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Abstract

Calpains are involved in ischemia/reperfusion-induced changes of myocard. To obtain information on the action of calpain on
mitochondria, the effect of a new developed calpain inhibitor (CI) BSF 409425 on the ischemia/reperfusion-induced damage of rabbit
heart mitochondria was investigated. Rabbit hearts were subjected to 45 min of global ischemia followed by 60 min of reperfusion in the
presence or absence of 10 nM CI. Mitochondrial properties were characterized by skinned fiber technique with pyruvate 4+ malate as
substrates. In the presence of CI, the decrease of state 3 respiration and the increase of state 4 respiration after ischemia and reperfusion
were clearly smaller than without CI resulting in significantly smaller changes of respiratory control index, too. Ischemia/reperfusion-
caused leaks in mitochondrial inner and outer membranes were diminished by CI. It is concluded that mitochondria are a target of calpain
which reinforces the damage of oxidative phosphorylation and mitochondrial membranes during ischemia/reperfusion.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Calpains, calcium-dependent proteases, play an impor-
tant role in both physiological and pathological processes of
the cell, including ischemic injury, cell death, and degen-
erative diseases [1,2]. Activation of calpains are involved
(i) in the mechanism of ischemia/reperfusion injury of liver
[3-5] or heart [6-10], (ii) in initiating the mitochondrial
membrane permeability transition [4,5], and (iii) in necrotic
and apoptotic cell death [3,11]. It was shown that pre-
ischemic administration of a CI caused reduced myocardial
infarct size in ischemic/reperfused rat heart [7]. Calpains
cause proteolysis-induced impairments of contractile
proteins [6] and protein kinases [8]. Moreover, calpains
cleave BAX and Bid to shorter fragments, which mediate
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specifically cytochrome ¢ (Cc) release from mitochondria
[11]. On the other hand, it is known that mitochondria swell
during ischemia/reperfusion [12,13] causing disruption of
the outer mitochondrial membranes with a subsequent
unspecific release of Cc [13-15]. Those disturbances
together with decreased respiratory control index (RCI)
are detectable at the level of isolated mitochondria
[13,16] and at early stages of ischemic damage in skinned
muscle fibers [14,15]. The activity of calpains is regulated by
calcium concentration and endogenous inhibitors as calpas-
tatin [1,2,11,17]. With the new developed Cls it is now
possible to investigate how calpains contribute to ischemic
impairment of mitochondria, and it may be possible to find
suitable drugs for protection of ischemic tissues. One of
these CIs, a phenylalanine ketoamide BSF 409425 was
provided by Abott Laboratories and described by Lubisch
and Behl [18].

Thus, the aim of our work was to investigate, whether or
not the administration of CI affects the ischemia/reperfu-
sion-induced damage of the function of cardiac mitochon-
dria. We utilized a model of global ischemia (Langendorff
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technique). Rabbit hearts were perfused with and without
CI. After 45 min of ischemia and 60 min of reperfusion,
mitochondrial function was investigated using the skinned
fiber technique and high resolution respirometry with
protocols successfully used before for detection of acute
[15,19,21,22] and mutation-caused mitochondrial dysfunc-
tion [20,23]. Our studies show, that CI diminishes the
ischemia/reperfusion-induced impairment of rabbit heart
mitochondria.

2. Materials and methods
2.1. Animal model

Isolated rabbit hearts were perfused according to Lan-
gendorff preparation as described before [19] in an open
system at constant pressure (80 mmHg) and temperature
(37 °) with Krebs—Henseleit buffer solution in the presence
or absence of 10 nM CI. After a steady-state period of
15 min, coronary perfusion was stopped, and hearts were
subjected to 30 or 45 min of global ischemia followed by
60 min of reperfusion. For analysis of mitochondrial func-
tion small specimens (ca. 50 mg) were taken from the right
ventricle of the same heart at both states: (1) before
ischemia and at the end of the ischemia or (2) before
the reperfusion and at the end of reperfusion.

2.2. Skinned fiber technique

Skinned fiber technique and high resolution respirometry
were used as described previously [15,19,20-23]. Heart
muscle fibers were roughly dissected and stored less than
24 hr until measurements in storage buffer at 0—4°. The long
temporal stability of mitochondrial function was recently
demonstrated for rabbit heart muscle fibers [19]. Immedi-
ately prior to oxygraphic measurements, fibers were per-
meabilized for 30 min with 50 pg saponin/mL of medium
consisting of 8.1 mM K-EGTA, 1.9 mM Ca-EGTA buffer
(free Ca>" concentration 0.1 pM), 9.5 mM MgCl,, 3 mM
KH,PO,, 20 mM taurine, 5.2 mM ATP, 15 mM PCr, 49 mM
K-Mes, 20 mM imidazole (pH 7.1) as described previously
[20].

2.3. Oxygraphic measurements

Bundles of fibers (2-5 mg sample weight) were trans-
ferred into the Oroboros™ oxygraph chambers [24]. The
measurements were performed at 30° in 1.42 mL incubation
medium consisting of 75 mM mannitol, 25 mM sucrose,
100 mM KCl, 10 mM KH,PO,, 0.5 mM Na,EDTA, 5 mM
MgCl,, 20 mM Tris—HCl, and 1 mg/mL BSA, pH 7.4, using
10 mM pyruvate + 2 mM malate as substrates. The oxygen
concentration in the air-saturated medium was considered to
be 200 nmol O,/mL at 95 kPa barometric pressure [20]. The
weight-specific oxygen consumption was calculated as
the time derivative of the oxygen concentration (DatGraph
Analysis software, Oroboros®). Data are given as means +
SD of N hearts. From every heart at least three independent
determinations were performed. Statistical analysis was
performed using Student’s r-test for unpaired variables.
P < 0.05 was considered as the level of significance.

3. Results

As shown in Table I, impairment of mitochondrial
function was clearly dependent on the time of ischemia.
After 30 min ischemia, the state 3 respiration rate was only
slightly affected (—21%), whereas 45 min ischemia caused
a significantly decreased state 3 respiration rate (—40%) in
comparison to the controls. During reperfusion, a further
decrease of state 3 occurred. Thirty minute ischemia did
not affect the atractyloside-insensitive respiration, but after
45 min ischemia state 4 was significantly increased
(+80%), indicating an impairment of mitochondrial inner
membrane. As a result the RCI after 45 min ischemia was
significantly decreased before (—67%, P < 0.05) and after
reperfusion (—=76%, P < 0.05), whereas the RCI was only
tendentiously reduced by —26 and —36%, respectively,
after 30 min ischemia. The difference between the RCI
after 30 and 45 min ischemia was significant too. The RCIs
of succinate-dependent respiration after 45 min ischemia
(—45%) as well as after reperfusion (—53%) were sig-
nificantly diminished also (data not shown) but to a less
extent. From these results it can be concluded that under
the experimental conditions used 45 min ischemia are

Table 1
Ischemia/reperfusion-induced changes of mitochondrial function in saponin-skinned fibers

N State 3 (%) State 4 (%) RCI (%)
Control 11 5.8 £ 1.1 (100) 0.5 + 0.1 (100) 13.5 £ 4.3 (100)
30 min ischemia 6 4.6 £ 1.3 (79) 0.5 + 0.2 (100) 10.0 + 5.0 (74)
Reperfusion after 30 min ischemia 5 4.3 4+ 1.5 (74) 0.6 + 0.2 (120) 8.0 £ 6.0 (59)
45 min ischemia 8 3.5 £ 1.4* (60) 0.9 & 0.3*" (180) 44 + 2.5 (33)
Reperfusion after 45 min ischemia 4 2.6 & 1.3% (45) 0.9 £ 0.3 (180) 32 £ 2.1 (24)

Model of ischemia/reperfusion as described in Section 2. Mitochondrial respiration was measured with 10 mM pyruvate and 2 mM malate in the presence
of 5 mM ADP (state 3) and in the presence of 1.8 mM atractyloside (state 4). Respiratory rates are given as nmol O,/min/mg sample weight = SD. Data are
presented as means of 4-11 experiments + SD measured as duplicates or triplicates. Time of reperfusion was 60 min.

 Significant differences from controls.
® Significant differences from ischemia (30 min).
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Fig. 1. Effect of ischemia and of CI on functional properties of rabbit heart mitochondria as measured in saponin-skinned fibers. Original traces of
respirometric measurements of 4.2 mg fibers from control hearts (left), 2.5 mg fibers after 45 min ischemia (middle), and 2.6 mg fibers after 45 min ischemia
in the presence of 10 nM CI (right). Substrates were 10 mM pyruvate 4+ 2 mM malate. Further additions: ADP, 5 mM ADP (state 3); Cc, 32 uM cytochrome
c; At, 1.8 mM atractylate (state 4); AA, 45 uM antimycin A. Oxygen concentration (left axis, thick line). The (negative) time derivative of this signal
indicates the rate of respiration (right axis, thin line). Leak respiration as calculated from the difference of atractylate- and antimycin A-dependent respiration
is given in Table 2. Leaks in the mitochondrial outer membrane as detected by the percentage of stimulation of state 3 respiration after the addition of

cytochrome ¢ are given in Table 2.

necessary to generate significant changes in functional
properties of rabbit heart mitochondria. Therefore, we used
this protocol to test the action of CI on ischemic impairment
of heart mitochondria. In the presence or absence of 0.1 nM
CI, isolated hearts were subjected to 45 min ischemia
followed by 60 min of reperfusion. The experimental pro-
tocol of respirometric investigations is shown in Fig. 1A.
Maximal pyruvate/malate-dependent respiration (state 3)
was measured after the addition of 5 mM ADP. In all
control hearts, this rate was 6.4 + 1.1 nmol O,/min/mg
sample weight (Table 2). Then the intactness of mitochon-
drial outer membrane was checked by addition of Cc during
state 3 respiration. In control mitochondria the rate of
respiration increased by about 6% (Table 2). After inhibi-
tion of the AdN-translocator by actractyloside, the state 4
respiration was measured. This rate includes leak respira-
tion and unspecific or non-enzymatic oxygen consumption.
The latter can be measured after addition of antimycin A

Table 2

(AA), an inhibitor of complex III of the respiratory chain.
The difference between atractylate (At)- and AA-dependent
respiration indicates leaks in the mitochondrial inner mem-
brane (Table 2). Fig. 1B shows a typical respirometric
experiment of heart fibers after 45 min ischemia. State 3
respiration was clearly decreased. Cc test revealed a sub-
stantial stimulation of state 3 respiration, indicating an
impairment of mitochondrial outer membrane. Fig. 1C
shows the effect of CI on functional properties of ischemic
mitochondria. The diminishing of state 3 respiration was
less than without CI, but leaks in the outer membrane was
still detectable.

The data of all experiments are collected in Table 2.
Administration of CI had no effect on mitochondrial
parameters from control muscle fibers of hearts (without
ischemia/reperfusion). After 45 min ischemia, a clear
and significant decrease in state 3 respiration rate from
6.4 to 3.5 nmol O,/min/mg sample weight was observed.

Effect of CI BSF 409425 on impairment of mitochondrial function due to ischemia/reperfusion

Substrate N State 3 State 4 RCI Leak respiration Stimulation by cytochrome ¢
—CI

Control 4 6.4 + 1.1 0.5+ 0.1 125+ 2.7 0.15 + 0.07 6.0 & 10.0

45 min ischemia 8 35+ 14" 0.9 + 03" 44 +25" 0.32 £ 0.14" 10.0 £ 6.0

60 min reperfusion 4 26+ 13" 0.9 + 03" 32421 0.43 £+ 0.29 28.0 + 16.0
+CI

Control 4 68+ 13 0.6 + 0.1 124 + 1.1 0.12 4 0.06 n.d.

45 min ischemia 9 5.0 + 0.8 0.6 + 0.2 8.2+ 23" 0.20 £ 0.14 16.0 £ 9.0

60 min reperfusion 5 42+12" 0.7 £0.2 6.4+ 27" 0.26 + 0.24 15.0 £ 13.0

Mitochondrial function was investigated as shown in Fig. 2 with 10 mM pyruvate and 2 mM malate in the presence of 5 mM ADP (state 3), in the

presence of 1.8 mM atractyloside (state 4), and 45 M antimycin A. RCI was calculated as ratio of state 3 and state 4 respiration. The leak respiration was
calculated as difference of At and antimycin A respiration. Respiratory rates are given as nmol O,/min/mg sample weight £ SD. Intactness of mitochondrial
outer membrane was detected by stimulation of pyruvate-dependent respiration by cytochrome as shown in Fig. 2. Changes of maximal respiratory rate (in
percent) were calculated as ratio of state 3 respiration before and after the addition of 32 pM cytochrome c¢. Data as means of 4-9 experiments £+ SD
measured as duplicates or triplicates.

" Significant differences from representing controls of each group, P < 0.05.

# Significant differences from ischemia (45 min) without pre-treatment with 10 nM CI, P < 0.05.
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Pre-administration of CI prior to ischemia suppressed this
damage of mitochondrial function as indicated by the
significantly less decreased state 3 respiration (5.0 nmol
O,/min/mg). Also the increase of state 4 respiration by
ischemia/reperfusion was diminished by CI. As a conse-
quence, the RCI was significantly increased (+86%) after
ischemia compared to the untreated group. During reperfu-
sion, the state 3 respiration rate was further decreased by
59% in comparison to the controls, whereas with CI the
decrease was only 38%. As a result after the reperfusion
period, the RCI in the presence of CI was twice of that
without inhibitor. As shown in Table 2, the leak respiration
was increased after ischemia (+113%, P < 0.05) and the
subsequent reperfusion (+186%) indicating that the inner
membrane became more permeable for protons. CI clearly
decreased this effect (+66 and +116%). Also stimulation of
pyruvate-dependent state 3 respiration by Cc was tenden-
tiously lower in the presence of CI. Without inhibitor, state 3
respiration after reperfusion was stimulated by 28% but only
by 15% in the presence of CAL 425.

4. Discussion

To identify mitochondria as a possible target of calpains,
we investigated the action of CI on state 3 and leak
respiration of heart mitochondria and on the intactness
of mitochondrial outer membrane. For that purpose, we
used the skinned fiber technique, which is suitable for a
sensitive characterization of acute [19,21,22] and muta-
tion-caused [20,23] impairments of mitochondria. This
technique is useful for such kind of studies because of
the following reasons: (1) it requires very limited amounts
of material; (2) practically all mitochondria present in the
sample are accessible for investigation avoiding any pos-
sible pre-selection of mitochondrial subpopulations during
preparation; (3) isolation artifacts are excluded, and mito-
chondria are studied in their natural surroundings. Forty-
five minute ischemia was chosen because under these
conditions the damage of mitochondria was much severer
than after 30 min of ischemia in our model. These results
confirm earlier results from Kay et al. [14].

In this study we used BSF 409425 (CI), a new developed
water-soluble phenylalanine ketoamide carrying styrylben-
zyl amines with a molecular mass of 422. The substance
inhibits calpains with a K; of 13nM [17]. In previous
experiments with concentrations from 0.1 to 1000 nM CI
we found a bell-shaped dose-response relationship with a
maximum at 10 nM, resulting in a 100% recovery of heart
function during reperfusion after a 45 min global myocar-
dial ischemia (results not shown). Therefore, experiments
of this work were performed with a concentration of 10 nM
CL

For the first time, using the skinned fiber technique, we
showed that CI substantially diminished ischemia/reperfu-
sion-caused injury of mitochondrial function. The most

important finding was that in hearts, treated with CI prior to
ischemia/reperfusion, markedly improved mitochondrial
parameters were detectable: in the CI group the ische-
mia/reperfusion-induced decrease of state 3 respiration
was less pronounced (—26 and —38%) than in the group
without inhibitor (—45 and —59%). Furthermore, CI
increased the RCI 2-fold in both states after ischemia
and after reperfusion as compared to the group without
CI. It is also important to note that CI did not alter
respiration rates of control fibers. Thus, unspecific effects
of CI could be excluded.

At present, there are no data on the relationship between
the calpain activation during ischemia/reperfusion and the
damage of cardiac mitochondria. However, there are reports,
that pre-ischemic administration of a CI was effective in
reducing myocardial infarct size and the DNA damage of the
myocytes in ischemic/reperfused rat heart [7] as well as in
reducing of proteolysis [8—10]. In addition, there is some
evidence on liver mitochondria that calpain proteases play a
role in warm ischemia/reperfusion injury through modula-
tion of apoptosis and necrosis: animals, pre-treated with a CI
showed decreased apoptosis [3] in ischemic rat liver injury.
It was assumed that the activation of mitochondrial calpain-
like protease activity can function as a cytolytic trigger
initiating the mitochondrial membrane permeability transi-
tion [4]. Our data support the conclusion that CI prevents the
inner mitochondrial membrane to become permeable, as can
be seen from slightly decreased state 4 respiration rate as
well as from diminished leak respiration.

The ischemia/reperfusion-caused increase of leak
respiration observed in our experiments probably is caused
by two main mechanisms. One is the increase of free fatty
acids causing a partial uncoupling of mitochondria [25,26]
and promoting mitochondrial permeability transition [26].
The second possibility is the induction of permeability
transition caused by an increased calcium-uptake into the
mitochondria [27,28]. The mechanism of the CI action is
unclear but due to its established inhibition of proteolytic
calpain activity it can be assumed that components of the
calpain cascade act on mitochondrial membranes. On the
other hand, it cannot be ruled out that CI acts on other
proteins too. For instance, an inhibition of the mitochon-
drial calcium-uniporter by CI could prevent an overload of
mitochondria. Further work is necessary to clarify the
mechanism of calpain action on mitochondria.

Another observation is that CI has also effects on the
intactness of the mitochondrial outer membrane which
decreases normally during ischemia/reperfusion. We tested
this by the addition of exogenous Cc to mitochondria
respiring in the state 3. This technique was successfully
used for investigation of the intactness of mitochondrial
outer membrane [14,15]. A slight stimulation of state 3
respiration by Cc was detectable even in controls, con-
firming our earlier results [15] and those from others [14],
and a tendentious increase after ischemia and reperfusion
was detectable in agreement with data from others [14]. CI,
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however, preserved the intactness of outer membrane
during ischemia/reperfusion.

For the release of mitochondrial Cc, at least three
mechanisms are in discussion [28]: (i) Bax/Bak acts with
VDAC to induce the Cc release, while BcL,/BcLx; closes
this channel [29], (ii)) Bid/Bik can open an up to now
unidentified channel, and (iii) after rupture of the outer
membrane Cc can non-specifically leave the mitochondria
[15]. The rupture of the outer membrane could be also
caused by swelling of the matrix space as one result of
permeability transition due to activation of calpain [4].

In the presence of CI, rupture of the outer membrane as
well as impairment of the inner membrane were decreased.
Therefore, it can be concluded that calpain possibly con-
tributes to stimulation of permeability transition and to Cc
release through the outer membrane. The swelling of
mitochondria during ischemia/reperfusion per se causes
ruptures of the mitochondrial outer membrane [12,13],
which causes a loss of Cc [15] and diminishes the action
of ADP-shuttles [30]. Both effects together with fatal
consequences of a decreasing concentration of adenine
nucleotides [31] contribute to energetic depression of the
heart [32]. Both, energetic depression and the release of
apoptotic signals contribute to ischemic-caused impair-
ment of tissue. Our studies suggest that CI diminishes
ischemia/reperfusion-induced damage of rabbit heart mito-
chondria. The data demonstrate the protective effects of CI
against ischemic myocyte injury as a result of preserved
mitochondrial function.
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