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1 Previous study suggested that cyclosporine A (CsA) could partially reduce ischaemia/reperfusion-
induced injury in isolated heart, but the mechanism was still unclear. In this study, the possible
mechanisms of cyclosporine A in regulating oxidative stress-induced cardiomyocyte apoptosis were
examined.

2 Morphological (cell shrinkage, apoptotic body formation, and DNA fragmentation) and
biochemical (annexin-V staining for exposed phosphatidylserine residues) evidences showed that
both hydrogen peroxide (H2O2) and hypoxia/reoxygenation could induce apoptotic change in the
embryonal rat heart myoblast-derived cells (H9c2). These e�ects were inhibited by pre-treatment
with CsA at concentration of 0.01 ± 1.0 mM for 24 h, but were increased with 10.0 mM CsA.

3 While examining the mechanisms of CsA in protecting cardiomyocyte apoptosis, we found that
the collapse of mitochondria membrane potential (DCm) induced by oxidative stress was partially
reversed by CsA (0.01 ± 1.0 mM).

4 Compared to the control, CSA at the concentration of 0.1 and 10.0 mM signi®cantly increased the
level of intracellular reactive oxygen species (ROS) to 117.2+12.4% and 234.4+9.3%, respectively.
Co-incubating with the antioxidant, ascorbic acid (10.0 mM), could partially reduce the protective
e�ect of CsA (0.01 ± 1.0 mM) and the toxic e�ect of 10.0 mM CsA.

5 Pre-treatment with CsA at concentration of 0.01 ± 1.0 mM for 24 h produced up-regulation of
heat shock protein 70 (Hsp 70), inducible nitric oxide synthase (iNOS) and also induced NO
production, indicating that these factors might be associated with the cell protective e�ects of CsA.

6 These results suggest that CsA could protect the oxidative stress-induced cardiomyocyte
apoptosis not only by preventing the loss of DCm in mitochondria, but also through ROS
generation, Hsp70, and iNOS up-regulation.
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Introduction

Understanding and prevention of cardiac cell death asso-
ciated with myocardial infarction (MI), myocardial ischaemia

plus subsequent reperfusion, cardiac allograft rejection, and
heart failure is a major area of clinical interest (Haunstetter
& Izumo, 1998). It becomes increasingly apparent that

proportions of cardiomyocytes might preferentially undergo
apoptosis following hypoxia, ischaemia/reperfusion, and
treatment with hydrogen peroxide or nitric oxide (Arstall,

et al., 1999; Webster et al., 1999). However, the mechanism(s)
to regulate myocardial injury remain unclear. Some recent
studies have reported that the reactive oxygen species (ROS),
mitochondrial permeability transition pore (PTP), Bcl-2

family, caspases, and cytochrome c might be involved in
regulating the apoptosis of cardiomyocytes (Cook et al.,

1999; Pinsky et al., 1999).
A large volume of evidence indicates that mitochondria

plays a central role in triggering apoptosis and the functional

studies indicate that drug-enforced opening or closing of the
mitochondrial permeability transition pore, PTP, can induce
or prevent apoptosis (Kroemer et al., 1997; Green & Reed,

1998; O'Rourke, 1999). Cyclosporine A (CsA) is widely used
as an immunosuppressant in organ transplantation (Kahan,
1989; Schreiber & Carbtree, 1992). Additionally, an in vitro
study indicated that the Ca2+-induced permeability transition

in isolated mitochondria was inhibited by low concentrations
(51.0 mM) of CsA (Halestrap & Davidson, 1990). CsA (the
mitochondrial PTP inhibitor) was shown to regulate cell

apoptosis by regulating a cyclosporin A-sensitive pore
modulated by cyclophilin D, which might play a major role
in cell death through modulating ATP depletion, disruption
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of Ca2+ homeostasis, and release of speci®c mitochondrial
proteins in muscle cells (Bernardi, 1999). CsA has also been
shown to stabilize the mitochondria transmembrane potential

(DCm) and prevent the release of cytochrome c from
mitochondria, and thereby inhibit apoptosis induced by
di�erent stimuli in human endothelial cells (Zamzami et al.,
1996; Walter et al., 1998). Experimental and clinical studies

suggested that CsA might have the cardioprotective e�ect in
the ischemia/reperfusion-induced injury (Massoudy et al.,
1997; Gri�ths & Halestrap, 1993). In contrast, other

experimental and clinical studies suggest that CsA generated
free radicals, thus inducing cell death and producing the side
e�ects (Wolf et al., 1997). The mechanism of CsA on

apoptosis remains to be elucidated.
Ischaemic preconditioning increased resistance to myocar-

dial ischaemic injury following short sub-lethal periods of

ischaemia (Marber, 2000). Several previous studies had
shown that some endogenous systems are involved in
ischaemic preconditioning of cardiomyocytes. It is suggested
that the mitochondria and ROS might regulate some

protective protein phosphorylation, activation, or expression,
and subsequently were contributed to both early (1 ± 2 h) and
delayed (24 ± 72 h) protection conferred by ischaemic pre-

conditioning (Cook et al., 1999; Rubino & Yellon, 2000).
Mitochondria produce and are a�ected by ROS, which

have been shown to paradoxically initiate both apoptosis and

cardioprotection (Baines et al., 1997; Cai & Jones, 1998). The
ROS serve as second messengers in di�erent cell systems to
mediate short-term signalling events, including cell growth or

ischaemic preconditioning protection. ROS (e.g. superoxide,
hydrogen peroxide, and hydroxyl radicals) generated from
brief ischaemia/reperfusion have also been recognized as
possible `triggers' in the initiation of preconditioning (Vanden

Hoek et al., 1998). It might also play an important
pathophysiological role in cardiac diseases characterized by
apoptotic cell death (Von Harsdorf et al., 1999). Long-term

e�ects of these radicals induced cellular damage and was tied
with atherosclerosis, ischaemia/reperfusion, and hypoxia/
reoxygenation (Sundaresan et al., 1995; Ballinger et al.,

2000). Numerous studies have shown that several intracel-
lular signal transduction pathways, such as the mitogen-
activated protein kinases, protein kinase C, c-Jun NH2-
terminal kinase, NF-kB, p53, and Hsp27 were regulated via

ROS, but the mechanisms were still unclear (Duranteau et
al., 1998; Von Harsdorf et al., 1999).
Reperfusion and/or reoxygenation-induced free radicals

generation is believed to play a key role in the damage of
cardiomyocytes, and has been shown to induce cell apoptosis
(Duranteau et al., 1998; Saikumar et al., 1998; Kang et al.,

2000). Thus, the direct free radical donor, H2O2, and the
hypoxia/reoxygenation model were used in this study to mimic
the oxidative stress in vitro. The aim of the present study was to

investigate the possible mechanisms of CsA on the regulation
of oxidative stress-induced cardiomyocyte apoptosis.

Methods

Cell culture

The H9c2 embryonal rat heart-derived cell line was obtained
from the American Type Culture Collection (CRL1446) and

was cultured in DMEM supplemented with 10% heat-
inactivated foetal calf serum, 100 U ml71 penicillin and
100 mg ml71 streptomycin (Kimes & Brandt, 1976). H9c2

cells were passaged at a 1 : 3 ratio and subcultured in 100-mm
diameter tissue culture dishes for 4 days.

Hypoxia/Reoxygenation

Hypoxia was achieved by using an anaerobic jar (Anaero-
Pack Series, Mitsubishi Gas Chemical Co, Inc) equipped with

an AnaeroPack, disposable O2-absorbing and CO2-generating
agent, and an indicator to monitor oxygen depletion as
previous study (Seko et al., 1996). The AnaeroPack jar is

capable of depleting the concentration of O2 down to less
than 0.1% in 2 h and of providing a 21% CO2 atmosphere.
By placing ¯asks, which contain serum-free medium, in a

AnaeroPack jar overnight, the medium was balanced with the
hypoxic atmosphere. Cultured cardiac myocytes were sub-
jected to hypoxic conditions by immediate replacement of the
medium with the hypoxic medium in the AnaeroPack jar. To

keep hypoxic conditions, all the procedures were performed
in an airtight glove bag ®lled with 95% N2/5% CO2. After
incubating in hypoxic conditions for 6 h, the cells were

reoxygenated by immediate replacement of the hypoxic
medium with a normoxic serum-free medium for another
12 h.

The experimental protocols

Two oxidative stress-induced cell injury models were used to
identify the cell protective e�ects of CsA in cardiomyocytes
(Figure 1). The H2O2 model (protocol 1): CsA was incubated
with H9c2 cells for 0 h (control), 2 h (short-term pre-

treatment) or 24 h (long-term pre-treatment) before H2O2

treatment for another 24 h. Second, the hypoxia/reoxygena-
tion model (protocol 2): CsA was incubated with H9c2 cells

0 h (co-incubation), 2 h (short-term pre-treatment) or 24 h
(long-term pre-treatment) before 6 h of hypoxia followed by
12 h of reoxygenation treatment.

Cell viability

In order to examine the cytotoxicity e�ects of H2O2 and

hypoxia/reoxygenation, the H9c2 cells were exposed to H2O2

for 24 h or hypoxia/reoxygenation (12 h of reoxygenation
after 6 h of hypoxia) with or without CsA-treatment. Cell

viability was assessed by the Trypan blue exclusion and 3-
(4,5-dimethyl-thiazol-2yl)-2,5-diphenyl tetrazolium bromide
(MTT) uptake assay (Mosmann, 1983; Denizot & Lang,

1986).

Flow cytometry analysis for apoptosis

Apoptotic cells were detected by both PI and Annexin V
labelling as described previously (Zamai et al., 1996; Chen et
al., 2001). Double-labelling was performed at 378C as

follows: PI (50 mg ml71) and Annexin V (2 mg ml71) were
added to the culture medium for 2 h, then the staining was
immediately analysed on a FACScan (Becton Dickinson

Heidelberg, Germany). Annexin V is a protein that binds to
phosphatidylserine residues, which are exposed on the
surface of apoptotic, but not normal, cells. In healthy cells,
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the distribution of the phosphatidylserine groups in the
plasma membrane is asymmetrical with the groups being
directed toward the interior of the cell; during apoptosis,
this asymmetry is lost, and the phosphatidylserines are

exposed to the exterior of the cell. Annexin V staining is
therefore an established biochemical marker of apoptosis.
The partial loss of membrane integrity or functionality is a

useful criterion for distinguishing apoptotic from necrotic
and living cells.

Determination of mitochondrial transmembrane
potential (DCm)

To evaluate DCm, cells (56105 cell ml71) were incubated
with chloromethyl Xarosamine (CMXRos) (Molecular Probe,
Eugene, OR, U.S.A.; 30 nM for experiments without ®xation,
and 150 nM prior to ®xation) or JC-1 (Molecular Probe,

Eugene, OR, U.S.A.; 10.0 mg ml71) for 15 min at 378C. As a
negative control, cells were simultaneously treated with the
protonophase uncoupling agent carbonyl cyanide m-chlor-

ophenylhydrazone (mCICCP, 50 mM, Sigma, St. Louis, MO,
U.S.A.). The cells were then analysed using FACScan ¯ow
cytometer, as previously described (Mathony et al., 2000;

Chen et al., 2001).

Fluorescent measurement of intracellular reactive oxygen
species (ROS)

Intracellular oxidant stress was monitored by measuring the
changes in ¯uorescence resulting from intracellular probe

oxidation as previously (Boissy et al., 1989; Giardino et al.,
1996). The probe 2',7'-dichloro¯uorescin diacetate (DCFH-
DA, 5.0 mM, Sigma, St. Louis, MO, U.S.A.) entered the cell

and the acetate group on DCFH-DA was cleaved by cellular
esterases, trapping the non¯uoresent DCFH inside. Subse-
quent oxidation by ROS, particularly H2O2 and hydroxyl

radical, yielded the ¯uorescent product DCF. Thus, increases
in DCFH oxidation to DCF (i.e. increases in DCF
¯uorescence) are suggestive of H2O2 or hydroxyl generation.
Cells (106 per ml) were loaded with 10 ml DCFH-DA, and

analysed by Becton Dickenson FACSCAN with excitation
and emission settings of 495 and 525 nm, respectively.

Intracellular NO measurement

For direct intracellular NO measurements, cardiomyocytes at
con¯uence were washed and maintained in DMEM without

phenol red for the experiments. The NO-sensitive ¯uorescent
probe 4,5-diamino¯uorescein (DAF-2) (Calbiochem, San
Diego, CA, U.S.A.) was pre-incubated at concentration of

10 mM for 1 h and maintained during the indicated treatment,
as previous reports (Kojima et al., 1998; Navarro-Antolin &
Lamas, 2001; Broillet et al., 2001). Following the incubation,

cells were washed twice with phosphate bu�ered saline (PBS)
and then analysed by Becton Dickenson FACSCAN with
excitation and emission settings of 480 and 540 nM,

respectively.

Western blotting

Cells were scraped into bu�er A (mM) HEPES 10, mannitol
200, sucrose 70, pH 7.5), which contained protease and
phosphatases inhibitors (1 mg ml71 aprotinin, 1 m ml71

leupeptin, 1 mg ml71 pepstatin A, 1 mM Na3VO4, 1 mM

PMSF). Samples were centrifuged (5006g) to pellet nuclei,
unbroken cells, and plasma membrane debris (nuclear

fraction). The supernatants were re-centrifuged (10,0006g)
to separate the mitochondrial fraction from the cytosolic
fraction. The mitochondrial fraction was resuspended in

bu�er A containing 1% (v v71) Triton X-100. The protein
content of each fraction was determined by the BioRad
Bradford assay. Samples were boiled with sample bu�er and
then for Western blotting to detect the Bax, Hsp27, Hsp70,

or iNOS (1 : 100) with speci®c antibodies from Santa Cruz
Biotechnol. Inc. (CA, U.S.A.) and then incubated with
alkaline phosphatase-conjugated goat anti-mouse, goat anti-

rabbit, or donkey anti-goat IgG antibody (1 : 1000). Mem-
branes were developed using the substrate of alkaline
phosphatase, nitro blue tetrazolium/5-bromo-4-chloro-3-in-

dolyl phosphate (NBT/BCIT).

Statistical analysis

Data are presented as mean+s.e.mean. Paired Student's t-
test and ANOVA were used to evaluate statistical signi®cance

Figure 1 The experimental protocols.
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of di�erences between paired observations. A value of
P50.05 was considered statistically signi®cant.

Results

Hydrogen Peroxide or Hypoxia/Reoxygenation-induced
cell apoptosis

Exposure of H9c2 to H2O2 (100 mM for 24 h) or hypoxia/

reoxygenation (12 h of reoxygenation after 6 h of hypoxia)
were resulted in apoptotic changes as compared to untreated
control in morphology, including cells shrank and retracted

from neighbouring cells (Figure 2). The annexin V procedure
stains cell membrane that has lost the membrane integrity, a
characteristic of cells in the early stages of apoptotic cell

death. Using FITC-conjugated annexin-V (green-¯uores-
cence) and propidium iodide (red-¯uorescence for chromatin
staining) staining, H9c2 cardiac myocytes exposure to H2O2

or hypoxia/reoxygenation were annexin-V positive (strong

green ¯uorescence). The control group (untreated) only
showed the background green ¯uorescence. The advanced
apoptotic or necrotic cells showed the double positive

staining for Annexin V and propidium iodide (green and
red) indicating that the integrity of the cellular membrane
was lost (arrowhead in Figure 2d).

Exposure of H9c2 cells to H2O2 or hypoxia/reoxygenation
resulted in a 42.0+12.1% and 49.6+11.3% increase in cell
apoptosis by the annexin-V/propidium iodide staining in the

present study. These results indicated that the 100 mM H2O2

or hypoxia/reoxygenation-induced cell deaths were predomi-
nately apoptotic in both H9c2 cells and the freshly isolated
adult rat ventricular myocytes, as demonstrated in previous

study (Kang et al., 2000). Higher dose of the H2O2

(5500 mM) or hypoxia (512 h) might induce cell necrosis
in most of the cell (data not shown). According to these

®ndings, the subsequent experiments were done with 100 mM
H2O2 (24 h) or hypoxia/reoxygenation (12 h of reoxygenation
after 6 h of hypoxia) to look for the protective e�ects of CsA

on cardiomyocyte apoptosis.

The cell protective effects of cyclosporine A (CsA)

Treatment with CsA alone had no signi®cant cytotoxicity at
concentrations below 1.0 mM in H9c2 cells. The viability of
cell was 98.7% at 1.0 mM as compared to untreated control.

The threshold concentration of CsA to cause cell apoptosis
was 10 mM in H9c2 cells (21.7+3.4% vs 6.3+4.1%, as
compared to untreated control group, P50.05, Figure 3). In

order to examine the e�ects of CsA on oxidative stress-
induced cell damage, CsA (0.01 ± 10.0 mM) was co-incubated
with H2O2 (100 mM) for 24 h. CsA (0.01 ± 1.0 mM) showed no

signi®cant protective e�ect in H2O2-induced H9c2 cells
apoptosis (Figure 3). However, co-incubation with CsA at
the concentrations higher than 1.0 mM signi®cantly increased
the H2O2-induced cell apoptosis (67.6+4.3% and

80.3+3.9% when 1.0 or 10.0 mM CsA was co-incubated with
100 mM H2O2, compared to 100 mM H2O2 alone, 42.0+7.3%,
P50.05, Figure 3).

Contradictory, pretreatment with 0.01 to 1.0 mM CsA for
24 h showed protective e�ect on H2O2-induced cell apoptosis
(Figure 3). CsA provided its maximal protective e�ects in

H9c2 cells at the concentration of 0.1 mM. However,
pretreated with 10.0 mM CsA has no signi®cant e�ects on
H2O2-induced cell apoptosis (36.7+6.1%, as compared to

treatment with 100 mM H2O2 alone, P50.05).
The present study also veri®ed a similar result in hypoxia/

reoxygenation injury. The fraction of apoptotic cardiomyo-
cytes was increased from 15.4+6.2% to 50.2+11.0% (n=5,

P50.05). Pretreatment of cardiomyocytes with CsA (0.01 ±
1.0 mM) for 24 h signi®cantly, but not concentration-
dependently, reduced the fraction of apoptotic cells from

50.2+11.0% to 35.5+3.6% (0.01 mM CsA, P50.05),
25.0+3.4% (0.1 mM CsA, P50.05), and 36.2+6.7%
(1.0 mM CsA, P50.05). Besides, CsA showed no signi®cant

protective e�ect for 2 h pre-treatment (46.8+6.3% and
44.5+4.7% at 0.1 and 0.01 mM, P40.05). It implied that
CsA-induced protective e�ect was with a time-dependent

delay response in the concentration ranged from 0.01 to
1.0 mM.

CsA and mitochondrial membrane potential (DCm)

Treatment of cardiomyocytes with H2O2 or hypoxia/reox-
ygenation resulted in an increase in cell apoptosis and

signi®cantly reduced the mitochondrial reductase activity, as
assessed by the conversion of the tetrazolium dye MTT to its
reduced form, a reaction indicates the integrity of mitochon-

drial function (Denizot & Lang, 1986). MTT reductase
activity fell precipitously to 41.1+5.0% or 48.7+11.2% of
control levels within 24 h of treatment with H2O2 (100 mM) or

hypoxia/reoxygenation. It was surprisingly found that
pretreated with 1.0 mM CsA for 24 h signi®cantly prevented
the loss of MTT reductase activity (Figure 4A). But, the
e�ects of short-term pre-treatment with CsA for 2 h did not

achieve a signi®cant di�erence.
In light of this change in mitochondrial function, we

assessed whether there was any decrease in mitochondrial

membrane potential (DCm) in H2O2 or hypoxia/reoxygena-
tion-induced cell apoptosis using potential-sensitive dye JC-1
(Figure 4B, a ± c) and CMXRos (MitoTracker red, Figure 4B,

e and g). The relationships between CsA in cardiac protection
and the collapse of DCm were further measured under
diverse conditions in H9c2 cells. The membrane potential-
dependent cellular localization of the positively charged

lipophilic dye was visualized by ¯uorescence microscopy
(Figure 4B) and measured by FACS analysis (Figure 4C).
Cardiomyocytes exhibited a loss of DCm after incubation in

medium added with 100 mM of H2O2 for 12 h which led to a
decrease of the transmembrane potential, and the loss of
membrane potential persisted for 24 h (Figure 4b). The

control cardiomyocytes showed the orange-red ¯uorescence
in the cytosol granularly, indicating that the accumulation of
JC-1 at high membrane potential mitochondria, and form the

JC-1 aggregates (orange-red) also showed the integrity of
mitochondria (Figure 4B, a). When the cells were treated with
H2O2, they were turned to JC-1 monomer (green) (Figure 4B,
b). Signi®cantly, pre-treatment with 0.1 mM CsA was able to

reverse the H2O2-induced the collapse of DCm (Figure 4B, c).
To study the correlation between apoptosis and the DCm

loss, CMXRos co-staining with Annexin-V was used (Figure

4B, d ± g). The control cardiomyocytes showed no annexin-V
staining (Figure 4B, d) but exhibited strong staining with
CMXRos (red ¯uorescence, Figure 4B, e). In Figure 4B, d
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and e, those cells that were positive for CMXRos showed no
Annexin-V staining, indicating these were viable cells. In
Figure 4B, f, the annexin-V positive, green ¯uorescence,
cardiomyocytes indicated that H2O2-induced cell apoptosis

and the red ¯uorescence (CMXRos) were reduced in H2O2-
treated cells, indicating the collapse of mitochondria (Figure
4B, g).

Signi®cantly, both co-incubated or pre-treated with 0.1 mM
CsA reversed the H2O2-induced DCm loss using CMXRos,
which reduced the ¯uorescence intensity (FL-2) with the

reduction of DCm in FACS analysis (Figure 4c). Hypoxia/re-
oxygenation (12 h of re-oxygenation after 6 h of hypoxia)
also resulted in a 40.7+11.1% collapse of DCm (Figure 4d),

and pre-treatment with CsA for 24 h recovered the DCm to
79.1+7.3% at the concentration of 0.01 mM (Figure 4d).

CsA and reactive oxygen species (ROS)

Because the generation of ROS is highly connected with
mitochondrial function and could be a key component in

activating the preconditioning protective e�ects and the
apoptotic pathway in cardiovascular system (Semenza, 2000;
Das et al., 1999a; Das et al., 1999b). We hypothesized that

the ROS generation might play a role in the mechanisms of
CsA in its cardioprotective e�ects and also in its cytotoxicity.
Intracellular levels of ROS were measured by using the

peroxide-sensitive ¯uorophore DCF. As demonstrated in
Figure 5, levels of ROS was increased to 212.3+7.8% as
compared with the control level when H2O2 was added for

4 h. Treatment of the cells with lethal concentration of CsA
(10.0 mM), the ROS level was signi®cantly increased to

Figure 2 Oxidative stress-induced morphological change and apoptosis in cardiac myocytes. Shown are phase-contrast views (a, c
and e) and ¯uorescence microscopic observation with annexin-V/propidium iodide staining (b, d and f). H9c2 cells both untreated (a
and b) and treated with either 100 mM H2O2 (c and d) or hypoxia/reoxygenation (12 h of re-oxygenation after 6 h of hypoxia, e and
f), were performed PI and Annexin V labelling as described in Materials and methods. The untreated cells (b) with no ¯uorescence
(Annexin V7PI7) showed the cells were viable, which exclude PI and are negative for Annexin V binding. The green ¯uorescence in
d and f (Annexin V++ PI7) represent the early apoptotic cells, Annexin V positive and PI negative, demonstrating cytoplasmic
membrane integrity. Arrowhead in (d) showed advanced apoptotic cells or necrotic cells (Annexin V+ PI+), positive for Annexin V
binding and for PI uptake which indicated that the integrity of cell membrane was lost. Similar results were obtained in four
additional experiments using independent myocyte preparation, 6400. Bar=30 mm.
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234.4+9.3%. Sub-lethal concentrations of CsA (0.1 ±
10.0 mM) also induced the generation of ROS, and this e�ect

was increased when co-incubated with 100 mM H2O2 (from
117.2+12.4% to 231.6+20.8% at 0.1 mM CsA and from
143.5+6.7% to 272.3+9.1% at 1.0 mM CsA, P50.05, Figure

5). Pre-treatment with CsA did not reduce H2O2 induced
ROS generation, but they did increase ROS to levels higher
than those of untreated cells (182.2+14.3% at 0.1 mM CsA,
173.8+15.8% at 1.0 mM CsA, and 212.3+7.8% H2O2 alone,

as compared to untreated control, Figure 5).
To understand whether the change in the intracellular ROS

is an important mechanism in the cardioprotective e�ects of

CsA, the myocytes was treated with the peroxide-scavenging
cell-permeant antioxidant, N-acetylcysteine (NAC), and the
other antioxidant (L-ascorbate) to scavenge the ROS.

Treatment with NAC (10 mM) or L-ascorbate (10 mM) for
24 h during CsA pretreatment reduced the cardioprotective
e�ects of CsA in H2O2-induced injury. The cell viability was
reduced from 67.1+7.1% to 41.3+6.1 (NAC) and

49.1+3.2% (L-ascorbate) (n=6, P50.05). Similarly, assess-
ment of cellular ROS after NAC and L-ascorbate treatment
might reduce the CsA-induced ROS generation (from

143.5+6.7% to 109.5+5.4% and 120.4+7.0%, as compared
with control level). On the other hand, when L-ascorbate
(10.0 mM) co-incubated with 10.0 mM CsA, the cytotoxicity of

CsA was decreased (the apoptotic ratio was reduced from
21.7+3.4% to 9.7+1.8%). There are no signi®cant e�ects in
cell viability when H9c2 cells were treated with L-ascorbate

(10.0 mM) or NAC (10.0 mM) in this study (102.4+6.4% and
98.1+7.9%, compared with untreated control).

Regulation of the preconditioning proteins by CsA

To regulate some cardiac protective genes is presumably an

essential component of delayed protection achieved by
ischaemic preconditioning. An increase in the expression of
potentially protective proteins, such as heat shock proteins
(Hsp) and the induced-nitric oxide synthase (iNOS), has been

demonstrated during both classic and delayed precondition-
ing (Williams, 1997; Rubino & Yellon, 2000). The expressions
of heat shock protein-70 (Hsp70, 53.4+12.1% increase as

0.1 mM CsA-treated, compare to control, P50.05) and iNOS
(73.5+5.7% increase as 1.0 mM CsA-treated, compare to
control, P50.05) were both increased after CsA (0.1 ±

1.0 mM)-treatment in H9c2 cells (Figure 6). The free radical
scavenger, ascorbic acid (10 mM), was found to prevent the
up-regulation of these proteins when co-incubated with CsA

(Figure 6). In contrast, CsA did not signi®cantly in¯uence
Hsp27 expression. The expression of a pro-apoptotic protein,
Bax, was also not achieved signi®cance following CsA
treatment (87.3+5.1% at 1.0 mM, P40.05, Figure 6 and

103.2+12.8% at 10.0 mM, P40.05, as compared with the
control group).

Additionally, the cell-permeable ¯uorescent probe diamino-

¯uorescein/diacetate (DAF-2/DA) was used with the ¯ow
cytometry technique to detect intracellular NO (Navarro-
Antolin & Lamas, 2001). CsA-treated H9c2 cells showed an

increased intracellular accumulation of diamino¯uorescein
triazol (DAF-2T) (oxidized and ¯uorescent form of the
probe) indicated by the increase of intracellular NO

production in H9c2 cells. A dose-dependent increase in the
intracellular ¯uorescence of DAF-2 was detected in H9c2
cells treated with CsA (131.2+9.7% at 0.1 mM; 174.2+12.1%
at 1.0 mM; 178.9+11.7% at 10.0 mM), which was similar to

the results in endothelial cells treated with CsA (Navarro-
Antolin et al., 2002). As a positive control, a signi®cant
increase in the intracellular ¯uorescence of DAF-2 was

achieved in H9c2 cells treated with sodium nitroprusside
(SNP, the NO donor, 171.4+14.3% at 0.1 mM).

Discussion

The present results suggested that pre-treatment with CsA

could inhibit oxidative stress-induced cell apoptosis and co-
incubation with CsA might augment hydrogen peroxide-
induced cell apoptosis in cardiomyocyte. According to the

results, we hypothesized that CsA, as a free radical generator,
is a double-edged sword. When pre-treating cells with low
dose of CsA (51.0 mM) it exerts a `preconditioning like' e�ect

by generating a small amount of ROS in cardiomyocytes
(Rubino & Yellon, 2000). However, when cells were co-
incubated with H2O2 and CsA or treated with higher dose of

CsA (10 mM) alone, excessive free radicals were generated
(e.g. peroxynitrite) (Navarro-Antolin et al., 2002), thus
promoting cell death.

CsA, a potent inhibitor of mitochondrial respiration

between cytochromes b and c, has been shown to stabilize
the DCm and inhibit cell apoptosis in endothelial cells
(Halestrap & Davidson, 1990; Zamzami et al., 1996). Pre-

treatment with CsA (0.75 mM) has been reported to reduce
the infarct size from 28.7% to 10.0% in vivo, but the
mechanism was still unclear (Gri�ths & Halestrap, 1993;

Figure 3 Flow cytometric analysis quanti®cation of apoptosis in
H9c2 cardiac myocytes exposed to di�erent concentrations of CsA
for 24 h, CsA combined with 100 mM H2O2 for 24 h, or pre-treated
with CsA for 24 h before 100 mM H2O2 treatment for another 24 h.
Cells were examined for cell apoptosis with the annexin-V/PI staining
technique as described in Materials and methods. Data are expressed
as mean+s.e.mean (n=5). *P50.05, as compared to the cells
treated with 100 mM H2O2; }P50.05, as compared to the untreated
cells.
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Massoudy et al., 1997; Weinbrenner et al., 1998). CsA was

used in an attempt to elicit preconditioning-like cardioprotec-
tion in an ex vivo study. CsA pretreatment reduced infarct
size (I/R ratio: 12.5+1.4%, P50.001 vs control, 30.2+1.3%)

similar to ischemic preconditioning (9.5+0.6%, P50.001 vs
control) in the Langendor�-perfused isolated rat hearts
(Minners et al., 2000; Sanchez et al., 2001). In this study,

pre-treatment with low dose of CsA (0.1 ± 1.0 mM) could
inhibit H2O2- or hypoxia/reoxygenation-induced DCm loss
and reduce the percentage of apoptosis in cardiomyocytes. To
study the mechanisms involved in cell protective e�ect of

CsA, we found that the protein levels of iNOS and Hsp 70

were up-regulated following CsA treatment. Heat shock
proteins (Hsps) and iNOS have been demonstrated to play
the role in ischaemic preconditioning e�ect (Kloner, 1998;

Carroll & Yellon, 1998; Ping, 1999; Suzuki et al., 2000; Zhao
et al., 2000). Previous evidence also indicated that CsA could
induce eNOS expression through ROS generation (Lopez-

Ongil et al., 1998; Rao et al., 1998; Esposito et al., 2000).
These results demonstrated that pre-treatment with CsA

might evoke a protective response known as `ischaemic
preconditioning e�ect'. Convincing evidence in the LLC-PK1

Figure 4 (A) Mitochondrial reductase activity was assayed by the reduction of MTT after the addition of 100 mmol l71 H2O2 or
hypoxia/reoxygenation (12 h of reoxygenation after 6 h of hypoxia. Data are expressed as mean+s.e.mean (n=5), and are reported
as percentage of control. *P50.05, as compared to the cells treated with 100 mmol l71 H2O2 (left of the panel) or hypoxia/re-
oxygenation (12 h of re-oxygenation after 6 h of hypoxia, right of the panel). (B) Mitochondrial membrane potential as assessed by
JC-1 or CMXRos staining. H9c2 cells were cultured for 24 h in control medium (a) or medium containing 100 mmol l71 H2O2 (b).
Note the loss of yellow-orange mitochondrial staining, representing JC-1 aggregates that accumulate at high membrane potential, in
100 mmol71 H2O2-treated as compared to the control cells. This is an indication of loss of DCm. Pretreatment with 0.1 mmol l71

CSA (c) signi®cantly prevented the loss of DCm induced by H2O2. Correlation of apoptosis and mitochondrial membrane potential
(DCm) loss in hydrogen peroxide-treated cardiomyocytes. In H9c2 cells, untreated (d and e) and treated with 100 mmol l71 H2O2

(f and g) were examined by ¯uorescence microscopy with annexin-V staining (d and f) and the loss of DCm was analysed with
CMXRos-staining (e and g). DAPI staining of DNA is shown for comparison (e and g). Similar results were obtained in three
additional experiments using independent myocyte preparations, 6400. Bar=30 mm. The loss of DCm induced by either
100 mmol l71 H2O2 (C) or hypoxia/reoxygenation (12 h of reoxygenation after 6 h of hypoxia, D) was analysed (CMXRos, FL-2,
FACS analysis) in H9c2 cells. Data are expressed as mean+s.e.mean (n=5) and are reported as percentage of control. *P50.05, as
compared to the cells treated with 100 mmol l71 H2O2 (C) or hypoxia/reoxygenation (12 h of reoxygenation after 6 h of hypoxia, D).

British Journal of Pharmacology vol 137 (6)

Cardioprotective effects of Cyclosporine AH.-W. Chen et al 777



cells also showed that pre-treatment with sub-lethal concen-

tration of CsA (50 mg ml71) for 24 h following the exposure
to a toxic concentration of CsA (200 mg ml71) produced
signi®cant cytoprotection compared to untreated control

(Yuan et al., 1996). Other evidences also indicated that low
doses of CsA are capable of activating the heat shock
transcription factors, HSF1 and HSF2 in the kidney BSC-1

cells and Hsp 70 in LLC-PK1 cells (Yuan et al., 1996; Paslaru
et al., 2000). Drug induced Hsp70 elevation is a well known
therapeutic approach for many applications in cardiovascular
system (Vigh et al., 1997; Szigeti et al., 2000).

In contrast, other evidence indicates that CsA (10.0 ±
1000.0 mM) may inhibit Ca2+ ATPase and NOS activities in
the rat myocardium, and thus, may cause myocardial toxicity

(Hutcheson et al., 1995). Some evidences have indicated that
CsA enhances the generation of hydrogen peroxide and lipid
peroxidation in vitro and in vivo (Wolf et al., 1997; Baliga et

al., 1997). In transplanted patients, CsA-induced superoxide
and free radical production, which might increase NO
metabolism, could contribute to CsA-induced vasoconstric-

tion and hypertension and predispose tp atherosclerosis (Calo
et al., 2000). Furthermore, peroxynitrite formation and
protein nitration are also considered a mediator of CsA-
induced vascular damage, for example, to promote LDL

oxidation during atherosclerotic lesion formation (Navarro-
Antolin et al., 2001). The present study demonstrates that
CsA alone could generate ROS in a concentration-dependent

manner and induced cell apoptosis at 10.0 mM CsA or when

co-incubating with H2O2. Antioxidants have been shown to
be protective in cyclosporine A nephrotoxicity and reduced
the side e�ects of CsA (Zhong et al., 1998; 1999; Buetler et

al., 2000). It seems that CsA might enhance the oxidative
stress in cells by generating excess ROS to increase cell
apoptosis in cardiomyocytes which might be the major side-

e�ects of CsA. Furthermore, CsA (10 mM) had no signi®cant
e�ect on the apoptotic regulator, Bax, which played an
important role in mitochondria-dependent apoptotic cascade.
These results indicated that CsA-regulated cell apoptosis

might be through Bax-independent pathway.
The present study also showed that CsA could induce

iNOS expression and NO production in H9c2 cells. The

preponderance of the evidence indicated that endogenous NO
is not required for the development of the early phase of
pre-conditioning e�ect. But, NO plays a dual role in the

pathophysiology of the late phase of preconditioning, acting
initially as the trigger and subsequently as the mediator of
this adaptive response (Bolli, 2001). It seems that NO might
play the role in the CsA-regulated cardioprotective e�ect,

which is useful after 24 h pre-treatment (the late phase of
preconditioning), not 2 h (the early phase of pre-conditioning
e�ect). This pharmacologically-induced late preconditioning

e�ect might have the potential for clinical use. However,
whether the iNOS induction was of bene®t to the

Figure 5 Pre-treatment with CsA lowered the H2O2-induced
formation of DCF-detectable reactive oxygen species (H2O2 or
hydroxyl radicals) but co-incubated with CsA enhanced the ROS
generation in H9c2 cells. (A) Mean cellular DCF ¯uorescence is
shown for 106 H9c2 myocytes loaded with DCFH-DA for 60 min in
the absence or presence of H2O2 and CsA for the indicated
conditions. DCF ¯uorescence was measured by ¯ow cytometry of
10,000 cells and histograms of DCF ¯uorescence in all the cases
yielded a single population. Mean DCF ¯uorescence is plotted. Mean
DCF ¯uorescence increased when the myocytes were incubated with
CsA or H2O2 alone or co-incubated with each other. Data are
expressed as mean+s.e.mean (n=5) and are reported as percentage
of control. *P50.05, compared to the untreated cells; }P50.05,
compared to the cells coincubated with both H2O2 and CsA.

Figure 6 E�ects of CsA on the levels of Hsp27, Hsp70, iNOS, and
Bax protein expression were analysed after the treatment of 0.01, 0.1
and 1.0 mM CsA for 24 h by Western blot assay using the speci®c
monoclonal antibodies as indicated in Materials and methods.
Results are expressed in arbitrary units as compared to the protein
expression level in the control group. The results are expressed as a
percentage of the control level in the absence of CsA (% of control,
n=5); the corresponding electrophoretic patterns of the proteins are
shown in the left. Lane N, cells in the basal condition (%); lane 1 ± 4,
cells treated with 0.01 (%), 0.1 (%), 1.0 (%) mM CsA, and 1.0 mM
CsA with 10 mM ascorbate (%). Each column represents the
mean+s.e.mean (n=5) and are reported as percentage of control.
*P50.05, compared to the control.
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cardiovascular system remains to be systematically investi-
gated. Since NO-dependent vasodilatation might be good for
myocardium, it was likely that elevation of serum NO2-/

NO3- levels might cause myocardical toxicity by alerting
cardiovascular NO pathway (Rao et al., 1998). Although the
di�erence of CsA-induced NO production did not achieve
signi®cance between 1.0 mM and 10.0 mM, the ROS did

signi®cantly increase at 10.0 mM. Therefore, excess ROS
(superoxide) might react with NO to produce peroxynitrite-
induced cytotoxicity. These results demonstrated that CsA-

induced NO and ROS production might regulate cardiomyo-
cyte apoptosis in the myocardium, as previous study
demonstrated (Navarro-Antolin et al., 2001).

These results suggested that the e�ects of CsA in
cardioprotection or cytotoxicity might dependent on the
dosage and correlate with ROS generation by CsA. Clinically

therapeutic blood concentrations of CsA were in the range of
0.125 to 0.250 mM, which were able to generate NO
(131.2+9.7% at 0.1 mM, compared with control). However,
CsA had no signi®cant e�ect in ROS generation at this

concentration (117.2+12.4% at 0.1 mM CsA). It seemed that
CsA might not produce enough ROS and peroxynitrite to
damage cells, whereas the production of NO might be

bene®cial for cardiovascular system at the therapeutic range.

In summary, the present investigation demonstrated that
pre-treatment with CsA inhibited oxidative stress-induced cell
apoptosis in cardiomyocytes in vitro. Mechanisms underlying

the protective e�ect of CsA appeared to be involved in
stabilization of mitochondrial membrane potential, ROS
generation, and some protective proteins (Hsp 70 and iNOS)
elevation. To the best of our knowledge, this is the ®rst study

providing a direct link between CsA-induced ROS generation
and induction of iNOS and Hsp70 that subsequently lead to
`ischaemic preconditioning-like e�ect' in cardiomyocytes.

These results suggested that CsA might protect cardiomyo-
cytes against oxidative stress-induced cell apoptosis via a new
mechanism, which might not be related to its immunosup-

pressive action. We concluded that CsA could mimic the
protective response of ischaemic preconditioning and that
might have the potential to improve the prognosis of

myocardial infarction and also heart transplantation by
modi®cation of the timing and dosage of CsA-treatment.

This study was supported by grants from the National Science
Council, the Department of Health and the National Taiwan
University Hospital, Taiwan (89-2314-B-002-431, NTUH89A014
and NTUH89A023-10). Presented at 14th World Congress of
Cardiology, Sidney, Australia, May 5 ± 9, 2002.
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