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Abstract
AIM: To investigate the effects of prednisolone on cell 
membrane bleb formation, calpain μ activation and 
talin degradation during hepatic ischemia-reperfusion 
injury in rats.
METHODS: The hilar area of the left lateral and 
median lobes of rat liver (68%) was clamped for 60 min 
and followed by 120 min reperfusion. Prednisolone was 
administered at 1.0, 3.0, or 10 mg/kg at 30 min before 
ischemia. In addition to biochemical and microscopic 
analyses, activation of calpain μ was determined using 
specific antibodies against the intermediate (activated) 
form of calpain μ. Degradation of talin was also studied 
by Western blotting.
RESULTS: In the control and prednisolone (1.0 mg/kg) 
groups, serum aspartate transaminase (AST) and 
alanine transaminase (ALT) level were elevated, and 
cell membrane bleb formation was observed after 
120 min of reperfusion. Moreover, calpain μ activation 
and tal in degradation were detected. Infusion 
of prednisolone at 3.0 or 10 mg/kg significantly 
suppressed serum AST and ALT, and prevented cell 
membrane bleb formation. At 10 mg/kg, prednisolone 
markedly suppressed calpain μ activation and talin 
degradation.
CONCLUSION: Prednisolone can suppress ischemia-
reperfusion injury of the rat liver. Its cytoprotective 
effect is closely associated with the suppression of 
calpain μ activation and talin degradation.
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INTRODUCTION
Hepatic ischemia-reperfusion injury is a serious 
complication but unavoidable problem in liver surgery 
including liver transplantation and hepatic resection[1]. 
The most important consequence of  this pathological 
process is multiple organ failure with a high mortality 
rate. Therefore, there is a considerable interest in the 
prevention of  hepatic ischemia-reperfusion injury. 
Steroid therapy suppresses liver injury by a variety of  
mechanisms, including increased tissue blood flow 
and suppression of  oxygen free radicals, arachidonic 
acid derivatives, lysosomal proteases (cathepsins) and 
cytokine production[2-5]. However, the exact intracellular 
mechanisms of  steroid action on hepatic ischemia-
reperfusion injury remains unknown.

Exposure of  hepatocytes to hypoxia or oxidative 
stress is thought to result in a rise in intracellular Ca2+ 
concentrations ([Ca2+]i), initiating cell membrane bleb 
formation, an early event leading to cell death[6,7]. 
Although the molecular mechanisms of  bleb formation 
are unknown at present, Ca2+-dependent disruption 
of  the cytoskeleton is considered to play an important 
role in the blebbing of  plasma membrane[8,9]. Calpain 
μ, a Ca2+-sensitive form of  Ca2+-activated neutral 
protease (EC 3, 4, 22, 17), has been shown to degrade 
various cytoskeletal proteins such as talin, α-actinin and 
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filamin[10-14].
Steroids are the most potent anti-inflammatory 

and immunosuppressive agents[15]. They inhibit the 
synthesis of  almost all known cytokines and cell surface 
molecules required for immune function, and suppress 
the activity of  nuclear factor kappa B (NF-κB)[16]. 
This inhibit ion is mediated by the induction of  
IκBα inhibitory protein, which traps activated NF-
κB in inactive cytoplasmic complexes. On the other 
hand, inflammatory cytokines, such as interleukin-
1β and tumor necrosis factor-α, are involved in the 
pathophysiology of  hepatic ischemia-reperfusion 
injury[17]. The liver also plays a central role in the 
metabolism of  these acute reactant cytokines. In the 
liver, these mediators are produced in large amounts 
by Kupffer cells or endothelial cells[18], and are released 
rapidly under various insults like hypoxia[17].

I n t h e p r e s e n t s t u d y, we i nve s t i g a t e d t h e 
cytoprotective mechanisms of  prednisolone using an 
experimental model of  ischemia-reperfusion injury 
of  rat liver, with special emphasis on the activation of  
calpain μ and degradation of  talin.

MATERIALS AND METHODS
Animals
Thirty-seven adult male Wistar (Aburabi Laboratory, 
Shiga, Japan) rats weighing 220-260 g were used in the 
study. All procedures were carried out in accordance 
with the guidelines set forth in the Animal Welfare Act 
and the Guide for the Care and Use of  Laboratory 
Animals by the National Institutes of  Health. Rats 
were anesthetized by an interperitoneal injection of  
pentobarbital sodium (50 mg/kg body weight), and 
underwent laparotomy. Before vascular clamping, 
heparin sodium (50 units) was intravenously injected to 
prevent blood coagulation.

Prednisolone
A highly potent antagonist of  prednisolone was obtained 
from Shion  

 
 
 

 t h o s e  t r e a t e d 
with intravenous injection of  prednisolone (1.0, 3.0, or  
10 mg/kg) as the prednisolone group (n = 27) (1.0, 3.0 
and 10 mg/kg) (Figure 2).

Partial liver ischemia
An intravenous catheter was placed in the tail vein, 
through which prednisolonewas infused at 30 min 
before vascular clamping. Partial (68%) hepatic ischemia 
was induced by clamping the branches of  the portal 
vein, and hepatic artery feeding the left lateral and 
median lobes, the branches of  the right lateral (24%) 
and caudate (8%) lobes were not clamped[13,14]. In this 
condition, intestinal congestion or other complications 
did not occur throughout the experiment (Figure 3).

Measurement of serum aspartate transaminase (AST)
and alanine transaminase (ALT)
Blood samples were col lected at 120 min after 
declamping, and serum samples were stored at -80℃ 
unti l biochemical analysis. Serum AST and ALT 
concentrations were determined by a Spot Chem kit 
(Spotchem Co., Kyoto, Japan).

Cell membrane bleb formation
In a separate set of  experiments similar to those 
descr ibed above, t i ssue samples were obta ined 
for histological examination after in situ perfusion 
and f ixat ion with 0 .1% glutara ldehyde and 4% 
paraformaldehyde, which were infused via the portal 
vein. Biopsy specimens were also processed for routine 
histopathologic examination[13,14].

Antibodies against intermediate (activated) form of
calpain μ
The preparation and characteristics of  an antibody 
that specifically recognizes the N-terminal peptide of  
intermediate (activated) (NH2-AQVQKQC-COOH) 
form of  calpain μ (78 kDa) have been described 
previously[13,14].

Western blot analysis
Liver tissues were immediately frozen by liquid nitrogen 
and stored at -80℃ for 3 d. For Western blot analysis, 
samples were homogenized in an ice-water bath using a 
radioimmune protein assay buffer [1.0% Nonidet P-40 
(Iwai Kagaku Co Ltd, Tokyo, Japan); 0.1% deoxycholic 
acid; 150 mmol/L sodium chloride; 50 mmol/L Tris 
hydrochloride; 1.0 mmol/L phenylmethylsul-fonyl 
fluoride, pH 7.5] containing 5 mmol/L ethylene glycol-
bis (b-aminoethyl ether)-N, N, N’ N’-tetra acetic acid 
(EGTA) and 5 μmol/L leupeptin. After centrifugation 
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Figure 1  Structure of prednisolone.
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Figure 2  Experimental model.



at 3000 r/min for 20 min at 4℃, the supernatant (25 μg 
of  protein) was subjected to Western blot analysis using 
an antibody against the intermediate form of  calpain μ 
or an anti-talin antibody (Sigma Chemical Co., St. Louis, 
MO). The amount of  these polypeptides was determined 
by a densitometric analysis.

Statistical analysis
Data were expressed as means ± SD. Differences 
in transaminase levels, calpain μ activation and talin 
degradation among various groups were tested for 
statistical significance using the Student’s t test and 
Dunnett’s multiple comparison test. A P value of  
less than 0.05 denoted the presence of  a statistically 
significant difference.

RESULTS
Serum AST and ALT
Serum AST and ALT concentrations were increased 
at 120 min after declamping in the control group. 
Prednisolone reduced the concentration of  both 
transaminases in a dose-dependent manner. Differences 
between control and prednisolone levels were significant 
at prednisolone dose of  3.0 and 10 mg/kg (Figure 4).

Histological findings
To further investigate the cytoprotective effect of  
prednisolone, liver tissues were examined histologically 
(Figure 5). In the control group, at 120 min after 
declamping, the cell structure of  hepatocytes was not 
clear due to membrane bleb formation. Furthermore, 
numerous membrane microparticles were present in the 
sinusoidal space. In contrast, membrane blebbing was 
rarely seen and the cell structure was well preserved in 
prednisolone-treated (3.0 and 10 mg/kg) rats.

Activation of calpain μ
Using a specific antibody to the intermediate (78 kDa) 
form of  calpain μ, Western blotting was performed to 
examine the relationship between calpain μ activation 
and cell injury of  the liver (Figure 6). The activated form 

of  calpain μ appeared in all groups at 120 min after 
vascular declamping. However, prednisolone inhibited 
calpain μ activation in a dose-dependent manner. The 
difference in calpain μ activation was significant between 
control and high dose prednisolone (10 mg/kg) rats.

Degradation of talin
Proteolysis of  talin, a favorable intracellular substrate 
of  calpain μ was also investigated by Western blotting 
(Figure 7). Talin was markedly degraded in control and 
low-dose prednisolone (1.0 mg/kg) rats 120 min after 
vascular declamping. However, at 3.0 and 10 mg/kg, 
prednisolone significantly suppressed talin degradation, 
compared to the control group.

DISCUSSION
The major findings of  our study were that prednisolone 
inhibited calpain μ activation in ischemia-reperfusion 
injury of  the rat liver and that the degree of  calpain μ 
activation closely correlated to the morphological changes 
in hepatocytes, i.e., cell membrane bleb formation. 
Furthermore, we also showed that prednisolone reduced 
the level of  talin degradation in ischemic liver tissues. 
These changes were associated with improved overall liver 
function as reflected by lowering of  serum AST and ALT 
concentrations, relative to the control.

Calpain μ is a major Ca2+-dependent cytosolic 
protease so far described[13,14] and is activated following 
increased [Ca2+] i in hepatocyte injury. Since cell 
membrane bleb formation is an irreversible phenomenon 
leading to cell necrosis, the role of  calpain activation 
in cell membrane blebbing through the proteolysis of  
cytoskeletal proteins[15] is considered to be particularly 
important. Furthermore, we have previously reported 
that talin and α-actinin were degraded simultaneously 
with calpain μ activation in oxidative stress-induced 
hepatocyte injury, and that all these events were 
suppressed by a specific calpain inhibitor, calpeptin[10-14]. 
Thus, the beneficial effects of  prednisolone on hepatic 
ischemia-reperfusion injury may be at least due to 
inhibition of  calpain μ activation.

Recent studies have demonstrated that hepatocyte 
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Figure 3  Partial liver ischemia by clamping hilar area of left lateral and medial 
lobes without causing intestinal congestion. Lt.: Left; Rt.: Right.
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Figure 4  Effects of prednisolone on the AST and ALT levels in animals with  
60 min of partial hepatic ischemia. aP < 0.05.
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injury is initiated by a rise in [Ca2+]i, which results 
from Ca2+ release from the internal storage sites and 
Ca2+ influx[7,11,12], and is closely correlated with the 
magnitude of  ischemic insult. On the other hand, the 
pathogenesis of  hepatic ischemia-reperfusion injury is 
complex and multifactorial. Various factors such as the 
reactive oxygen species[19], platelet-activating factor[20], 
thromboxane A2

[21], leukotriene B4
[22] and endothelin-1[23] 

have been identified. In addition, inflammatory cytokines 
like interleukin-1β and tumor necrosis factor-α also 

play an important role in hepatic ischemia-reperfusion 
injury[17]. All these substances induce a rise in [Ca2+]i. 
These findings indicate that in addition to prostaglandin 
E1 and prostacyclin[13] which directly suppress the rise 
in [Ca2+]i, other agents like corticosteroids may inhibit 
hepatic ischemia-reperfusion injury by suppressing 
the production of  these extracellular mediators. In 
fact, corticosteroids have been shown to inhibit the 
generation of  oxygen free radicals[24], and reduce 

Control Prednisolone (1.0 mg/kg)

Prednisolone (3.0 mg/kg) Prednisolone (10 mg/kg)

Figure 5  Effects of predniso-
lone on histopathological 
findings in animals with 60 min 
partial hepatic ischemia. T (HE, 
× 400).
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Figure 7  Effects of prednisolone on the degradation of talin in animals with  
60 min of partial hepatic ischemia. aP < 0.05.
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Figure 6  Effects of prednisolone on calpain μ activation in animals with 60 min 
of partial hepatic ischemia. aP < 0.05.
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hepatic ischemia-reperfusion injury[25]. In the present 
study, we demonstrated that at a dose of  10 mg/kg, 
prednisolone inhibited degradation of  talin, as well 
as calpain μ activation in the ischemic liver. Since the 
increase in [Ca2+]i induces calpain μ activation, inhibition 
of  calpain μ activation by prednisolone suggests a 
possible suppression of  increased [Ca2+]i in hepatocytes. 
Therefore, it is possible that prednisolone inhibits 
hepatic ischemia-reperfusion injury by suppressing the 
generation of  extracellular mediators with subsequent 
abrogation of  the rise in [Ca2+]i.

Consistent with the beneficial effects on extra- 
and intracellular mediators, these findings suggest 
that preoperative administration of  glucocorticoids 
may prevent hepatic ischemia-reperfusion injury and 
subsequent systemic reactions. However, the inhibitory 
effect of  prednisolone on the calpain μ activation 
was not completely similar to the results of  the serum 
transaminase levels, and membrane bleb formation. 
From the clinical point of  view, a complete inhibition of  
hepatic ischemia-reperfusion injury may be an ultimate 
goal in liver surgery. To accomplish this, treatment with 
a combination of  several agents that inhibit various 
steps of  hepatic ischemia-reperfusion injury is probably 
necessary since all agents reported so far produce only 
a partial inhibitory effect. The multiplicity approach for 
hepatic ischemia-reperfusion injury (e.g. prostaglandin 
E1 and prednisolone) is now under investigation.

In conclusion, we demonstrated in the present study 
that prednisolone suppressed ischemia-reperfusion injury 
of  the rat liver. Its cytoprotective effect was partial, 
but was closely associated with inhibition of  calpain μ 
activation and suppression of  talin degradation. The 
effects of  a combination of  two or more agents of  
different inhibitory mechanisms should be examined 
in the future to reduce the complications encountered 
during hepatic surgery.
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Background
Hepatic ischemia-reperfusion injury is a serious complication but unavoidable 
problem in liver surgery including liver transplantation and hepatic resection. 
The most important consequence of this pathological process is multiple organ 
failure with a high mortality rate. Steroid therapy suppresses liver injury by a 
variety of mechanisms, including increased tissue blood flow and suppression 
of oxygen free radicals, arachidonic acid derivatives, lysosomal proteases 
(cathepsins) and cytokine production. In this study, authors investigated the 
cytoprotective mechanisms of prednisolone using an experimental model of 
ischemia-reperfusion injury of rat liver, with special emphasis on the activation 
of calpain μ and degradation of talin.
Research frontiers
Steroids are the most potent anti-inflammatory and immunosuppressive 
agents. They inhibit the synthesis of almost all known cytokines and cell 
surface molecules required for immune function, and suppress the activity of 
nuclear factor kappa B (NF-κB). This inhibition is mediated by the induction of 
IκBα inhibitory protein, which traps activated NF-κB in inactive cytoplasmic 
complexes. On the other hand, inflammatory cytokines, such as interleukin-
1β and tumor necrosis factor-α, are involved in the pathophysiology of hepatic 
ischemia-reperfusion injury. The liver also plays a central role in the metabolism 
of these acute reactant cytokines. In the liver, these mediators are produced 
in large amounts by Kupffer cells or endothelial cells, and are released rapidly 
under various insults like hypoxia.
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Recent studies have demonstrated that hepatocyte injury is initiated by a rise in 
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other hand, the pathogenesis of hepatic ischemia-reperfusion injury is complex 
and multifactorial. All these reactive oxygen species induce a rise in [Ca2+]i. This 
studyfound that at a dose of 10 mg/kg, prednisolone inhibited degradation of 
talin, as well as calpain μ activation in the ischemic liver.
Applications
In this research, authors found calpain μ is an important enzyme related 
to hepatic ischemia-reperfusion injury. The mechanism of calpain μ is first 
reported in living organism in this research.
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induced liver injury. The authors have shown that the compound used offered 
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