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Caveolae are membrane structures enriched in glycosphingolipids and cholesterol, and caveolin-1 (Cav-
1) has been recognized to be pivotal in ischemic tolerance. Sphingosine-1-phosphate (S1P), one of the
sphingolipid metabolites, is well known for its anti-apoptotic properties, counteracting ischemia and
reperfusion (IR) injury. Here, we investigated the cytoprotective mechanism of Cav-1 against IR injury.
Male C57BL/6 mice underwent 70% hepatic ischemia for 60 min, followed by reperfusion. Mice were pre-
treated with methyl-beta-cyclodextrin (MbCD, 10, 25 and 50 mg/kg, i.p.), a caveolae disruptor, or saline
48 and 24 h before ischemia. Serum and liver tissues were collected at the end of ischemia, at 0, 1, 4 and
24 h of reperfusion. Decreases in the expression of Cav-1 protein and in the number of caveolae of the
liver ultrastructure were observed during IR, which were augmented by pretreatment with MbCD. MbCD
also augmented the IR-induced increases in serum alanine aminotransferase and tumor necrosis factor-a
levels. IR decreased the levels of sphingosine kinase 2 (SK2) and S1P receptor 2 (S1P2) mRNA expressions,
while MbCD also augmented these decreases. Moreover, IR resulted in increases of mitochondrial cyto-
chrome c release, caspase 3, 8 activities and Bax/Bcl-xL ratio, and MbCD augmented all of these apoptotic
parameters. MbCD also increased p38 MAPK and JNK phosphorylation, but did not affect ERK and PI3K/
Akt. Our findings demonstrate that downregulation of Cav-1 mediates IR-induced liver damage by inhib-
iting SK2/S1P2 signaling and enhancing the apoptotic pathway.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Hepatic ischemia and reperfusion (IR) injury is clinically rele-
vant in liver transplantation, hypovolemic shock, and in some
types of toxic injury. Lipid rafts, sphingolipid- and cholesterol-rich
domains of the plasma membrane, have been shown to undergo
profound alterations in response to acute hypoxic injury due to
cholesterol compartmentalization [1]. In particular, the IR-induced
rupture of hepatocytes causes the release of intracellular and
membrane-bound molecules into the extracellular milieu, contrib-
uting to the environmental changes involved in various signaling
cascades and hepatocellular damage [2]. Our previous study
showed that apoptotic activity is strongly correlated to the extent
of IR injury [3].

Caveolae are flask-like lipid rafts that create signaling microdo-
mains, thereby providing spatial and temporal organization of cel-
lular events. Caveolins (Cav-1, -2 and -3), the structural proteins
found in caveolae, serve as scaffolds and regulators of signaling
proteins [4]. Cav-1 appears to be a hepatocyte fate determinant,
inferring resistance to apoptosis [5], and it participates in cell sur-
vival and proliferation by modulation of mitogen-activated protein
kinases (MAPKs), phosphoinositide 3-kinase (PI3K), and the non-
canonical Wnt pathways [6]. Cav-1 has been shown to be involved
in the pathogenesis of organ damage in the models of myocardial
infarction [7]. Moreover, Lee et al. [8] previously reported that mild
IR insult increased the hepatic Cav-1 protein expression, leading to
inhibition of endothelial nitric oxide synthase (eNOS) and subse-
quent impairment of nitric oxide production. However, the pattern
changes of Cav-1 and its exact role in IR-induced hepatocellular
damage are still unclear.

Signaling lipids such as ceramide and glycosphingolipid are
enriched in caveolae, and sphingosine-1-phosphate (S1P) functions
as both an extracellular ligand for G protein-coupled S1P receptors
(S1P1–S1P5) and an intracellular second messenger in promoting
cell growth and survival, and the inhibition of apoptosis [9].
Altered sphingolipid metabolism occurs in ischemic injury, and
its functional significance has been reported; for example, down-
regulation of sphingosine kinases (SKs) and S1P1 were founded in
the infarct cortex after cerebral ischemia, while activation of the
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sphingosine metabolic pathway was suggested to be neuroprotec-
tive [10]. In addition, the sphingomyelinase inhibitor, desipramine,
was found to prevent myocardial ischemic injury by attenuating
ceramide accumulation and the interaction between eNOS and
Cav-1 [11].

In this study, we aimed to investigate the time-dependent
changes in expression of Cav-1, the role of Cav-1 in hepatic IR
injury and its molecular mechanisms linked to S1P signaling and
apoptotic cell death.
2. Materials and methods

2.1. Chemicals and antibodies

Methyl-b-cyclodextrin (MbCD) was purchased from Sigma–
Aldrich (St. Louis, MO, USA). Cav-1 antibody was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The following
antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA): cytochrome c, Bax, Bcl-xL, total- and phos-
phorylated (p�) p38 MAPK, c-Jun N-terminal kinases (JNK), ERK,
PI3K and Akt. The b-actin antibody was purchased from
Sigma–Aldrich.
2.2. Hepatic IR procedure and MbCD treatment

All animals received care in compliance with both the Principles
of Laboratory Animal Care formulated by the National Institutes of
Health (NIH publication No.86-23, revised 1985) and the guide-
lines of the Sungkyunkwan University Animal Care Committee.
Male C57BL/6 mice weighing 22–24 g were obtained from Orient
Bio Inc. (Seongnam, Korea), and were acclimatized to laboratory
conditions at least one week prior to initiating experiments. Mice
were anesthetized with ketamine (100 mg/kg, i.m.) and xylazine
(10 mg/kg, i.m.). The left branches of the portal vein and hepatic
artery were clamped to induce complete ischemia of the median
and left lobes of the liver. After 60 min of ischemia, the clamp
was removed to allow reperfusion for 0 (immediately after
declamping), 1, 4 and 24 h. Sham-operated mice were prepared
in a similar manner; however, a clip was not placed on the vascu-
lature. After IR injury, mice were sacrificed and blood from the
inferior vena cava and liver tissue was collected. MbCD was dis-
solved in saline and administered 48 h and 24 h prior to ischemia
(at concentrations of 10, 25 and 50 mg/kg of body weight, i.p.).
The dosage and timing of MbCD administration were selected
based on a previous report [12], as well as on preliminary investi-
gations in our laboratory.
2.3. Serum alanine aminotransferase (ALT), tumor necrosis factor
(TNF)-a and cytosolic caspase-3 and -8 activities

Serum ALT activity was measured with a ChemiLab ALT assay
kit (IVDLab Co., Uiwang, Korea). Serum TNF-a levels were quanti-
fied by an enzyme-linked immunosorbent assay (ELISA) using a
commercial TNF-a ELISA assay kit (BD Biosciences Co., San Jose,
CA, USA). Caspase activities were measured using an in vitro colori-
metric peptide substrate, namely, Ac-Asp-Glu-Val-Asp p-nitroanilide
for a caspase-3 substrate peptide and Ac-Ile-Glu-Thr-Asp
p-nitroaniline for a caspase-8 substrate peptide (DEVD-AFC; Bio-
Mol, Plymouth Meeting, PA, USA). A sample of liver tissue was then
homogenized in buffer containing 25 mM Tris, 5 mM MgCl2, and
1 mM EGTA. The homogenate was centrifuged for 15 min at
40,000g, and the resulting supernatant was collected for determi-
nation of caspase activities according to the manufacturer’s
instructions.
2.4. Liver ATP and its catabolites analysis

The median lobe of liver samples was frozen in liquid nitrogen
and freeze-dried. The tissue was then minced to a powder and
extracted with 1.5 M perchloric acid. Following centrifugation,
neutralization and final centrifugation, extracts were kept in an
ice bath until injected into a high-performance liquid chromatog-
raphy (Gilson model) system for analysis. The hepatic concentra-
tions of ATP, ADP and AMP were measured based on our
previous study [13]. Energy charge (EC) was calculated as
EC = (ATP + 1/2 ADP)/(ATP + ADP + AMP).
2.5. Hematoxylin and eosin (H&E) staining and terminal dUTP nick-
end labeling (TUNEL) assay

Liver specimens were fixed in 10% buffered formalin, embedded
in paraffin, and stained with H&E. The stained sections were
blindly examined using a light microscope (Olympus CKX41,
Olympus Optical Co., Tokyo, Japan). The criteria reported by Suzuki
et al. were utilized [14]. In this classification, 3 liver injury indices
were graded: sinusoidal congestion (score: 0–4), hepatocyte necro-
sis (score: 0–4), and ballooning degeneration (score: 0–4), total
score of 0–12. Apoptotic cells were detected by TUNEL staining
with a commercially available kit (ApopTag� In Situ Apoptosis
Detection Kits, Millipore, Billerica, MA, USA). Apoptosis of hepato-
cytes in liver sections was quantitated by counting the number of
TUNEL-positive cells in random microscopic high-power fields
(�100).

2.6. Western blot analysis

Liver tissue protein lysates were prepared using PRO-PREPTM

protein extraction solution (iNtRON Biotechnology Inc., Seongnam,
Korea) for total fractions and NE-PER (Pierce Biotechnology, Rock-
ford, IL) for cytosolic fractions according to the manufacturer’s
instructions [15]. Western blotting was performed using primary
antibodies and horseradish peroxidase-conjugated secondary anti-
bodies suitable for each primary antibody. Detection was carried
out using the WEST-one Western Blot Detection System (iNtRON
Biotechnology Inc.), according to the manufacturer’s instructions.
Intensities of the immunoreactive bands were determined using
TotalLab TL120 software (IVDLab Nonlinear Dynamics Co. Ltd.,
Newcastle, UK). b-Actin was used as a loading control, and protein
levels were normalized to the corresponding b-actin band
intensity.
2.7. Transmission electron microscopy (TEM)

TEM was performed on liver tissue samples, as previously
described [16]. Caveolae structures were observed in blinded sam-
ples using a transmission electron microscope (JEM-1010, JEOL,
Tokyo, Japan).

2.8. Quantitative real-time polymerase chain reaction (PCR) analysis

Total RNA was extracted from liver tissue using RNA isoPlus
(Takara Bio Inc., Shiga, Japan), followed by cDNA synthesis through
reverse transcription (EcoDryTM cDNA Synthesis Premix, Takara Bio
Inc.). The cDNA was amplified by real-time PCR with a thermocy-
cler (Lightcycler� Nano, Roche Applied Science, Indianapolis, IN,
USA) and a SYBR Green detection system (Roche Applied Science,
Mannheim, Germany). The gene-specific primers were as follows
(50 ? 30): Cav-1, sense: AGACTCCGAGGGACATCTC, anti-sense:
GCGTCATACACTTGCTTCTC; SK1, sense: GGCTCTGCAGCTCTTCCA-
GAG, anti-sense: CTCCTCTGCACACACCAGCTC; SK2, sense: CGGAT-
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GCCCATTGGTGTCCTC, anti-sense: TGAGCAACAGGTCAACACCGAC;
S1P1, sense: TTCTCATCTGCTGCTTCATCATCC, anti-sense: GGTCCG-
AGAGGGCTAGGTTG; S1P2, sense: TTACTGGCTATCGTGGCTCTG,
anti-sense: ATGGTGACCGTCTTGAGCAG; and b-actin, sense: TGGA-
ATCCTGTGGCATCCAT, anti-sense: TAAAACGCAGCTCAGTAACA. The
Fig. 1. Time course changes of Cav-1 expression during IR. Western blot analysis and qua
expression, respectively (A and B). Hepatocellular damage was demonstrated by seru
mean ± S.E.M. of 8–10 animals per group. ⁄⁄Denotes significant differences (P < 0.01) com

Table 1
Changes in ATP contents and energy charge during liver IR.

Group End of ischemia 0 h Reper

ATP contents (lmol/g liver) Sham 6.83 ± 0.53 6.70 ± 0.5
IR 1.50 ± 0.21⁄⁄ 2.19 ± 0.2

EC Sham 0.68 ± 0.09 0.66 ± 0.0
IR 0.29 ± 0.07⁄⁄ 0.39 ± 0.0

The values are represented as means ± S.E.M. for 8–10 mice per group. ⁄,⁄⁄Denote significa
as EC = (ATP + 1/2 ADP)/(ATP + ADP + AMP). EC: energy charge.
mRNA expression levels were normalized to the expression level of
b-actin mRNA, and relative to the average of all delta Ct-values
in each sample using the cycle threshold (Ct) method. All experi-
ments were conducted in duplicate to ensure amplification
integrity.
ntitative real time-PCR were performed to measure hepatic Cav-1 protein and mRNA
m ALT activity (C) and cytosolic caspase-3 activity (D). Results are presented as

pared with the sham group.

fusion 1 h Reperfusion 4 h Reperfusion 24 h Reperfusion

8 6.54 ± 0.67 7.00 ± 0.99 6.90 ± 0.72
0⁄⁄ 2.21 ± 0.15⁄⁄ 3.14 ± 0.10⁄⁄ 4.21 ± 0.23⁄

7 0.64 ± 0.07 0.62 ± 0.10 0.67 ± 0.09
5⁄ 0.43 ± 0.05⁄ 0.56 ± 0.05 0.61 ± 0.04

nt differences (P < 0.05, P < 0.01) compared with the sham group. EC was calculated
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2.9. Statistical analysis

All results are presented as the mean ± S.E.M. The overall signif-
icance of the data was tested by two-way analysis of variance using
the SPSS v.12.0 statistical software package (SPSS, Chicago, IL,
USA). Differences between groups were considered statistically
significant at P < 0.05 with appropriate Bonferroni corrections
made for multiple comparisons.
Fig. 2. Effects of MbCD on hepatocellular damage in IR. Western blot analysis was per
caveolae structure was observed by TEM (B). Serum ALT activities and pathological score
counted (D) and serum TNF-a activity was measured by a commercial ELISA kit after 4 h
and caspase 3 and 8 activities (F) were measured as apoptotic markers. Results are pres
(P < 0.01), compared with the sham group. +,++Denote significant differences (P < 0.05, P
3. Results

3.1. Time course changes of Cav-1 expressions during IR

Pattern changes of Cav-1 protein and mRNA expressions were
initially observed during IR. Ischemia itself reduced the level of
Cav-1 protein expression, which persisted for 1 h after reperfusion.
However, the decreased Cav-1 protein expression recovered to
formed to measure hepatic Cav-1 protein expression (A). After 1 h of reperfusion,
s of H&E staining pictures were demonstrated (C). TUNEL-positive hepatocytes were
of reperfusion (E). After 4 h of reperfusion, cytosolic Bax/Bcl-xL ratio, cytochrome c
ented as mean ± S.E.M. of 8–10 animals per group. ⁄⁄Denote significant differences
< 0.01), compared with the IR group.
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basal levels after 4 h, and was maintained until 24 h of reperfusion.
No significant changes in Cav-1 mRNA expression were observed
among any of the experimental groups (Fig. 1A–B).

Representative markers for cell damage as well as energy
metabolism during IR are shown in Fig. 1C, D and Table 1. At the
end of the ischemic period and immediately after reperfusion,
serum ALT activities were not different from those of sham-
operated animals. However, the serum ALT activity significantly
increased after 1 h of reperfusion, peaking at 4 h. ALT activity then
declined until 24 h of reperfusion. The caspase-3 activity of the
cytosolic fractions obtained from both the sham-operated and
ischemic animals was quite low. However, the caspase-3 activity
in ischemic animals was higher after 1 h of reperfusion, peaking
after 4 h. This increased caspase-3 activity was sustained until
24 h of reperfusion. Moreover, the value of cellular ATP in the liver
of sham-operated animals was 6.83 ± 0.53 lmol/g liver, while it
decreased rapidly after 60 min of ischemia (1.50 ± 0.21 lmol/g
liver). After 1 and 4 h of reperfusion, hepatic ATP levels had
increased and were found to be approximately 33.8% and 44.9%
of those seen in the sham-operated animals, respectively. The
hepatic energy charge was significantly reduced immediately after
the 60 min of ischemia. In the IR group, however, the energy charge
was restored to the level of the sham-operated animals after 4 h of
reperfusion.

3.2. Effects of MbCD on hepatocellular damage in IR

While the 10 mg/kg of MbCD showed a slight tendency to
decrease the level of Cav-1 protein expression, 25 and 50 mg/kg
of MbCD significantly decreased the Cav-1 protein expression in
Fig. 3. Effects of MbCD on MAPK and PI3K/Akt pathways in IR. Western blot analysis was
(D) and Akt (E) after 1 h of reperfusion. Results are presented as mean ± S.E.M. of 8–10 an
the sham group. +,++Denote significant differences (P < 0.05, P < 0.01), compared with th
sham-operated animals. Therefore, MbCD at 25 mg/kg was chosen
for the following studies. The MbCD was found to augment the
decrease in Cav-1 expression observed after 1 h of reperfusion.
After 4 h of reperfusion, while no difference in Cav-1 protein
expression was seen in IR animals compared to sham-operated
animals, the MbCD-treated animals demonstrated decreased Cav-
1 expression compared to the IR animals (Fig. 2A). By EM analysis,
the decrease in the number of caveolae membrane structure after
1 h of reperfusion was also augmented by MbCD (Fig. 2B). In addi-
tion, the increased levels of serum ALT after both 1 and 4 h of
reperfusion were also augmented by MbCD. H&E stained liver sec-
tions were evaluated for the degree of hepatocellular damage using
Suzuki’s criteria after 1 h of reperfusion. The ischemic lobes in the
IR animals showed severe necrosis, sinusoidal congestion and
hepatocyte vacuolization, all of which were aggravated by MbCD
(Fig. 2C). While no TUNEL-positive cells were detected in sham-
operated animals, the level of apoptosis induced by IR was
51.4 ± 6.8%, which was increased to 82.9 ± 10.7% after treatment
with MbCD (Fig. 2D). The level of serum TNF-a concentration in
the IR group was significantly higher than that in the sham group.
This increase was also augmented by MbCD. MbCD was also found
to augment the increased cytosolic Bax/Bcl-xL ratio and cyto-
chrome c protein expressions, as well as the increase in caspase-
3 and -8 activities in the cytosolic fraction after 4 h of reperfusion
(Fig. 2E and F).

3.3. Effects of MbCD on MAPK and PI3K/Akt pathways in IR

The levels of p38 MAPK, JNK and ERK phosphorylation signifi-
cantly increased after 1 h of reperfusion. While p38 MAPK and
performed to measure the phosphorylation of p38 MAPK (A), JNK (B), ERK (C), PI3K
imals per group. ⁄,⁄⁄Denote significant differences (P < 0.05, P < 0.01), compared with
e IR group.
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JNK phosphorylation were augmented by MbCD, ERK phosphoryla-
tion was unaffected. In addition, while the levels of PI3K and Akt
phosphorylation significantly increased after 1 h of reperfusion,
these increases were not affected by MbCD (Fig. 3A–E).

3.4. Effects of MbCD on SKs and S1P receptors

While the level of S1P1 mRNA expression was not affected by IR,
the levels of SK1, SK2 and S1P2 mRNA expressions significantly
decreased after 1 h of reperfusion. The decreases in SK2 and S1P2

mRNA expressions were augmented by MbCD, while the level of
SK1 mRNA expression unaffected (Fig. 4A and B).

4. Discussion

Caveolin proteins have been implicated in the pathogenesis of
various organ injuries and in conditions such as ischemia, in which
a mismatch occurs between energy production and utilization.
Such conditions are associated with altered expression of caveolae
or redistribution of caveolin; for instance, hypoxic injury imposed
on renal proximal tubules causes Cav-1 release, accompanied with
caveolae disruption, and Cav-1 appearing within the extracellular
space was largely in the denatured form [1]. In the present study,
Fig. 4. Effects of MbCD on SKs and S1P receptors. Quantitative real time-PCR was
performed to measure the SK1 and SK2 (A) and S1P1 and S1P2 (B) mRNA expressions
after 1 h of reperfusion. Results are presented as mean ± S.E.M. of 8–10 animals per
group. ⁄⁄Denotes significant differences (P < 0.01), compared with the sham group.
++Denotes significant differences (P < 0.01), compared with the IR group.
the end of the ischemic period and early phase of reperfusion
was characterized by a decrease in hepatic Cav-1 protein expres-
sion, which was recovered to basal levels after 4 h of reperfusion.
However, Cav-1 mRNA expression remained unchanged through-
out the periods. This result indicates that IR downregulates Cav-1
expression at the translational level. In the present study, the sta-
tus of energy metabolism was one of the most important func-
tional disorders in terms of predicting the viability of the
ischemic organs; hepatic ATP content significantly decreased at
the end of the ischemic period, and gradually increased during
the reperfusion phase. Furthermore, EC, which represents the
energy balance between energy production and consumption,
was reduced immediately after ischemia, but recovered after
reperfusion. Our data showed that a temporal association exists
between Cav-1 expression and energy metabolism.

IR injury activates cell death signaling programs including
necrosis, apoptosis and autophagy-associated cell death. Among
these, apoptosis is of particular interest because it often amplifies
inflammatory response [17], and the extent of apoptotic cell death
in IR injury correlates with hepatic function [18]. When reperfu-
sion leads to mitochondrial permeability transition onset and
ATP depletion, necrosis occurs as a result of the failure of ATP
regeneration. In contrast, if glycolytic substrate is available, pro-
found ATP depletion is prevented, instead, ATP-dependent apopto-
tic signaling occurs [3] which correlates with our present results of
caspase-3 activities (Fig. 1D). Recently, Cav-1 has gained attention
as a crucial cell fate regulator in hepatocytes, stimulated by trans-
forming growth factor-b, and gene silencing of Cav-1 reduced the
expression of anti-apoptotic molecules [5]. Cav-1 also functions
as a shear sensor in flow-adapted endothelial cells, resulting in cell
proliferation, a compensatory mechanism to restore perfusion,
after abrupt reduction in flow [19]. MbCD, a pharmacologic agent,
alters the cholesterol content of the plasma membrane, thereby
destroying the structure of caveolae [20], inducing high expression
of JNK and Bax with low expression of anti-apoptotic molecules
such as Bcl-2 and Bcl-xL, even after ischemic preconditioning in
the heart [21]. To investigate the role of Cav-1 in the pathogenesis
of hepatic IR, loss-of-function study was performed after 1 and 4 h
of reperfusion, at which time hepatocellular damage peaked. Treat-
ment with MbCD further decreased the number of caveolae struc-
tures in the hepatocytes and Cav-1 protein expression during IR. In
addition, MbCD augmented IR-induced apoptotic cell death. These
results suggest that impaired Cav-1 contributes to IR-induced
apoptotic cell death.

The molecular machinery of apoptosis is highly regulated by
intracellular calcium, free radicals, and death receptor ligands such
as Fas ligands. The simultaneous activation of prosurvival kinases,
including, PI3K/Akt, protein kinase C and ERK, can be induced by
cell survival components such as growth factors [22]. Caveolar
domains have previously been proposed to interact with pro-
and anti-apoptotic signaling molecules; Cav-1-mediated increase
in Akt activities were shown to be responsible for the cell survival
of prostate cancer cells [23]. Alternatively, silencing of the Cav-1
gene promoted p38 MAPK and JNK activation via toll-like receptor
4 signaling in the response of human mammary epithelial cells to
lipopolysaccharide [24]. In the present study, while increases in
the phosphorylation of p38 MAPK and JNK were augmented by
MbCD, ERK and PI3K/Akt phosphorylation were not affected. Our
results suggest that impairment of Cav-1 activates p38 MAPK
and JNK during IR.

Sphingolipids, including sphingosine, are essential structural
and functional components of the plasma membrane, and its
metabolites have various biological roles including in cell death,
oncogenesis and inflammation [25]. SK is a conserved lipid kinase
with two mammalian isoforms (SK1 and SK2), which catalyze
the ATP-dependent phosphorylation of sphingosine to S1P [26].
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Previously, protective roles of S1P2 and S1P3 were reported in
myocardial IR using double S1P2/S1P3 knockout mice [27], and
SK2 knockout also sensitized the mice to IR-induced cardiac dys-
function [28]. Moreover, S1P receptor agonists such as FTY720
and SEW2871 reduced IR-induced renal injury via inhibition of
proximal tubule cell death [29]. Song et al. reported that isoflurane
increases caveolae formation in human renal proximal tubule
cells, and the caveolae fractions contain vital components of
isoflurane-mediated renal protection such as the SK1, S1P and
TGF-b1 receptors [30]. In the present study, liver IR decreased
expression of SK1, SK2 and S1P2 mRNA, while it did not affect
S1P1. Moreover, MbCD augmented the decreases in SK2 and S1P2

mRNA expression. These results indicate that impaired Cav-1
suppresses SK2/S1P2 signaling during IR.

In conclusion, Cav-1 expression is impaired during liver IR,
which mediates apoptotic cell death and inhibits SK2/S1P2 signal-
ing. Our findings suggest that Cav-1 might be a potential regulator
of hepatocellular damage during liver IR.
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