays an important role in liver
regeneration and hepatocarcinogenesis(18, 31, 34, 46). In human HCC cells, PGE,
transactivates (phosphorylates) EGFR in human HCC cells and this mechanism is important
for HCC cell growth and invasion(16). In primary hepatocytes, PGE, has also been found to
enhance EGFR signaling through modulation of downstream mitogenic signaling
pathways(9). The role of EGFR in hepatocyte growth is exemplified by the facts that EGFR
ligands (transforming growth factor-o. or EGF) enhance the growth of cultured hepatocytes
in vitro(27, 28) and that conditional deletion of EGFR in mice impairs liver regeneration in
vivo(34). Bilodeau and colleagues(11, 32) reported that EGF signaling pathway had
antiapoptotic effects on mouse hepatocytes. However, up till now, the role of EGFR in
cPLAa-mediated hepatic actions has not been addressed. This study provides the first in
vivo evidence for upregulation of EGFR in cPLA,a-mediated protection against Fas-induced
hepatocyte apoptosis. The involvement of EGFR in cPLAya-mediated protection against
Fas-induced hepatocyte apoptosis is supported by the observation that AG1478, a specific
EGFR tyrosine kinase inhibitor, reversed cPLAya. protection against Fas-induced liver injury
(Fig. 8). Given that EGFR is able to phosphorylate and activate Akt and this process is
facilitated by PTEN phosphorylation, we also examined the phosphorylation level of Akt
and PTEN in the liver tissues from the cPLA,a Tg mice. Our data indicate that transgenic
expression of cPLAya increases the levels of p-Akt and p-PTEN in the livers. Additionally,
the levels of three Akt downstream targets (Mcl-1, Bcl-x;_and Cyclin D1) are also slightly
increased in the cPLAya transgenic livers. Taken together, these findings support a role of
EGFR and related signaling in cPLAya mediated hepatocyte survival, in vivo. Our results
are consistent with the previous observations that EGF-mediated P13-K/Akt activation
protects mouse hepatocytes from Fas-induced injury(11, 24, 32), although possible
involvement of other molecules cannot be excluded.

We did not observe significant JNK activation in Jo2-treated cPLA0. transgenic mice,
suggesting that JINK probably is not a major factor in cPLAya-mediated upregulation of
EGFR and prevention of apoptosis. However, this interpretation has a potential pitfall, in
light of the lack of significant INK phosphorylation in Jo2-treated wild type mice in our
system, which is contrast to some other studies(36, 54). The exact reason for this difference
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is not clear, although possible explanations include the specificity and affinity of the
antibodies against JNK and p-JNK, the time of Jo2 treatment or other specific experimental
conditions.

A number of previous studies have been conducted to determine the effect of cPLAa on
cell proliferation and apoptotic signaling in several nonhepatic cell types. Whereas cPLAa
has been suggested in mediating cell death by oxidant substances and certain apoptotic
signals(10, 17, 37, 44, 56), this enzyme has also been shown to prevent cell death (8, 51) and
even to be inactivated in apoptotic cells by proteolytic cleavage (hence not mediating cell
death)(3, 22). It is possible that the prosurvival effect of cPLAa is likely caused by the
elevated formation of a metabolite derived from the action of cPLAa on phospholipids, i.e.
free AA or a lysophospholipid. This concept is consistent with the observations that when
cells commit to apoptosis in response to death ligands such as Fas ligand or tumor necrosis
factor-a, an early cellular event is the proteolytic cleavage of cPLAya by caspases to prevent
liberation of AA and its subsequent metabolism to eicosanoids(3, 22). On the other hand, the
Group VI Ca2*-independent PLA, (iPLA,), a PLA, isozyme implicated in phospholipid
remodeling, remains intact during apoptosis and has been suggested to facilitate apoptotic
cell death process. Nevertheless, the role of PLAoa isoforms on apoptosis appears to be
dependent on different cell types and specific experimental conditions. In light of the
discrepancies observed from different in vitro cell culture systems, our data presented in the
current study disclose an important role of hepatic cPLAsa, in vivo. Since the levels of
several eicosanoids (PGE,, PGFy,, LTBy4, LTC4/D4/E4) and PAF are increased in the liver
tissues from the cPLA,a transgenic mice, it remains unclear which of these lipid mediators
may convey the protection against Fas-induced liver injury. Given that PGE; is produced in
highest amount compared to other metabolites in cPLA,o transgenic livers and that PGE; is
known to activate EGFR in primary and transformed hepatocytes(9, 16), it is possible that
PGE, may play a key role in preventing Fas-induced liver injury. However, the potential
involvement of other cPLA,a downstream lipid mediators cannot be excluded.

Our experimental findings suggest that cPLAya. is not a general cytoprotective mediator in
the liver. The data presented in this study show that cPLAya protects the liver from Fas-
induced apoptosis via up-regulation of EGFR and activation of its downstream Akt signaling
pathway. On the other hand, our further experiments have shown that the cPLAa transgenic
mice develop more prominent liver tissue damage than wild-type mice after LPS/D-
galactosamine injection (Supplementary Figure S2 and S3). Thus, hepatic cPLAa may
mediate different responses depending on the context of liver injuries. At the present time, it
remains unclear why overexpression of cPLA»a could not protect the liver from LPS/D-
galactosamine-mediated liver injury. One possible explanation is that cPLA,a exhibits no
significant effect on the activation of JNK which is pivotal in LPS/D-galactosamine-induced
liver injury; however, it is possible that other factors might also be implicated. As EGFR
activation is known to mediate anti-apoptotic effect via activation of Akt and inhibition of
Bid in hepatocytes(11, 32), the role of cPLAa in LPS/D-galactosamine-mediated liver
injury is likely to be complex and warrants further investigation; however, this is beyond the
scope of the current study.

Given the role of cPLAya in liver injuries as documented in the current study, it is
conceivable that this enzyme may represent a potential target for therapeutic intervention.
However, when or where to inhibit or enhance cPLA,a therapeutically requires careful
consideration of the underlying cause of liver injuries and the potential benefit or risk
associated with the intervention.

In summary, this study provides novel evidence for hepatocyte cPLAsa. in prevention of
Fas-induced liver injury. We have shown that this effect is mediated at least in part through

J Hepatol. Author manuscript; available in PMC 2012 December 1.
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upregulation of EGFR. The availability of the cPLA,a transgenic mice will allow future
studies to further define the role of cPLAa in different animal models of liver injuries and
liver diseases.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hepatic overexpression of cPLAya prevents Fas-induced liver injury

The cPLAa Tg mice and their age/sex-matched wild type mice were injected
intraperitoneally with a single dose of purified hamster anti-mouse Fas monoclonal antibody
Jo2 (0.5 ng/g body weight) to induce hepatocyte apoptosis. (A) Survival curve of wild type
and cPLAa Tg mice after Jo2 injection. The cPLAa Tg (n=10) and wild type mice (n=10)
at 8-10 weeks of age received an intraperitoneal injection of Jo2 and the animals were
closely monitored for activity and survival. (B) Gross photographs of liver taken 4 hours and
6 hours after Jo2 injection. The livers of wild type mice turned to dark red after Jo2 injection
because of massive hepatic hemorrhage, which was observed at 4 hour and became much
more prominent at 6 h. In contrast, the livers of cPLAa Tg mice were completely normal at
4 h and became slightly red at 6 h. (C) Serum levels of ALT and AST at 4 h and 6 h after
Jo2 injection. Blood samples were collected and sera were separated for transaminase
analysis. The cPLAa Tg mice show significantly lower serum ALT and AST levels than
the wild type mice after Jo2 treatment. The data are expressed as mean £SD from 6 mice
(*p<0.01 vs. corresponding cPLA»a Tg mice, Student’s t test).
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Figure 2. Hepatic overexpression of cPLA»a suppresses Fas-induced hepatocyte apoptosis and
liver tissue damage

The cPLAyo Tg mice and their age/sex-matched wild type mice were administered
intraperitoneally with saline or Jo2 ( 0.5 xg/g body weight ). The animals were sacrificed at
0 (aandb), 4 (c and d) and 6 (e and f) hours after injection and the liver tissues were
harvested for histological evaluation. Formalin-fixed and paraffin-embedded sections (5 um
thick) were stained with hematoxylin and eosin (H&E) (A), and terminal deoxynucleotidyl
— transferase-mediated deoxyuridine triphosphate-digoxigenin nick-end labeling (TUNEL)
(B) (200 x ). After Jo2 administration, the livers of the wild type mice exhibit more
prominent hemorrhagic necrosis, hepatocyte apoptosis and degeneration (c and €), when
compared to the livers of cPLA»a Tg mice (d and f). The number of TUNEL-positive
hepatocytes in the wild type mice is significantly higher than in the cPLA,a Tg mice
(*p<0.01 compared to the corresponding cPLAya Tg mice, the data are expressed as mean
+SD from 6 mice) (C).
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Figure 3. Hepatic overexpression of cPLAya protects the liver from Fas-induced apoptosis

The cPLAa Tg and their matched wild type mice were administered intraperitoneally with
saline or Jo2 (0.5 1g/g body weight). The animals were sacrificed 4 hours after the injection
and the liver tissues were harvested and homogenized. (A) The levels of caspases-3, 8, and 9
activities in liver homogenates. Caspase-3, 9, and 8 activities were measured by fluorometric
assay with Ac-DEVD-AFC, Ac-LEHD-AFC, and Ac-IETD-AFC as the substrates,
respectively. The wild type mice showed higher caspase activities than cPLAa Tg mice
after Jo2 treatment. The results are expressed as mean +SD of fold changes over wild type
livers (*p<0.01 compared to the corresponding cPLA,a Tg mice, n = 6 for each group). (B)
Western blot analysis to detect caspase-3 and PARP cleavage. Liver homogenates from the
cPLAya Tg and wild type livers were subjected to SDS-PAGE and Western blot analysis to
determine the protein level of proform and cleaved caspase-3 and PARP. Western blot for
GAPDH was used as the loading control. Jo2 treatment for 4 hours induced capase-3 and
PARP cleavage in the wild type mice, but not in the cPLAya Tg mice.
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Figure 4. Hepatic overexpression of cPLAya protects the liver from Fas-induced apoptosis (16
hours after Jo2 injection)

The cPLA,o Tg mice and their age/sex-matched wild type mice were intraperitoneally
administered with 0.25 pg/g body weight of Jo2 and the animals were sacrificed 16h after
Jo2 injection. The liver tissues were harvested for histological evaluation and caspase
activity assay. (A) Formalin-fixed and paraffin-embedded sections (5 um thick) were stained
with H&E (Magnification x 100). The wild type mice showed more prominent hepatocyte
apoptosis and liver injury when compared to the cPLAya Tg mice. (B) The number of
TUNEL-positive hepatocytes in the wild type mice was significantly higher than that in the
cPLA,o Tg mice. The data are expressed as means tstandard deviation from six mice per
group ("p<0.01). (C) The activity of caspase 3 in the wild type mice was significantly
increased compared with the cPLA,a Tg mice ("p<0.01).
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Figure 5. Effects of the cPLA> inhibitor on Fas-induced hepatocyte apoptosis and liver injury in
wild type mice

The animals were injected intraperitoneally with the cPLAya inhibitor pyrrolidine (3 mg/kg
body weight) 30 minutes before intraperitoneal administration of Jo2 (0.5 mg/kg body
weight). The animals were sacrificed 4 hours after Jo2 injection and the liver tissues were
harvested. (A) Representative H&E and TUNEL stains (200x) of the liver tissues from mice
pretreated with or without inhibitors (all the mice received Jo2 injection). (B) Quantitation
of TUNEL-positive hepatocytes in mice pretreated with or without inhibitors (*p < 0.01
compared to the corresponding wild type mice without inhibitor pretreatment, n = 6 for each
group). (C) Serum transaminases. Blood samples were collected at the time of sacrifice
and sera were separated for transaminase analysis. Pretreatment of wild type mice with
cPLA, inhibitor induced significantly higher serum ALT and AST levels when compared to
pretreatment with vehicle control. The data are expressed as mean £SD from 6 mice
(*p<0.01 vs. corresponding mice pretreated with vehicle, Student’s t test). (D) Caspase
activities. The harvested liver tissues were homogenized for subsequent caspase activity
assay. Caspase-3, 9, and 8 activities were measured by fluorometric assay with Ac-DEVD-
AFC, Ac-LEHD-AFC, and Ac-IETD-AFC as substrate, respectively. Pretreatment with
cPLA, inhibitor induced significantly higher caspase activities than the vehicle control. The
results are expressed as mean £SD of fold changes over wild type livers (*p<0.01 compared
to the corresponding mice pretreated with vehicle, n = 6 for each group).
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Figure 6. Changes of anti-apoptosis related signaling molecules in livers with altered expression
of cPLAa

The cPLAyo Tg and wild type mice were injected intraperitoneally with saline or Jo2 (0.5
19/g body weight). The livers were harvested 4 hours after the injection and the liver tissues
were then homogenized. The obtained cellular proteins were subjected to SDS-PAGE and
Western blot analysis to determine the protein levels of EGFR, phospho-PTEN, phospho-
Akt, Akt, cyclin D1, Mcl-1 and Bcl-x_ . Western blot for GAPDH was shown as the loading
control.
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Figure 7. The expression of EGFR is increased in the cPLAsa transgenic mice. The effect of the
cPLAa inhibitor (pyrrolidine)

The cPLA»0 Tg and wild type mice were treated intraperitoneally with vehicle (DMSO) or
pyrrolidine (3 mg/kg) and animals were sacrificed at 4 hours after injection. The liver tissues
were then homogenized to extract mMRNA for real time quantitative PCR (qPCR) and protein
for Western blotting analysis. (A) Real time quantitative PCR (qPCR) showed increased
EGFR mRNA level in the cPLAya Tg mice compared to the wild type mice. Treatment with
the cPLAya inhibitor, pyrrolidine, significantly reduced EGFR mRNA level. The data are
presented as Mean + SD (n = 3, "p<0.01). (B) Western blot analysis showed reduced level of
EGFR protein in mice treated with pyrrolidine.
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Figure 8. Effect of the cPLAsa inhibitor or EGFR inhibitor on Fas-induced liver injury in
cPLAa Tg mice
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The mice were injected intraperitoneally with the cPLA»a inhibitor pyrrolidine (3 mg/kg
body weight) or the EGFR inhibitor AG1478 (25 mg/kg body weight) 30 minutes before
intraperitoneal administration of Jo2 (0.5 mg/kg body weight). The animals were sacrificed
4 hours after Jo2 injection and the liver tissues were harvested. (A) Representative H&E (a-
c¢) and TUNEL stains (d-f) (200x) of the liver tissues from mice pretreated with or without
inhibitors (all the mice received Jo2 injection). (B) Quantitation of TUNEL-positive
hepatocytes in mice pretreated with or without inhibitors (*p < 0.01 compared to the
corresponding cPLA»a Tg mice without inhibitor pretreatment, n = 6). (C) Serum
transaminases. Upon sacrifice the blood samples were collected for serum transaminase
analysis. Pretreatment with inhibitors induced significantly higher serum ALT and AST
levels when compared to pretreatment with vehicle control. *p<0.01 compared to the
corresponding cPLA»a Tg mice without inhibitor pretreatment (n = 6). (D) Caspase
activities. The liver tissue homogenates were analyzed for caspase-3, 9, and 8 activities by
fluorometric assay with Ac-DEVD-AFC, Ac-LEHD-AFC, and Ac-IETD-AFC as substrate,
respectively. The data are expressed as mean +SD of changes over wild type livers (n = 6 for
each group). *p<0.01 compared to the corresponding cPLA»a Tg mice without inhibitor
pretreatment.
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Figure 9. The level of INK and phospho-p54/46-JNK in cPLAa Tg mice and wild type mice
The cPLAa Tg and wild type mice were intraperitoneally administered with 0.5 pg/g or
0.25 pg/g body weight of Jo2 and sacrificed at 4h or 16h, respectively. The liver tissue
proteins were subjected to SDS-PAGE and western blot analysis to determine the protein
level of INK and phospho-p54/46-JNK. GAPDH is used as the loading control.
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Table 1

Overexpression of cPLAya in mice increases body weight and liver weight

Wild type cPLAa Tg

Body weight (g) 22.63+0.68 25.82+1.23*"
Liver weight (g) 1.13#0.06  1.30+0.10%
Relativeliver weight (%)  5.01+0.21 5.03+0.23

Values are expressed as mean + SD from 8 male mice (9 weeks of age). Relative liver weight is expressed as a percentage of body weight.

*
p<0.01.

*%
p<0.01 compared with wild type mice.
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