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Abstract

Liver transplantation is an effective therapeutic option for end-stage liver disease, but initial poor graft function still occurs, often related

to cold preservation–warm reperfusion (CPWR) conditions. Damages to mitochondria could be implicated in hepatocyte cell death since

opening of the permeability transition pore (PTP) can lead to necrosis and apoptosis. The purpose of this study was to test the hypothesis that

inhibition of mitochondrial permeability transition by cyclosporin A could improve rat liver mitochondrial and hepatocellular parameters

after 24-h cold preservation followed by a warm reperfusion in Krebs-Henseleit Buffer. Mitochondrial functions were assessed by measuring

respiratory parameters, swelling, cytochrome c release and caspases activation. Hepatocyte injury was assessed by evaluation of ATP

energetic charge, lactate dehydrogenase (LDH) leakage, apoptosis and necrosis. Results show that CPWR induces liver mitochondrial and

cellular damages. CPWR induced damages on the mitochondrial respiratory chain, leading to mitochondrial swelling. The consequences are

the loss of ATP energetic charge, the initiation of apoptosis through cytochrome c release and the activation of caspases. Cyclosporin A

partially protects respiratory chain integrity and totally prevents mitochondrial swelling, allowing better recovery of energetic charge. It also

partially limits the activation of the apoptotic machinery and subsequent cell death by apoptosis in both the organ and isolated hepatocytes.

Inhibition of permeability transition thus provides only partial protection against CPWR. However, this target can be considered as a

promising adjunct therapeutic approach to improve the primary function of the grafted liver after transplantation.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction It has been shown that mitochondria are involved in cell
Liver transplantation is now the last resort treatment for

end-stage acute and chronic liver diseases (Krasko et al.,

2003). Organ preservation, transport and transplantation

involve a period of global hypothermic tissue ischemia

leading to tissue injury, which is exacerbated by the reper-

fusion that accompanies the transplantation. This can result

in primary graft dysfunction, which is an important cause of

death after liver transplantation (Strasberg et al., 1994). The

pathophysiological mechanism underlying such tissue inju-

ry and cell death remains unclear.
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death via the mitochondrial permeability transition (Lemas-

ters et al., 1999). The latter is characterized by an abrupt

increase in permeability of the mitochondrial inner mem-

brane to solutes of molecular mass less than about 1500 Da

(Zoratti and Szabo, 1995). Mitochondrial permeability tran-

sition appears to be due to the opening of a pore, called

permeability transition pore (PTP) that leads to membrane

depolarization, uncoupling of oxidative phosphorylation,

ATP depletion and consequently to cell death by necrosis

(Crompton, 1999). PTP opening also causes mitochondrial

swelling by massive entrance of solutes into the matrix. The

consequence is the destruction of the external membrane of

mitochondria and the release of apoptotic factors like

cytochrome c from inter-membrane space. Once in the

cytosol, this molecule leads to activation of cell apoptosis

via the activation of mitochondrial caspase 9 and subsequent
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cellular caspase 3 (Parone et al., 2002; Zou et al., 1999). The

progression to apoptosis rather than necrosis appears to

depend on the cell’s energy charge and evidence suggests

that both death phenomena may be part of a continuum

(Kim et al., 2003).

An interesting hypothesis is that PTP opening could be

involved in cell death occurring during cold preservation–

warm reperfusion (CPWR). Thus, the purpose of this study

was to determine whether the inhibition of PTP opening

constitutes a relevant pharmacological approach to protect

hepatocytes during liver CPWR. We used cyclosporin A,

which is a highly specific inhibitor of PTP (Broekemeier et

al., 1989), acting by a mechanism distinct from its immu-

nosuppressive effect. The molecule was tested on two

models: a model of isolated-perfused rat liver (ex-vivo

experiments) and a primary culture of hepatocytes (in vitro

experiments). Isolated cells or whole livers were subjected

to 24-h cold preservation followed by short-term warm

reperfusion. The effects on mitochondrial functions and on

hepatocytes viability and integrity were assessed after

CPWR. Cyclosporin A was included in two simple preser-

vation media to test its potential beneficial effect: the

extracellular Krebs-Henseleit Buffer (eKHB), in which

Na+/K+ concentrations are similar to blood concentrations,

and the intracellular Krebs-Henseleit Buffer (iKHB), in

which Na+/K+ concentrations are similar to cytoplasmic

concentrations.
2. Materials and methods

2.1. Animals

All animal procedures used in this study were in strict

accordance with the European Community council Directive

of 24 November 1986 (86-609/EEC) and Decree of 20

October 1987 (87-848/EEC). Male Wistar rats (220–280 g)

were obtained from Janvier (Le Genest-St-Isle, France).

2.2. Isolation of liver and hepatocytes and CPWR procedure

Rats were anaesthetized with sodium pentobarbital

(65 mg/kg), the abdomen was opened and the portal vein

was cannulated with a 16 GA catheter.

For ex vivo experiments, the treated liver was rinsed

during 13 min at a flow rate of 30 ml/min with warm

extracellular or intracellular Krebs-Henseleit Buffer (eKHB

(120 mM NaCl, 5 mM KCl) or iKHB (120 mM KCl, 5 mM

NaCl) plus 1.2 mM KH2PO4, 1.2 mM MgSO4–7H2O, 11.1

mM D-Glucose, 25 mM NaHCO3, 2.5 mM CaCl2). The pH

was maintained at 7.2–7.4 by gassing the solution with O2/

CO2 (95:5%). The liver was cold-preserved 24 h in the same

solution (under hypoxia because oxygenated solution was

not circulating through the organ) and rewarmed gradually

from 4 to 37 jC by reperfusion over 10 min followed by a

30-min perfusion at 37 jC at the rate of 30 ml/min with
gassed eKHB in a recirculating mode (reoxygenation). The

non-treated control liver (0-h preservation) was taken from a

decapitated rat and mitochondria immediately isolated as

described below.

For in vitro experiments, the liver was cleared of blood

by washing at the rate of 20–30 ml/min with 200 ml of

warm Hank’s solution pH 7.4 gassed with O2/CO2 (95:5%)

and containing 0.5 mM EGTA and 10 U/ml heparin. The

perfusate was drained away by opening the right atrium.

The liver was then continuously perfused in a recirculating

mode for 10–12 min with 100 ml of warm Hank’s solution

containing 50 mg of collagenase to detach hepatocytes. The

cells were filtered serially on 250- and 80-Am filters and

washed three times with William’s E medium pH 7.4

containing 5 U/ml pennicilin G-steptomycin and 10 mM

Hepes. The hepatocytes were cold-preserved for 24 h in

eKHB or iKHB pH 7.4. The preservation solution was not

gassed in order to submit cells to hypoxia to mimic the cold

preservation of the liver. The pH was checked regularly and

was stable probably because the alkalinisation due to lack of

gassing was counter-balanced by the acidification of the

medium by cells. The reperfusion was initiated by incuba-

tion of cells in warm William’s E medium, pH 7.4, com-

plemented with 1% bovine serum albumin, for 1 hour under

an atmosphere of O2/CO2 (95:5%), the time required for

them to adhere to the collagen-coated plate.

2.3. Isolation of mitochondria and cytosol

Mitochondria were isolated from whole livers as de-

scribed by Johnson and Lardy (1967). Briefly, tissues or

cells were homogenized on ice using a Teflon Potter

homogenizer in Tris–Sucrose–EGTA medium (10 mM

Tris, 250 mM Sucrose, 1 mM EGTA, pH 7.2 at 4 jC).
Cellular fragments were precipitated at 600� g for 10 min.

The supernatant was centrifuged at 15000� g for 5 min.

The mitochondrial pellet was washed once with the same

medium and another time with medium from which EGTA

was omitted, the same centrifugation procedure being used.

The supernatant obtained after the first centrifugation at

15000� g was centrifuged at 100000� g for 20 min to

precipitate microsomes and to obtain cytosolic fraction of

cells which was frozen at � 80 jC for subsequent measures.

Protein content was determined according to the method of

Lowry et al. (1951).

2.4. Determination of mitochondrial membrane potential

Mitochondrial membrane potential (DW) was evaluated

according to Emaus et al. (1986) from uptake of the

fluorescence dye rhodamine 123, which accumulates into

energized mitochondria in response to their negative-inside

membrane potential. Measures were performed in 1.8 ml of

phosphate buffer (250 mM sucrose, 5 mM KH2PO4, 1 AM
rotenone, pH 7.2 at 25 jC) including 6 mM succinate, and

0.3 AM rhodamine 123. The fluorescence of rhodamine 123
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was monitored using a Perkin Elmer LS 50B fluorescence

spectrometer. Excitation and emission wavelengths were 503

and 527 nm, respectively. After 30 s, mitochondria (0.5 mg/

ml) were added. DW was calculated according to the fol-

lowing relationship: DW =� 59 log (rhodamine 123)in/(rho-

damine 123)out, assuming that the distribution of rhodamine

123 between mitochondria and medium follows the Nernst

equation. A matrix volume of 1 Al/mg protein (Hackenbrock,

1968) was used to estimate (rhodamine 123)in.

2.5. Determination of mitochondrial respiration

O2 consumption was measured at 25 jC by a Clark-type

oxygen microelectrode in a thermostat controlled chamber.

Mitochondria (1 mg/ml) were added to 1 ml of phosphate

buffer containing 5 mM Mg2 + and 1 mM EGTA. Mito-

chondrial respiration was initiated by addition of 6 mM

succinate and oxidative phosphorylation was initiated by

addition of 0.2 mM ADP. O2 consumption recordings

allowed the calculation of the respiratory control ratio

(RCR) corresponding to the ratio between the state 3

(ADP-stimulated) respiration rate (V3) and the state 4

(resting) respiration rate (V4). The P/O ratio was also

assessed from the ADP consumed divided by the O2 used

in state 3 respiration.

2.6. Determination of mitochondrial swelling

Swelling was assessed by measuring the change in

absorbance of the mitochondrial suspension at 540 nm by

using a Jasco V-350 spectrophotometer, according to Eli-

madi et al. (1997). Briefly, the measures were performed in

a final volume of 1.8 ml of phosphate buffer. Mitochondria

(1 mg/ml) were added in sample and reference cuvettes and

6 mM succinate was added to the sample cuvette only in

order to measure spontaneous swelling. When swelling was

induced by Ca2 +, succinate was added in both cuvettes and

Ca2 + (25 or 50 AM) was added in the sample cuvette only to

induce swelling.

2.7. Determination of intracellular ATP concentrations

ATP concentrations were measured enzymatically by

means of an ATP-detection kit (Sigma Diagnostics) on

thawed piece of liver: 500 mg of liver was homogenised

with a Teflon Potter homogenizer in 3 ml of NaCl 0.9%.

The mixture was then filtered, the proteins precipitated by

addition of trichloracetic acid and the transformation of

NADH (which is proportional to ATP content) quantified

by spectrophometry at 340 nm.

2.8. Determination of caspases 3 and 9 activity

Cytosolic caspase activity was determined by fluorome-

try using a Perkin Elmer LS 50B fluorescence spectrometer.

Samples were obtained by homogenization of livers on ice
using a Teflon Potter homogenizer in a buffer containing 25

mM Tris, 5 mM MgCl2, 1 mM EGTA and 50 Al of a

protease inhibitor cocktail, pH 7.5. Cellular fragments were

precipitated at 600� g for 10 min. The supernatant was

centrifuged at 100000� g for 20 min. After addition of

0.5% of 0.4 M dithiothreitol, the supernatant was stored at

� 80 jC. Thirty micrograms of protein was assayed in a

buffer containing 30 mM Hepes, 0.3 mM EDTA, 100 mM

NaCl, 10 mM dithiothreitol, and 0.15% Triton X-100. The

reaction was started with the addition of 200 AM of the

substrate of caspase 3, N-acetyl-Asp-Glu-Val-Asp-7-amino-

4-trifluoromethylcoumarine (Ac-DEVD-AFC, Tebu, Le Per-

ray-en-Yvelines), or of caspase 9, N-acetyl-Leu-Glu-His-

Asp-7-amino-4-trifluoromethylcoumarine (Ac-LEHD-AFC,

Tebu, Le Perray-en-Yvelines). Fluorescence of 7-amino-4-

trifluoromethylcoumarine (AFC) released was measured

after 2-h incubation at 37 jC using an excitation wavelength

of 400 nm and an emission wavelength of 505 nm. Fluo-

rescence intensity was calibrated with standard concentra-

tions of AFC. Protease activity was calculated from the

slope of the recorder trace and expressed as nmol of AFC

released/h/mg protein.

2.9. Determination of cytosolic and mitochondrial cyto-

chrome c content

Cytochrome c content was measured on thawed cytosolic

fraction by Western blot analysis: 25 Ag proteins were

loaded onto a 15% Sodium Dodecyl Sulfate-polyacrylamide

gel. After migration, the proteins were electroblotted onto a

Polyvinylidine Difluoride transfer membrane. Immunostain-

ing of cytochrome c was carried out with an anti-cyto-

chrome c monoclonal primary antibody (MAB897,

Amersham Biosciences, Orsay, France) and with an HRP-

linked whole secondary antibody (NA931-1ML, Amersham

Biosciences). For detection, the membrane was incubated

with peroxidase-linked antibody (ECL Plus Western Blot-

ting Detection Reagents, Amersham Biosciences) for 5 min

and exposed to X-rays films.

2.10. Determination of cell death

Lactate dehydrogenase (LDH) activity was measured

spectrophotometrically in the preservation and culture me-

dia with the Cytotoxicity Detection Kit (Roche, Meylan,

France) as an index of plasma membrane damage and loss

of membrane integrity. Hepatocytes were seeded into 35-

mm culture dishes (Fisher Bioblock, Illkirch, France) at a

density of 4� 105 cells in 1.5 ml William’s E medium and

allowed an attachment period of 1 h at 37 jC under an

atmosphere of O2/CO2 (95:5%). Enzyme activity was

expressed as the percentage of extracellular LDH activity

relative to the total LDH activity on the plates.

Cell death was estimated after seeding 4� 105 hepato-

cytes in warm Williams’ E medium and allowing an

attachment period of 1 h at 37 jC under an atmosphere of
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O2/CO2 (95:5%). Necrosis and apoptosis were determined

by fluorescence microscopy using propidium iodide (2 nM)

and Hoechst 33342 (5 nM) staining, respectively.

2.11. Materials

When not specified, chemicals, reagents and buffers were

of analytical grade and were obtained from Sigma-Aldrich

(Saint-Quentin, France). Cyclosporin A was a generous gift

of Novartis Laboratories (Basle, Switzerland) and was

solubilized in dimethylformamide. When cyclosporin A

was used, a similar volume of dimethylformamid was

included in the control experiments.

2.12. Statistical analysis

All values are given F S.E.M. Statistical comparisons

were made using a test of analysis of variance (SigmaStat

software package, Jandel Scientific). A P value < 0.05 was

considered statistically significant.
Fig. 1. Effect of 24-h CPWR on mitochondrial swelling. Swelling was

induced by the addition (arrow) of 6 mM succinate (panel A), 6 mM suc-

cinate + 25 AM Ca2 + (panel B) or 6 mM succinate + 50 AM Ca2 + (panel C).

DA540: Change in absorbance of the mitochondrial suspension at 540 nm.

Line a: control mitochondria. Line b: mitochondria isolated from 24-h eKHB

CPWR liver. Line c: mitochondria isolated from 24 h eKHB+ 1 AM
cyclosporin A CPWR liver.
3. Results

3.1. Effect of preservation solution and cyclosporin A

addition on mitochondrial parameters during CPWR on the

model of isolated-perfused rat liver

We utilized a model of isolated-perfused rat liver to

evaluate the potential role of PTP opening during cold

preservation followed (or not) by warm reperfusion.

Table 1 summarizes the mitochondrial parameters mea-

sured after 24-h cold-preservation in eKHB followed or not

by 30-min warm reperfusion of rat liver compared to control

mitochondria isolated from a control liver. After 24-h cold

preservation only, the mitochondrial parameters were close
Table 1

Functional parameters of liver mitochondria subjected to 24-h CPWR in the

absence or in the presence of 1 AM cyclosporin A (CsA)

Time of

preservation

0 h (control) 24 h

Preservation

solution

Treatment

– eKHB

CP

eKHB

CPWR

eKHB+CsA

(1 AM)

CPWR

V3 (nmol/

mg/min)

87.2F 4.7 72.6F 3.2 64.2F 8.2a 69.0F 3.6a

RCR 4.31F 0.10 3.58F 0.23a 2.92F 0.25a 3.46F 0.15a,b

P/O 1.61F 0.01 1.44F 0.08a 1.36F 0.07a 1.56F 0.10b

DW (mV) � 189F 1 � 188F 1 � 184F 1a � 190F 2b

tDW (s) 637F 56 590F 55 409F 43a >1500a,b

The cold preservation was performed in eKHB medium. Control:

mitochondria isolated from liver not subjected to CPWR. Each value

represents the meanF S.E.M. of four to eight experiments performed in

triplicate.
a P < 0.05 vs. control.
b P< 0.05 vs. 24-h CPWR in eKHB.
to the control data. After 24-h CPWR, state 3 respiration

rate, RCR and P/O values fell from 87.2F 4.7 to 64.2F 8.2

nmol/mg/min, from 4.31F 0.10 to 2.92F 0.25, and from

1.61F 0.01 to 1.36F 0.07, respectively (n= 4 to 8, P < 0.05

vs. control). Consequently, DW was slightly lowered after

this treatment and the ability of mitochondria to maintain

DW was significantly altered as attested by the decrease in

tDW from 637F 56 to 409F 43 s after 24 h (n = 4 to 8,

P < 0.05 vs. control). Inversion of Na+/K+ concentrations

did not show any improvement of functional parameters.

For instance, after 24-h CPWR in iKHB medium, RCR and

P/O values were 2.43F 0.19 and 1.21F 0.08, respectively

(n = 4).

These observations allow us to suppose that PTP opening

could be involved in the alterations caused by CPWR. In

order to confirm this hypothesis, spontaneous or induced

swelling of mitochondria was measured. Fig. 1 shows that

mitochondria subjected to 24-h CPWR in eKHB swell

spontaneously when they are energized with succinate (line

b, panel A). This effect was moderate and was not observed

with either control mitochondria (line a, panel A) or

mitochondria isolated from livers subjected to simple cold



Fig. 2. Effect of cyclosporin A on cytochrome c (cyt c) release into cytosol

during CPWR in rat liver. Cytosolic and mitochondrial fractions were

separated as described in Material and methods and cytochrome c release

was measured by Western Blot analysis in cytosolic fractions. Western

Blots are representative of five independent experiments with similar

results. Lane 1: Control; lanes 2 and 3: cytochrome c release after 24-hCPWR

in the absence and presence of 1 AM cyclosporin A, respectively; lane 4:

cytochrome c release after cold preservation only. The signal intensity was

evaluated by densitometry (aP < 0.05 vs. control; bP < 0.05 vs. 24-h cyclo-

sporin A (n= 5)).
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storage (not shown). The addition of increasing concentra-

tions of Ca2 + amplified the phenomenon (compare lines a

and b in panels B and C). In contrast, the presence of 1 AM
of cyclosporin A (the specific inhibitor of PTP) in the

preservation and reperfusion media completely inhibited

mitochondrial swelling irrespective of the protocol used

(line c in all panels), indicating that PTP opens during warm

reperfusion and that CPWR sensitized mitochondria to

Ca2 +-induced permeability transition. Cyclosporin A also

restored DW to the control value and the ability of mito-

chondria to maintain DW over time (Table 1). In addition,

cyclosporin A significantly limited the decrease in RCR and

P/O values (3.46F 0.15 and 1.56F 0.10 after 24-h CPWR,

P < 0.05) and tended to increase state 3 respiration rate but

this was not statistically significant.

Interestingly, the improvement of mitochondrial func-

tions by cyclosporin A also limited the decrease in liver ATP

content measured after 24-h CPWR in eKHB as shown in

Table 2. Indeed, the latter treatment induced a 40F 2.1%

decrease (n = 4 to 6, P < 0.05) in ATP content (ATP content

of a control liver was about 2.4 Amol/g liver). The presence

of 1 AM cyclosporin A in the preservation and reperfusion

media partially limited ATP depletion to 30F 3.3% (n = 4 to

6, P < 0.05).

3.2. Effect of preservation solution and cyclosporin A

addition on biochemical markers of apoptosis during

CPWR on the model of isolated-perfused rat liver

It is now well established that PTP opening plays a

pivotal role in the early phase of apoptosis in mammalian

cells (Bernardi et al., 1999). Thus, we investigated the

consequences of CPWR on biochemical markers of apopto-

sis—namely, release of cytochrome c from mitochondrial

inner membrane and subsequent activation of caspases 9

and 3—in the absence and in the presence of cyclosporin A.

The release of cytochrome c from mitochondria was

studied by Western blot analysis (Fig. 2). Cold preservation

of the liver did not modify the release of cytochrome c from

mitochondria (lane 4). However, such a release was ob-

served during the warm reperfusion period (lane 2). More-

over, addition of 1 AM cyclosporin A in 24-h preservation

and reperfusion media (lane 3) significantly reduced this
Table 2

Percentage of cellular ATP content after 24-h CPWR in eKHB in the

absence or in the presence of 1 AM cyclosporin A (CsA)

Time of preservation 0 h (Control) 24 h

Preservation solution – eKHB eKHB+CsA

(1 AM)

Percentage of ATP

content

100F 6.2% 60.0F 2.1%a 70.0F 3.3%a,b

Percentage of cellular ATP content after 24-h CPWR in eKHB in the

absence or in the presence of 1 AM cyclosporin A (CsA) was compared to

control value (100%) which corresponds to 2.4 Amol/g liver. (n= 4 to 6).
a P < 0.05 vs. control.
b P< 0.05 vs. 24 h eKHB.
release. Cytochrome c release was followed by a significant

increase in the activity of caspases 3 and 9 after 24-h CPWR

in eKHB medium (Fig. 3). The presence of 1 AM cyclo-

sporin A in the CPWR media limited significantly the

activation of the two caspases after 24-h preservation.

The same studies were also performed after 48-h CPWR.

Mitochondrial functions were extensively altered so that

RCR and P/O values reached 1.40F 0.15 and 0.77F 0.07,

respectively (n = 4). These effects were probably due to the

membrane damages induced by the prolonged hypothermic

storage and under these conditions, cyclosporin A was not

able to induce any protective effect on mitochondrial

parameters, loss of ATP, cytochrome c release or caspases

activation (results not shown).
Fig. 3. Activities of caspases 3 and 9 after 24-h CPWR in eKHB. Caspase

activities were studied in the absence or in the presence of 1 AM
cyclosporin A (CsA) and are expressed as nmol of AFC released/h/mg of

protein. aP < 0.05 vs. control; bP< 0.05 vs. 24 h eKHB (n= 4 to 6).



Fig. 4. Percentage of cell death by apoptosis (chromatin condensation/

nuclear fragmentation) after 24-h CPWR. Chromatin condensation/nuclear

fragmentation was estimated by fluorescence microscopy using Hoechst

33342 (5 nM) staining and was determined in the absence of cyclosporin A

(0) or in the presence of five different concentrations of cyclosporin A: 0.1,

0.5, 1, 2.5, 5 AM. aP < 0.05 vs. control (0) (n= 4 to 6).
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3.3. Effect of preservation solution and cyclosporin A

addition on cell necrosis and apoptosis after CPWR on the

model of the primary culture of rat hepatocytes

It has been previously demonstrated that cultured rat

hepatocytes subjected to CPWR in vitro mimick the two

stages of cell death observed in vivo; a slight decrease in

viability as a function of simple cold storage time, which is

greatly exacerbated by warm reperfusion (Serrar and Had-

dad, 1997; Serrar et al., 1999). However, the type of cell

death, hence the extent of necrosis and apoptosis after

CPWR, has not been examined. We therefore studied these

parameters in primary cultures of hepatocytes by means of

fluorescence microscopy.

Table 3 presents the data on the percentage of necrotic

(propidium iodide staining) and advanced apoptotic cells

(chromatin condensation/nuclear fragmentation stained with

Hoechst 33342) after 24-h cold preservation followed by a

1-h warm culture period (reperfusion). In cells preserved

hypothermically for 24 h followed by warm culture, the

number of necrotic cells increased to 12.9% whatever the

preservation solution used, in comparison to 7.6% for

unstored controls. Very few advanced apoptotic hepatocytes

could be observed in unstored control cells put in short-term

culture. On the other hand, cell death by apoptosis pro-

gressed to 11.5% in cells cold-preserved in eKHB for 24 h.

Hepatocytes stored hypothermically in iKHB exhibited a

similar apoptotic rate of 9.9%.

In order to evaluate the impact of PTP opening on cell

death, cyclosporin A was added to the preservation and to

the culture media at five different concentrations between

0.1 and 5 AM. These concentrations are below the threshold

of cyclosporin A toxicity for cells (Grub et al., 2000).

Cyclosporin A had no effect on cell viability measured after

simple cold storage for 24 h (not shown). Likewise, it did

not affect necrosis measured after warm reperfusion. How-

ever, a dose-dependent inhibition of apoptosis by cyclo-

sporin A was observed in cells subjected to 24-h CPWR,

again irrespective of the preservation solution used (Fig. 4).

C. Plin et al. / European Journal116
Table 3

Percentage of cell death in primary culture of hepatocytes estimated after

0 h or 24-h CPWR in eKHB or iKHB

Time of preservation 0 h (control) 24 h

Preservation solution – eKHB iKHB

Necrosis 7.58F 2.81 12.93F 3.36a 12.92F 5.13a

Chromatin condensation/

nuclear fragmentation

0.75F 0.40 11.49F 1.08a 9.93F 1.10a

Necrosis and advanced stages of chromatin condensation/nuclear fragmen-

tation (apoptosis) were estimated by fluorescence microscopy using the

fluorochromes propidium iodide and Hoechst 33342, respectively. A two-

way analysis of variance confirmed that cold preservation time had a

significant effect on necrosis and apoptosis. On the other hand, preservation

solution type had no significant effect, and the analysis revealed no

interaction between the two parameters. (n= 10 to 13).
a P < 0.05 vs. 0-h preservation.
In order to ensure that this effect was restricted to

apoptosis, we studied LDH release by hepatocytes, which

is characteristic of cell death by necrosis (Fig. 5). During

simple cold storage in eKHB and iKHB, 5.78F 1.34% and

6.38F 0.47% of total LDH were released, respectively. As

expected, this effect was amplified after reperfusion (warm

culture). Again, results confirm that the two preservation

media were equivalent in terms of cell viability, estimated

here by another parameter reflecting deterioration of plasma

membrane integrity. The addition of 1 AM cyclosporin A to

the cold preservation and warm culture media did not

modify the LDH data, thereby confirming aforementioned

results on necrosis obtained with propidium iodide staining

(results not illustrated).
4. Discussion

Liver graft involves a period of cold ischemia followed

by a warm reperfusion that is deleterious for hepatocytes

and can lead to organ dysfunctions (Clavien et al., 1992). At

the mitochondrial level, there is a good agreement to

consider PTP as a crucial event leading to cell death by
Fig. 5. Percentage of total hepatocellular lactate dehydrogenase (LDH)

released after 24-h simple cold preservation in eKHB or iKHB (hatched

bars) and after warm reperfusion (white bars) (n= 6 to 8).
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necrosis or by apoptosis (Crompton, 1999; Lemasters et al.,

1999). Thus, the aim of this study was to test the hypothesis

that inhibition of PTP opening could improve rat liver

mitochondrial and hepatocellular parameters after 24-h cold

preservation followed by a warm reperfusion in Krebs-

Henseleit Buffer.

Our study shows that the mitochondrial respiratory chain

is highly affected after 24-h CPWR and that the capacity of

ATP production is decreased, confirming the data of Sam-

mut et al. (1998). Moreover, the lowered capacity of

mitochondria to maintain the electrochemical gradient sug-

gests that the mitochondrial membrane is damaged and thus

allows the return of protons inside the mitochondria by

another way than complex V. These alterations are at least in

part due to the occurrence of PTP. Indeed, it is well

established that PTP opening renders the inner membrane

permeable to ions and solutes and thus induces swelling

(Zoratti and Szabo, 1995). Our results show that mitochon-

dria subjected to CPWR swell spontaneously and that this

swelling is totally inhibited by addition of 1 AM cyclosporin

A, a specific inhibitor of the PTP, in the preservation and in

the reperfusion media. Moreover, the presence of cyclo-

sporin A restored completely the mitochondrial membrane

potential, limited the decrease in RCR and P/O as well as

the loss of cellular ATP content showing that inhibition of

the permeability transition protects mitochondrial functions

and cellular energetic charge after 24-h CPWR.

These data are in line with those of Leducq et al. (1998)

who demonstrated that cyclosporin A inhibited the rapid

decrease in liver ATP content during the transition from

hypothermia to normothermia. They also confirm the pro-

tective effect of cyclosporin A towards ATP decrease in

other models of normothermic ischemia–reperfusion (Kur-

okawa et al., 1992; Sakr and Abdel-Aal, 1996).

Protection of cellular energetic charge is particularly

interesting as Metzger and Lauterburg (1988) and He et al.

(2003) have shown that the recovery of ATP concentration in

liver after CPWR is well correlated with organ viability.

Indeed, ATP is the energetic substrate of cells and the lack of

this energetic source leads to cell death by necrosis (Lemas-

ters et al., 1999). So, preservation of ATP content by

inhibition of PTP could protect the organ from necrosis,

allowing the execution stage of apoptosis to proceed.

It has been shown that PTP opening induces cytochrome c

release and that it is followed by the activation of caspases

that execute apoptosis (Borutaite et al., 2003; Thress et al.,

1999). Our study reveals that the apoptotic process is

initiated after CPWR and thus likely contributes to the

ensuing liver damage. Indeed, the inhibition of PTP opening

by cyclosporin A limited the activation of biochemical

markers of liver apoptosis in our experimental conditions,

namely cytochrome c release and concomitant caspase

activation. Since parenchymal cells carry out the majority

of hepatic functions (such as metabolism and bile secretion)

and are sensitive to CPWR (Kukan and Haddad, 2001), we

have examined in greater detail the mode of cell death in
purified hepatocytes subjected to CPWR in short-term cul-

tures (Elimadi and Haddad, 2001; Serrar and Haddad, 1997).

The results show that cell viability is highly dependent on the

duration of the cold preservation period preceding warm

reperfusion. In control cells (0-h preservation), cell death

was limited, but occurred mainly by necrosis. If cells were

cold-preserved 24 h before this culture, cell death by necrosis

increased and advanced stages of cell death by apoptosis

(chromatin condensation/nuclear fragmentation) appeared.

Addition of increasing concentrations of cyclosporin A

limits in a dose-dependent manner cell death by apoptosis

thereby confirming the protective effect observed on cyto-

chrome c release and caspase activation using the ex vivo

approach. However, it did not limit cell death by necrosis

evaluated by propidium iodide staining or by LDH release.

However, we have shown in the first part of this study that

cyclosporin A limited the loss of liver ATP content. Con-

sequently, this should have protected from cell death by

necrosis. We can suppose that this partial resumption of

hepatocytes metabolism was not sufficient to afford protec-

tion against necrosis.

It should be noted that other proteins as calcineurin,

cyclophilins and multidrug resistance protein are also tar-

geted by cyclosporin A (Lemasters et al., 1998; Bernardi et

al., 2001) and our data cannot exclude a combinatorial

protective effect by cyclosporin A through the inhibition

of PTP and the effect on these proteins.

The two preservation solutions tested were equivalent for

the maintenance of cell viability. This observation is in

accordance with the previous study of Serrar et al. (1999)

where sodium–lactobionate–sucrose extracellular medium

was compared to University of Wisconsin intracellular

solution. The iKHB medium did not afford any improve-

ment of mitochondrial parameters in the ex vivo model. The

results even show a slight alteration of these parameters.

Gibelin et al. (2002) have studied mitochondrial lesions

after 24-h cold preservation followed by 90-min warm

reperfusion of rat liver by means of histological examina-

tion. They demonstrated that the lesions were more impor-

tant in an intracellular preservation medium rather than in an

extracellular one. Several other publications mentioned the

equal quality or the superiority of extracellular solutions on

other models like the rat lung ischemia– reperfusion

(Chiang, 2001) or the Langendorff-perfused heart (Drink-

water et al., 1995). Thus, preservation solutions of intracel-

lular-like nature do not afford any protective advantage over

extracellular ones.

In conclusion, mitochondrial PTP opening is clearly

involved in CPWR lesions. These lesions are generated

essentially after warm reperfusion, and are amplified as cold

preservation time is lengthened. PTP inhibition protects the

mitochondrial respiratory chain allowing better recovery of

energetic charge and limits the activation of cell death by

apoptosis in both the organ and the isolated liver cells.

However, PTP is not the only element responsible of such

damages. Therefore, inhibition of PTP provides only a
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partial protection of the organ. Nevertheless mitochondrial

protection should be considered as a promising adjunct

therapeutic approach to improve the primary function of

the grafted liver after transplantation.
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