British Journal of Pharmacology (2000) 130, 197-200

© 2000 Macmillan Publishers Ltd Al rights reserved 0007 -1188/00 $15.00 C‘)

SPECIAL REPORT

www.nature.com/bjp

Caspase inhibition and limitation of myocardial infarct size:
protection against lethal reperfusion injury
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Ischaemia-reperfusion injury causes cell death by both necrosis and apoptosis. Caspase activation is
a major event in apoptosis. We therefore examined the effect of caspase inhibitors during
reperfusion upon myocardial infarction. Rat isolated hearts were subjected to 35 min coronary
occlusion and 120 min reperfusion. Treatment groups were perfused with caspase inhibitors during
early reperfusion. We assessed a non-selective caspase inhibitor (Z-VAD-fmk, 0.1 um), a caspase-8
inhibitor (Z-IETD-fmk, 0.07 um), a caspase-9 inhibitor (Z-LEHD-fmk, 0.07 umM) and a caspase-3
inhibitor (Ac-DEVD-cmk, 0.07 um). All caspase inhibitors limited infarct size (infarct-risk ratio per
cent: control 38.5+2.6; Z-VAD-fmk 24.64+3.4; Z-LEHD-fmk 19.342.4; Z-IETD-fmk 23.045.4; Ac-
DEVD-cmk 27.84+3.3; P<0.05 when compared with control value, I-way ANOVA). We conclude
that caspase inhibition during early reperfusion protects myocardium against lethal reperfusion

injury.
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Leu-Glu-(OMe)-His-Asp(OMe)-CH,F; Z-VAD-fmk, Z-Val-Ala-Asp(OMe)-CH,F

Introduction Myocardial ischaemia, with or without reperfu-
sion, results in irreversible cell injury leading to myocardial
infarction. Although, traditionally, necrosis is regarded as the
pathological hallmark of myocardial infarction, there is
accumulating evidence that apoptosis also contributes to
myocardial cell death during infarction (Anversa et al.,
1998). It has been suggested that the apoptotic program is
initiated shortly after the onset of ischaemia but there is
evidence that the process is amplified during reperfusion
(Gottlieb ef al., 1994; Fliss & Gattinger, 1996; Scarabelli et al.,
1999). This enhancement may be due to the replenishment of
high-energy phosphates which is necessary to sustain
apoptosis, together with cytosolic and intra-mitochondrial
calcium overload, and reactive oxygen species generation
(Fliss, 1998).

Apoptosis is crucially dependent on the activation of certain
intracellular proteases, called caspases, typically activated in a
cascade fashion. There are currently about 14 known caspases.
The ‘initiator’ caspases, caspase-8 and caspase-9, and the
‘effector’ caspase-3 seem to be play pivotal roles in apoptosis.
We hypothesized that inhibition of apoptosis during reperfu-
sion, by administration of synthetic peptide inhibitors of
caspase activation, would reduce the extent of myocardial
infarction. To test this hypothesis, we examined the effects of a
non-selective (‘broad spectrum’) caspase inhibitor (Z-
VAD-fmk), an inhibitor of caspase-8 (Z-IETD-fmk), an
inhibitor of caspase-9 (Z-LEHD-fmk) and an inhibitor of
caspase-3 (Ac-DEVD-cmk). All agents are cell permeable and
known to induce irreversible inhibition of caspases and, with
the exception of Z-VAD-fmk, are reported to be selective
inhibitors (Rudel, 1999). Our results are the first to indicate the
ability of caspase inhibitors to limit myocardial infarction
when administered only during early reperfusion.
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Methods Sources of materials Caspase inhibitors were
obtained from Calbiochem (Nottingham, U.K.). All other
materials were of analytical grade from BDH. We used a non-
selective caspase inhibitor, Z-VAD-fmk (Z-Val-Ala-As-
p(OMe)-CH,F), a caspase-8 inhibitor, Z-IETD-fmk (Z-Ile-
Glu-Thr-Asp(OMe)-CH,F), a caspase-9 inhibitor, Z-
LEHD-fmk (Z-Leu-Glu-OMe)-His-Asp(OMe)-CH,F) and a
caspase-3 inhibitor, Ac-DEVD-cmk (Ac-Asp-Glu-Val-Asp-
CH,CI). All these inhibitors are cell permeable and irreversible
inhibitors of the respective caspases. They were dissolved in
dimethylsulphoxide and aliquots were frozen. The aliquots
were diluted in Krebs-Henseleit buffer (see below) immediately
before use. The final concentrations of the dimethylsulphoxide
in the buffer solution did not exceed 0.02%, a concentration
which has previously been shown to have no effect on cardiac
function or infarct size in this model.

Ischaemia-reperfusion protocols A previously characterized
model of myocardial infarction in the rat isolated heart was
used (Mocanu et al., 1999). Male Sprague-Dawley rats (300—
350 g body weight) were anaesthetized with sodium pento-
barbitone (55 mg kg=' ip.) and heparin (300 IU) was
administered concomitantly. Under deep anaesthesia, the
hearts were excised, placed in ice-cold buffer and mounted on
a Langendorff perfusion system (80 mmHg constant pressure).
Hearts were perfused retrogradely with a modified Krebs-
Henseleit bicarbonate buffer, containing (in mMm): NaCl 118.5,
NaHCO; 25, KClI 4.8, MgSO, 1.2, KH,PO, 1.2, CaCl, 1.7,
glucose 12. All solutions were filtered through a Whatman
microfibre filter (2.0 um pore), gassed with 95% 0,/5% CO,,
pH 7.4 (£0.4). Heart temperature was maintained at 37°C
throughout. A latex isovolumic balloon was introduced in the
left ventricle and inflated to give a preload of 8—10 mmHg.
Left ventricular developed pressure, heart rate and coronary
flow were recorded at intervals. For occlusion of the left main
coronary artery, a 3/0 surgical silk suture mounted on a curved
needle was placed under the artery close to its origin and the
ends of the suture were passed through a small plastic snare.
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Regional ischaemia was induced by clamping the snare taut
onto the epicardial surface with a haemostat forceps.
Reperfusion was induced by releasing the snare and was
confirmed by an increase in coronary flow rate above the
preceding ischaemic value. Reperfusion-induced tachyarrhyth-
mias were of low incidence and severity due to the relatively
high K* concentration of the perfusion buffer (Curtis &
Hearse, 1989).

Drug treatment protocols Hearts were randomized to the
following treatment groups: (1) Controls (C, n=12): hearts
were allowed to stabilize then underwent 35 min regional
ischaemia followed by 120 min reperfusion. (2) Treated hearts
received a caspase inhibitor added in the perfusate for 15 min,
starting 5 min before reperfusion: 0.1 uM Z-VAD-fmk (n=9),
0.07 um Z-LEHD-fmk (n=9), 0.07 um Z-IETD-fmk (n="7), or
0.07 uM Ac-DEVD-cmk (n=28). The experimental protocol is
presented in Figure 1.

Infarct size assessment At the end of 120 min reperfusion the
snare was tightened to re-occlude the coronary artery and
Evans’ blue solution (0.12%) was infused slowly into the aorta.
After freezing at —20°C for 1-4 h, hearts were sliced into
1 mm-thick transverse sections and incubated in triphenyl-
tetrazolium chloride solution (1% in phosphate buffer, pH 7.4)
at 37°C for 10— 12 min. The stained sections were then fixed in
10% formalin, overnight. At the end of this procedure, the
viable tissue was stained red and the infarcted tissue remained
pale. Using computerized planimetry (Summa Sketch II,
Summagraphics, Connecticut, U.S.A.) the percentage of
infarcted tissue within the myocardium at risk was calculated.

Statistical analysis All data are expressed as mean+ts.e.
mean. Infarct size data were analysed using 1-way analysis of
variance with post hoc comparisons using the Fisher’s
protected least significant difference test. Differences in
coronary flow and rate-pressure product were analysed by
repeated measures ANOVA. Differences between groups were
considered significant when P <0.05.
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Figure 1 Experimental protocols. Following stabilization for

20 min, hearts were subjected to 35 min coronary artery occlusion
followed by 120 min reperfusion after which infarct size was assessed.
Hearts treated with caspase inhibitors were randomly assigned to
receive one of four inhibitors, administered in the Krebs-Henseleit
buffer. Perfusion with the inhibitors was commenced 5 min before
reperfusion and stopped at 10 min reperfusion, indicated by the black
bar. Thereafter hearts were perfused with normal Krebs-Henseleit
buffer.

Results A total of 52 hearts were used for this study. Five
hearts were excluded prior to coronary artery occlusion due to
low coronary flow rate, left ventricular developed pressure less

Table 1 Contractile function and coronary flow

Ischaemia Reperfusion
Group 34 min 5 min 120 min
Coronary flow (per cent of stabilization value)
Control 53.5+4.1 63.5+6.1 44.5+5.8
Z-VAD.fmk 50.5+3.1 70.0+9.0 39.0+8.6
Z-1ETD.fmk 529+5.5 70.5+5.2 50.2+4.9
Z-LEHD.fmk 549454 69.2+5.6 57.1+8.1
Ac-DEVD.cmk  50.5+3.1 64.3+4.3 56.7+9.2
Rate-pressure product (per cent of stabilization value)
Control 54.64+6.0 55.8+6.2 39.44+6.6
Z-VAD.fmk 48.7+3.3 67.4+3.3 35.1+8.7
Z-1ETD.fmk 55.449.0 59.8+5.3 48.9+6.9
Z-LEHD.fmk 60.0+8.0 63.5+3.4 60.8+38.2
Ac-DEVD.cmk  36.1+4.1 57.242.1 40.1+6.8
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Figure 2 (a) Myocardial ischaemic risk volume. (b) Infarct size
expressed as a percentage of myocardial risk volume. Z-VAD-fmk,
non-selective caspase inhibitor; Z-LEHD-fmk, a caspase-9 inhibitor;
Z-1ETD-fmk, a caspase-8 inhibitor; Ac-DEVD-cmk, a caspase-3
inhibitor. Treatment with each caspase inhibitor resulted in
significant limitation of infarct size. *P<0.05 vs control (l-way
ANOVA).
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than 80 mmHg or heart rate less than 300 beats min~'. A
further two hearts were excluded due to failure to reperfuse.
Fast ventricular tachycardia or ventricular fibrillation
occurred in several hearts during reperfusion (incidence 11—
42% among the different experimental groups) but converted
to sinus rhythm within 2 min. No hearts were excluded as a
result of tachyarrhythmias. Thus we report infarct data from
45 successfully completed experiments.

Table 1 summarizes myocardial contractile function (as
rate-pressure product) and coronary flow at the end of
ischaemia, during early reperfusion and at the end of
reperfusion. During prolonged Langendorff perfusion with-
out coronary occlusion, coronary flow rate and contractile
function decline steadily during the experimental time
course. Coronary occlusion resulted in immediate decline
in coronary flow rate which increased upon reperfusion
and thereafter declined steadily during the reperfusion
period. At the end of the 120 min reperfusion period there
were no significant variations between groups with regard
to coronary flow rate or contractile performance which is
consistent with previous experience with this model
(Mocanu et al., 1999). Although contractile function and
coronary flow were not primarily endpoints assessed in
this study, a tendency towards better recovery of both
flow and contractility was noticeable in the caspase-9
inhibitor group.

The ischaemic risk zone volume (i.e. the volume of
myocardium at risk of infarction) was similar in all the
experimental groups at around 0.5 cm® (Figure 2a). In control
hearts, the percentage of infarction within the risk zone was
38.54+2.6%, a value consistent with previous reports using this
experimental model of ischaemia-reperfusion (Mocanu et al.,
1999). Within control hearts 38.5+2.6% of the risk zone was
infarcted. The percentage of infarction was markedly reduced
in all the caspase inhibitor-treated groups compared with the
control group (Figure 2b). It is of interest to note that
treatment with the non-selective caspase inhibitor (Z-
VAD-fmk) did not confer greater protection against infarction
than any of the selective inhibitors when these were
administered alone (Z-VAD-fmk 24.6+3.4%; Z-LEHD-fmk
19.3+2.4%; Z-IETD-fmk 23.0+5.4%; Ac-DEVD-cmk
27.8+3.3%, differences not significant).

Discussion Infarct size is a critical determinant of acute and
long-term prognosis in patients following coronary throm-
bosis. At present, prompt reperfusion is regarded as the
primary means of salvaging ischaemic myocardium but,
paradoxically, reperfusion may be associated with further
exacerbation of the infarct process (‘lethal reperfusion
injury’) (Yellon & Baxter, 2000). The identification of drugs
which influence the rate and extent of tissue death during
both ischaemia and reperfusion is a major therapeutic goal.
In particular, agents which could be administered as
adjuncts to thrombolysis to attenuate lethal reperfusion
injury, and would thereby provide further benefit than
reperfusion therapy alone, might significantly influence
clinical outcome from myocardial infarction. In the present
study, we report that a range of caspase inhibitors when
administered as adjuncts to reperfusion in an experimental
model of myocardial infarction, provide substantial protec-
tion. There are several lines of evidence that myocardial cell
death during ischaemia-reperfusion can take place via
apoptosis and necrosis but the individual contributions of
these two phenomena and at what point they contribute to
tissue death is unclear (Bromme & Holtz, 1996; Buja &
Entman, 1998; Gottlieb & Engler, 1999). Since caspase

activation via death ligands or mitochondrial damage is a
crucial event in apoptosis and since apoptosis appears to be
accelerated during the process of reperfusion, we were
interested to study the effect upon reperfusion injury of
caspase inhibitors given at the onset of reperfusion. Our
primary hypothesis was that apoptosis contributes substan-
tially to myocardial infarction and that its role is most
relevant during reperfusion. Although some studies provide
evidence that apoptosis occurs during experimental myocar-
dial ischaemia (Anversa et al., 1998), work from our own
and other laboratories suggests that subsequent reperfusion
increases the extent of cardiomyocyte and vascular
endothelial cell apoptosis quite substantially (Gottlieb et al.,
1994; Fliss & Gattinger, 1996; Scarabelli er al., 1999).
Previous studies have shown that application of caspase
inhibitors prior to ischaemia confers protection against
ischaemia-reperfusion injury in myocardium. For example,
Z-VAD-fmk administered before, and continuously during
and after an ischaemic insult resulted in better recovery and
a smaller infarct size in rat heart in vivo (Yaoita et al.,
1998). Holly et al. (1999) have reported that caspase
inhibition with the non-selective inhibitor Y-VAD-cmk prior
to coronary artery occlusion in the rabbit heart in vivo led to
limitation of infarct size. Since these compounds inhibit
caspases irreversibly it is likely that caspases were also
inhibited during reperfusion. In contrast, in the present
study the caspase inhibitors were given specifically at early
reperfusion. We demonstrate that under these circumstances
they also reduce the extent of infarction significantly,
providing evidence that the key signaling pathways
controlling apoptosis may mediate reperfusion injury.

It is not clear to what extent apoptosis and necrosis
individually contribute to tissue infarction. Relatively recent
information suggests that necrosis and apoptosis are governed
by similar mechanisms, and contrary to earlier belief they may
share common molecular pathways (Shimizu et al., 1996;
Gottlieb & Engler, 1999). Moreover, if the high energy
phosphate reserves are exhausted, cells undergoing apoptosis
can switch to secondary necrosis (Leist & Nicotera, 1997;
Daemen et al., 1999). Thus, the precise mechanism(s) by which
caspase inhibitors lead to limitation of infarction is not certain.
In spite of the fact that the inhibitors we used are reported to
exert specific and selective anti-caspase effects at the concentra-
tion used, their specificity should be accepted with some caution.
Indeed, the fact that all the selective inhibitors were effective to
approximately the same degree as the non-selective inhibitor was
surprising to us. Therefore, we cannot exclude the possibility
that caspase inhibitors may exert non-specific actions and might
inhibit other proteases, such as calpains for example, which have
been previously implicated in ischaemia-reperfusion injury
(Iwamoto et al., 1999). There is evidence that calpains, which
are structurally related to caspases, are involved not only in
necrotic processes but also in apoptosis (McGinnis et al., 1999).
Conversely, there is accumulating evidence that apoptosis and
necrosis are linked phenomena sharing common pathways, and
in the pathology of ischemic reperfused myocardium itis difficult
to distinguish between these two cell death pathways (Shimizu et
al., 1996; Gottlieb & Engler, 1999). Indeed, recent evidence
suggests that in addition to their well-established role in
apoptosis, caspases may also mediate necrotic injury (Edelstein
et al., 1999).

In conclusion, we present the first evidence that caspase
inhibitors administered as adjuncts to reperfusion limit infarct
size. Although the precise mechanism underlying the protec-
tion remains to be clarified, these observations indicate that
inhibition of caspases may be a promising route for
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development of therapies to attenuate reperfusion-induced
injury in the heart.
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