Available online at www.sciencedirect.com
SCIENCE (dDIRECT“

Biochemical Pharmacology 68 (2004) 2427-2433

www.elsevier.com/locate/biochempharm

The immunosuppressant drug FK506 prevents Fas-induced
apoptosis in human hepatocytes

M.J. Gémez-Lechén®*, A. Serralta®, M.T. Donato®, N. Jiménez*,
E. O’Connor®, J.V. Castell?, J. Mir®

aCentro de Investigacion, Unidad de Hepatologia Experimental, Hospital Universitario La Fe,
Avda Campanar 21, E-47009 Valencia, Spain
Unidad de Cirugia y Trasplante Hepdtico, Hospital Universitario La Fe,
Avda Campanar 21, E-47009 Valencia, Spain
“Department Bioquimica, Facultad de Medicina, University de Valéncia,
Avda Blasco Ibadriez 10, E-46010 Valencia, Spain

Received 7 June 2004; accepted 30 August 2004

Abstract

FK506 is a potent immunosuppressive drug used for the prevention of graft rejection in organ transplantation. Experimental and clinical
studies have shown correlations between apoptosis and graft rejection, and apoptosis also plays a role in cell death after ischemia—
reperfusion injury in the rat liver. Fas-mediated apoptosis is very likely involved in allograft rejection and experimental evidence has
shown a decrease of FasR expression in mouse hepatocytes produced by the drugs. On the basis of these findings we have investigated the
protective effect of FK506 in comparison with cyclosporine A (CsA) on Fas-induced apoptosis, by analysing the activation of downstream
effector caspases in human hepatocytes. Apoptosis was induced by treatment with agonistic antibodies against FasR, which resulted in a
significant activation of caspase-3 after 12 h. Prevention of the downstream activation of the caspase cascade and apoptosis was observed
when hepatocytes were pre-treated for 3 h with immunosuppressant drugs. A significant reduction (ca. 30-40%) of caspase-3 activation by
5 uM FK506 and CsA was observed. Along with less activation of caspase-3 a decrease of apoptotic DNA fragmentation was found. In
addition, FK506 significantly reduced not only caspase-8 but also caspase-9 activation, to a similar extent as CsA, thus suggesting a
protective effect at the mitochondrial level of this drug, as has already been reported for CsA. These effects of FK506 help to explain its
strong anti-rejection properties and suggest promising benefits of pharmacological preconditioning on ischemia—reperfusion injury
following liver transplantation.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Apoptosis has long been recognized as an important
mechanism of cell death in transplantation-associated liver
damage, mainly related to allograft rejection [1]. Both
experimental findings in rat liver transplantation [2] and
studies in patients with acute and chronic rejection [3-5]
show that hepatocyte apoptosis correlates with graft rejec-
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Fas ligand; LDH, lactate dehydrogenase; MNTC, maximal non toxic
concentration

* Corresponding author. Tel.: +34 96 1973 048; fax: +34 96 1973 018.

E-mail address: gomez_mjo@gva.es (M.J. Gomez-Lechon).

0006-2952/$ — see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2004.08.028

tion. In addition, some authors have observed that apop-
tosis might be involved in cell death after ischemia—
reperfusion injury in the rat liver [6].

The apoptotic stimuli comprise extrinsic signals (bind-
ing of death-inducing ligands to cell surface receptors), and
intrinsic signals produced following cellular stress (initiate
apoptosis involving the mitochondria). Therefore, the two
main pathways of apoptosis include: (a) the cell death
receptor pathway, including the FasR is activated by its
ligand, FasL, triggers the clustering of the death domain
that mediates transduction of the death signal activating the
apoptosis program [7] and (b) the mitochondria-initiated
pathway that involves release of mitochondrial proteins
which commits hepatocytes to apoptosis [8—10]. Fas-



2428 M.J. Gomez-Lechon et al./Biochemical Pharmacology 68 (2004) 2427-2433

mediated apoptosis very likely takes place as a mechanism
of allograft rejection [4]. Hepatocytes are rich in FasR
under certain inflammatory conditions [4] and cytotoxic T-
lymphocytes express FasL [11]; thus, T-cells could activate
hepatocyte apoptosis in allograft rejection. Moreover,
recent clinical reports show a significant increase of FasR
expression in hepatocytes, percentage of apoptotic hepa-
tocytes and higher levels of FasL in serum of patients with
liver allograft rejection than in controls [12].

The macrolide drug FK506 (Tacrolimus) is a potent
immunosuppressive agent used for the prevention of graft
rejection in organ transplantation. It has been claimed to
possess hepatotrophic or hepatoprotective properties to
reduce liver injuries of various etiologies, which are inde-
pendent of the inhibition of T-cell activation, and might
contribute to the anti-rejection properties of FK506 [13—
15]. A protective anti-apoptotic effect in the liver cells
could be one of these actions. Evidence showing a decrease
of FasR expression in mouse hepatocytes cultured in
presence of FK506 has also been reported [16,17].
FK506 has also been shown to have down-regulatory
effects on various cellular and biochemical mechanisms
involved in liver ischemia-reperfusion damage [18].
FK506 has, therefore, been proposed as a pharmacological
preconditioning agent with promising beneficial actions on
ischemia-reperfusion injury following liver transplanta-
tion [19], which has been related partly to the prevention of
apoptosis both in cultured rat hepatocytes [20] and in
patients [21].

These previous findings showing how FK506 prevents
apoptosis in liver cells are of great clinical and pharma-
cological relevance. Demonstration of a direct action of
FK506 on human hepatocyte apoptosis could be of interest
to help to understand its anti-rejection properties. There-
fore, the influence of FK506 on Fas-mediated apoptosis,
the activation of downstream effector caspases and DNA
fragmentation was investigated in human hepatocytes, and
compared with the immunosuppressant CsA, an agent
whose protective effect on hepatocyte apoptosis during
ischemia-reperfusion injury has already been reported
[22,23].

2. Material and methods
2.1. Reagents

FK506 was supplied by Fujisawa (Osaka, Japan). CsA
was purchased from Sigma (MO, USA). Collagenase was
from Roche (Barcelona, Spain). Ac-DEVD-AMC caspase-
3 and Ac-IETD-AFC caspase-8 fluorogenic substrates
were from PharMingen (San Diego, CA). Ac-LEHD-
AFC caspase-9 fluorogenic substrate and IETD-CHO
and LEHD-CHO (caspase-8 and caspase-9 cell permeable
inhibitors, respectively) were purchased from Calbiochem
(Nottingham, UK). Culture media (Ham’s F-12, Lebovitz

L-15) and DNase I Amplification Grade were from Gibco
BRL (Paisley, UK). Anti-Fas monoclonal antibody CHI11
clone was purchased from MBL (Nagoya, Japan). All other
chemicals were of analytical grade.

2.2. Isolation and culture of human hepatocytes

Human hepatocytes were obtained from elective liver
biopsies (1-5 g) in the course of a therapeutic laparotomy
for non-malignant liver disease or extrahepatic disease
after receiving informed consent from patients, in confor-
mity with the rules of the Hospital’s Ethics Committee
[23,24]. None of the patients were habitual consumers of
alcohol or other drugs. A total of 13 cell preparations from
different liver biopsies were used in the study (Table 1).
Hepatocytes were isolated using a two-step perfusion
technique and cultured as described [25]. Briefly, the tissue
was extensively washed with a Ca®*-free buffer containing
0.5 mM EGTA and in the second step was perfused with
the same buffer, without EGTA but with 5 mM CaCl,, and
collagenase for 1 h. Cellular viability was assessed by the
Trypan blue dye exclusion test. Hepatocytes were seeded
on fibronectin-coated plastic dishes (3.5 wg/cm?) at a
density of 8 x 10 viable cells/cm® and cultured in Ham’s
F-12/Williams (1:1) medium supplemented with 2% new-
born calf serum, 50 mU/ml penicillin, 50 pwg/ml strepto-
mycin, 0.1% bovine serum albumin, 10°8M insulin,
25 pg/ml transferrin, 0.1 puM sodium selenite, 65.5 pM
ethanolamine, 7.2 uM linoleic acid, 17.5 mM glucose,
6.14 mM ascorbic acid, and 0.64 mM N-omega-nitro-L-
arginine methyl ester. The medium was changed 1 h later
to remove unattached hepatocytes. By 24 h, the cells were
shifted to serum-free hormone-supplemented medium
(10 nM dexamethasone and insulin). Treatments started
16-20 h after seeding.

2.3. Preparation of stock solutions for treatment of
cultures

Stock solutions of 500 M FK506 in DMSO, 1 mg/ml
cicloheximide in water, and 400 puM CsA in PBS were

Table 1
Characteristics of the biopsies used in the study

Biopsy Gender Age Cell viability (%)
1 Male 73 93
2 Female 47 96
3 Male 78 91
4 Male 22 99
5 Female 39 99
6 Male 59 99
7 Male 60 97
8 Female 47 94
9 Female 70 95

10 Male 77 98

11 Male 49 97

12 Male 28 98

13 Male 26 97




M.J. Gomez-Lechon et al./Biochemical Pharmacology 68 (2004) 2427-2433 2429

prepared. A 500 ng/pl commercial solution of anti-Fas
antibody, which is known to induce active cell death based
on Fas-mediated apoptosis [26], was diluted in culture
medium. Stock solutions of 400 mM of IETD-CHO and
LEHD-CHO (caspase-8 and caspase-9 cell-permeable
inhibitors, respectively) were prepared in DMSO and
added to hepatocytes at a final concentration of
100 wM. Stock solutions were diluted with culture medium
to obtain the appropriate final concentrations. In all cases
the concentration of solvent in culture medium did not
exceed 0.5% (v/v).

2.4. Cytotoxicity assay

Increasing concentrations of the drug in PBS were
added to cultures after medium renewal and cells were
incubated for a 24-h period. Cytotoxicity was assessed by
measuring the intracellular LDH content [27]. The max-
imal concentration not causing a significant decrease in
intracellular LDH, the MNTC, was determined after
several assays.

2.5. Flow cytometric analysis of DNA fragmentation

Cell monolayers were kept frozen at —20 °C until the
time of DNA fragmentation analysis. Then monolayers
were thawed and covered with hypotonic lysis solution
[28] and kept overnight at 4 °C in order to release nuclei.
Propidium iodide (50 pg/ml, final concentration) was
added to the nuclei suspension for fluorescent staining
of DNA and nuclei suspensions were incubated for
30 min at room temperature in the dark. The degree of
apoptosis was estimated from the percentage of nuclei with
a DNA content lower than the diploid (2C) peak in a single-
parameter histogram of PI fluorescence distribution [28].

2.6. Caspases-3, -8 and -9 activities

After incubation of hepatocytes for increasing periods of
time with the different treatments, detached cells were
collected by centrifugation at 500 x g for 3 min and
attached cells were scraped off. Cells were pooled and
lysed at 4 °C in a buffer (10 mM Tris—HCI, 10 mM
NaH,PO,/NaHPO, pH 7.5, 130 mM NaCl, 1% Triton
X-100, and 10 mM NaPPi), as described [28]. Caspases-
3, -8 and -9 activities were measured using the specific
fluorogenic substrates 20 wM Ac-DEVD-AMC, Ac-IETD-
AFC and Ac-LEDHD-AFC respectively, as previously
described in detail [29]. Cellular protein was determined
as described [30].

2.7. Statistical analysis
Each experiment was performed on three different cul-

tures. The statistical significance of the experimental data
was analysed by the Student’s #-test.

3. Results

3.1. Cytotoxicity of anti-Fas and FK506 on cultured
hepatocytes

Cells were incubated with increasing concentrations of
FK506 and CsA up to 25 pM for 24 h, and changes in
intracellular LDH content were evaluated as a cytotoxicity
end-point. The maximal concentration of FK506 and CsA
not causing cytotoxic effect was greater than 25 pM.
Cicloheximide (CHX) at 50 pg/ml did not produce any
cytotoxic effect.

The effect on hepatocyte viability of anti-Fas (CH11) at
concentrations up to 100 ng/ml, alone or in combination
with 50 wg/ml CHX, was evaluated after 20 h of treatment
to select the most effective concentration of CHI1 to
induce cell death. As Fig. 1 shows CH11 alone did not
produce cytotoxicity to human hepatocytes, while in com-
bination with CHX a significant reduction of hepatocyte
viability was found at 25 ng/ml CHI11 and at 50 ng/ml
there was an 80% reduction.

3.2. Effect of FK506 on Fas-induced DNA
fragmentation

Flow cytometric analysis of DNA fragmentation was
performed in hepatocytes incubated for 20 h with 50 ng/
ml CH11, 50 pg/ml CHX or both compounds in combina-
tion. Fig. 2 shows a significant increase of percentage
of apoptotic nuclei with sub-diploid DNA content (DNA
fragmentation) after Fas-induced apoptosis (ca. 90%) by
CHI11 combined with CHX, in comparison with unsti-
mulated controls. The protective effect of FK506 on
DNA fragmentation was evaluated. Hepatocytes were
pre-treated for 3 h with 5 uM FK506 prior induction
of Fas-mediated apoptosis and the percentage of sub-
diploid nuclei was evaluated up to 18 h of treatment in
the presence of FK506. A significant reduction (30-40%)
of percentage of DNA fragmentation was found in cultures
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Fig. 1. Cytotoxicity of anti-FasR on cultured hepatocytes. Cytotoxicity was
assessed by measuring the intracellular LDH content. The effect on
hepatocyte viability of 50 ng/ml CH11 alone () or in combination with
50 pwg/ml CHX (@) was evaluated after 20 h of treatment. Data are
expressed as percentages of the untreated controls and correspond to the
means £ S.D. of triplicate dishes from a representative experiment. *p <
0.01, Student’s t-test, respect to hepatocytes treated with CHI1 alone.
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Fig. 2. Effect of FK506 on Fas-induced DNA fragmentation Fas-induced
apoptotic nuclei either by 50 ng/ml CHI11 or 50 pwg/ml CHX or both
compounds in combination was evaluated in human hepatocytes. Protective
effect of FK506 on DNA fragmentation was evaluated in hepatocytes pre-
treated for 3 h with 5 uM FK506. Flow cytometric analysis of percentage of
apoptotic nuclei with sub-diploid DNA content (DNA fragmentation) was
performed in hepatocytes incubated for 20 h. Data correspond to the mean
=+ S.D. of triplicate dishes from a representative experiment. *p < 0.01,
Student’s r-test, respect to CH11 plus CHX treated hepatocytes.
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exposed to FK506. The drug alone did not produce any
effect on DNA fragmentation (data not shown).

3.3. Fas-induced caspase cascade activation pathway

The kinetics of activation of caspases-3, -8 and -9 were
evaluated in hepatocytes treated with 50 ng/ml CHI11,
50 pwg/ml CHX or both compounds in combination. The
results show a time-dependent increase of caspase-3 acti-
vation in hepatocytes only in cultures treated with CHI1
plus CHX peaking after 9h of treatment (Fig. 3A).
Kinetics of caspase-8 and caspase-9 activation were ana-
lysed in the same cultures and the activation reached the
maximum respectively after 6 and 9 h of treatment with the
apoptotic inducer (Fig. 3B and C).

To analyse the apoptotic pathway involved in the cas-
pase activation cascade by CHI1 the effect of specific
inhibitors of the effector caspases-8 and -9 on activation of
caspase-3 was investigated. As Fig. 3D shows, the inhibi-
tion of both caspases prevented caspase-3 activation in
human hepatocytes, suggesting that both effector caspases
are involved in Fas-induced apoptosis. However, a differ-
ent contribution of each effector caspase on caspase cas-
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Fig. 3. Fas-induced caspases activation The kinetics of caspases-3, -8 and -9 activation was evaluated in hepatocytes treated either with 50 ng/ml CH11 () or
50 pg/ml CHX (A) or both compounds in combination (4) and compared with controls (O). Caspases-3, -8 and -9 activation was assayed by using the
fluorescent substrates Ac-DEVD-AMC, Ac-IETD-AFC and Ac-LEHD-AFC, respectively. (A) A time-dependent increase in caspase-3 activation was found in
hepatocytes incubated with CH11 plus CHX, reaching the maximum after 9 h of treatment. (B) The time-course of caspase-8 activation shows a maximum after
6 h of treatment with CH11 plus CHX. (C) The time-course of caspase-9 activation shows a maximum after 9 h of treatment with CH11 plus CHX. (D) To
analyse the contribution of caspases to Fas-induced apoptosis, hepatocytes were exposed to 100 M cell permeable caspase inhibitors of the caspases-8 (IETD-
CHO) and -9 (LEHD-CHO) 1 h before inducing apoptosis. The role of the effector caspase inhibitors on caspase-3 activation was evaluated after 9 h of induction
of apoptosis in presence and absence of FK506. Data correspond to the mean + S.D. of triplicate dishes from a representative experiment. *p < 0.05, **p <
0.01, ***p < 0.001 Student’s r-test, respect to CHI11 plus CHX treated hepatocytes.
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Fig. 4. Protective effect of FK506 on caspase-3 activation FK506 or CsA was added 3 h before the stimulation of apoptosis by 50 ng/ml CH11 and 50 p.g/ml
CHX. (A) Caspase-3 and (B) caspase-8 activation was assayed after 9 h of induction of apoptosis by using the fluorescent substrates Ac-DEVD-AMC and Ac-
LEDHD-AFC, respectively, and (C) caspase-9 activation was assayed after 6 h of induction of apoptosis with Ac-IETD-AFC. Untreated control (white bars),
CH11 plus CHX stimulated hepatocytes (black bars), and in Fas-induced cells pre-treated either with 5 wuM FK506 (light grey bars) or with 5 uM CsA (deep
grey bars). Data correspond to the mean + S.D. of triplicate dishes from a representative experiment. *p < 0.05, **p < 0.01, by Student’s #-test, with respect to

CHI11 plus CHX treated hepatocytes.

cade activation was observed. The inhibitor of the apical
caspase-8 totally blocked activation of caspase-3 activa-
tion, while the caspase-9 inhibitor reduced caspase-3 acti-
vation by 35%, thus indicating a significant contribution of
the mithochondrial pathway in Fas-mediated apoptosis.

Next we analysed the protective effect of FK506 and
CsA on caspase-3 activation by adding the compounds 3 h
before the stimulation of Fas-induced apoptosis. The
results showed that both FK506 and CsA significantly
reduced caspase-3 activation (40%) when human hepato-
cytes were pre-treated with 5 wM FK506 or CsA (Fig. 4A).
A similar protective effect of FK506 on caspase-8 (Figs.
3D and 4B) and caspase-9 (Fig. 4C) activation was found.
Non-significant protection was observed when the FK506
was added simultaneously to CHI11 and CHX (data not
shown).

4. Discussion

Apoptosis, or programmed cell death, is considered a
physiological mechanism of organ homeostasis, but it
could be enhanced in some diseases and pathological
status, and has been related to allograft rejection and
ischemia—reperfusion injury in liver transplantation
[1,31]. Apoptotic signalling includes three stages: signal
induction, which varies with the stimulus but converges on

a common propagation stage via caspase cascade activa-
tion, and an execution stage. The caspase cascade has two
main modes of activation: at the cell membrane death
receptors, including FasR, and at the mitochondria invol-
ving release of mitochondrial proteins and activation of
initiator caspase-9 [1,32].

FasL binding to its death receptor, FasR, results in
recruitment of the receptor-specific adapter protein Fas-
associated death domain (FADD), which then recruits
caspase-8. Activated caspase-8 is known to propagate
the apoptotic signal either by directly cleaving and activat-
ing downstream caspases or by cleaving Bid, the Bcl2-
interacting protein, that translocates to mitochondria and
leads to the release of cytochrome ¢ from mitochondria,
triggering activation of caspase-9 [1,32-34]. Thus, the
death receptors can activate multiple death domain-
initiated apoptosis programs, including both extrinsic
and intrinsic pathways [34,35]. The activation of intracel-
lular signalling leads to the activation of endonucleases
resulting in DNA fragmentation that finishes with cell
death.

FasR is expressed on the cell surface of normal hepa-
tocytes [11,33], although its levels are significantly higher
in acute rejection after liver transplantation and other
inflammatory conditions [4]. It has been shown previously
that FasR expressed in cultured mouse hepatocytes func-
tionally transduces the apoptotic signal but at the same
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time hepatocytes also express protective proteins against
Fas-mediated apoptosis. Therefore, it was shown that
simultaneous addition of actinomicyn D or cycloheximide
to anti-FasR greatly increases Fas-dependent apoptosis
[35-37]. Our results show, in agreement with these find-
ings, that the combination of CHX with low concentrations
of agonistic antibodies against FasR (CH11), which is
known to induce cell death based on Fas-mediated apop-
tosis [11,26], appears to be necessary for decreasing the
percentage of hepatocytes escaping from Fas-mediated
apoptosis.

The immunomodulating agents selective T-cell suppres-
sors like the polypeptide CsA and the macrolide FK506
have been claimed to possess hepatoprotective properties
at low doses [13-15]. The role of CsA on apoptosis
following warm ischemia—reperfusion [22] and mitochon-
dria protection [22,23] has been previously well estab-
lished. The main objective of our work was to analyse the
preventive effect of FK506 on Fas-induced apoptosis in
human hepatocytes pre-treated with the drug in compar-
ison with CsA. The results show that pre-treatment with
FK506 significantly reduced DNA fragmentation and
downstream caspases-3, -8 and -9 activation in cultured
hepatocytes stimulated to apoptosis via Fas (Figs. 2 and 4).
These observations on human hepatocytes may help
explain the low incidence of acute cellular rejection in
patients treated with FK506 [14,15]. Active cell death
induced by binding of FasR with its ligand, FasL, plays
a major role in cell killing via apoptosis by cytotoxic T-
lymphocytes [38]. Thus, T-cell injury of hepatocytes dur-
ing graft rejection in liver transplantation is very likely
related to Fas-mediated apoptosis [12]. Therefore, Fas-
antigen expression of hepatocytes and its modification by
immunosuppressive agents such as FK506 could influence
allograft survival. There is a decrease in FasR expression in
mouse hepatocytes cultured in the presence of FK506
[16,17] and in warm ischemia—reperfusion injury in liver
of rats pre-treated with CsA [22]. These findings suggest
that in the in vivo setting, hepatocytes of the allograft
would have a lower chance of being attacked by cytotoxic
T-lymphocytes in hosts treated with immunosuppressive
drugs such as FK506 and CsA. Therefore, the modification
of FasR expression of hepatocytes by FK506 could influ-
ence allograft survival.

The role of FK506 in tissue protection from ischemia—
reperfusion injury may not be the consequence of a single
pathway, but caused by multiple inter-related mechanisms.
Clinically, anti-apoptotic effects of FK506 have been
suggested that could be closely related to the protective
effect of the drug on mitochondria [21]. Indeed the FK506
binding protein of the mitochondria is the receptor for this
compound and plays a key role in the regulation of MTP
[39]. The results clearly show the contribution of the
mitochondrial pathway in Fas-mediated apoptosis (Fig.
3D), and the preventive effect of FK506 on caspase-9
activation in Fas-induced apoptosis (Fig. 4). It has been

described that FK506 inhibition of the onset of MPT does
not require interaction with calcineurin, indicating a dis-
sociation between immunosuppression and mitochondrial
protection [39,40]. Thus suggests a cytoprotective effect of
FK506 against liver injury through a direct anti-apoptotic
effect in human hepatocytes by preventing the mito-
chondrial dysfunction and the caspase cascade activation
pathway.

In summary, a downregulatory effect of the immuno-
suppressive drug FK506 on FasR expression [16,17],
which may lead to a decrease of active caspase-8 levels
and thus, prevents apoptosis; and the results also point to a
direct protective effect of FK506 on the apoptotic path-
way at the intracellular level. Since Fas-mediated apop-
tosis relies on caspase-8 activation and mitochondria
to activate caspase-3, the protection of mitochondria
seems to prevent mitochondrial protein release [39,40],
which in turn very likely decreases caspase-9 activation
and the downstream activation of caspase cascade,
thus reducing the propagation and amplification of the
apoptotic signal.

Our observation of a preventive effect of FK506 against
human hepatocyte apoptosis could support the use of this
compound as a preconditioning agent. Studies in nor-
mothermic ischemia indicate that the initial phenomena
of cell death were activated as soon as 1 h after reperfusion,
with maximal caspase activation and cell death occurring
within 3-6 h after reperfusion [41]. Our observation sug-
gests that the use of this compound in a time interval before
the ischemia establishment as a preconditioning agent will
obtain maximal benefits on hepatocyte apoptosis following
transplantation. Further studies are necessary to clarify this
point.

Although the human peak concentrations are lower
compared to those needed in cultured hepatocytes to
prevent apoptosis, in animal studies it has been proved
that FK506 widely distributed into tissues with a high
accumulation in liver [42].

We conclude that the pre-treatment of cultured human
hepatocytes with FK506 protects against Fas induced
apoptosis and mitochondrial dysfunction with similar
potency as CsA. The protective effect of FK506 against
human hepatocyte apoptosis could support the clinical use
of this compound as a promising preconditioning agent
against ischemia—reperfusion injury.
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