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BACKGROUND AND PURPOSE
Cytochrome c when released from mitochondria into cytosol triggers assembly of the apoptosome resulting in caspase
activation. Recent evidence suggests that reduced cytochrome c is unable to activate the caspase cascade. In this study, we
investigated whether a chemical reductant of cytochrome c, N,N,N′,N′-tetramethylphenylene-1,4-diamine (TMPD), which we
have previously shown to block cytochrome c-induced caspase activation, could prevent ischaemia-induced apoptosis in the
rat perfused heart.

EXPERIMENTAL APPROACH
The Langendorff-perfused rat hearts were pretreated with TMPD and subjected to stop-flow ischaemia or
ischaemia/reperfusion. The activation of caspases (measured as DEVD-p-nitroanilide-cleaving activity), nuclear apoptosis of
cardiomyocytes (measured by dUTP nick end labelling assay), mitochondrial and cytosolic levels of cytochrome c (measured
spectrophotometrically and by ELISA), and reperfusion-induced necrosis (measured as the activity of creatine kinase released
into perfusate) were assessed.

KEY RESULTS
We found that perfusion of the hearts with TMPD strongly inhibited ischaemia- or ischaemia/reperfusion-induced activation
of caspases and partially prevented nuclear apoptosis in cardiomyocytes. TMPD did not prevent ischaemia- or ischaemia/
reperfusion-induced release of cytochrome c from mitochondria into cytosol. TMPD also inhibited ischaemia/reperfusion-
induced necrosis.

CONCLUSIONS AND IMPLICATIONS
These results suggest that TMPD or related molecules might be used to protect the heart against damage induced by
ischaemia/reperfusion. The mechanism of this protective effect of TMPD probably involves electron reduction of cytochrome
c (without decreasing its release) which then inhibits the activation of caspases.

Abbreviations
APAF-1, apoptosis activating factor 1; TMPD, N,N,N′,N′-tetramethylphenylene-1,4-diamine; TUNEL, dUTP nick end
labelling

Introduction
Heart ischaemia causes myocardial infarction and heart
failure, which, according to the World Health Organization,

are among the most common causes of human death in the
world. Heart ischaemia or heart ischaemia plus reperfusion
can induce necrosis and/or apoptosis of cardiomyocytes
(Ganote et al., 1975; Freude et al., 1998; Lemasters et al., 1999).
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In general, it is found that relatively short periods of
ischaemia induce apoptosis, longer periods of ischaemia
induce necrosis, while reperfusion induces necrosis with
additional apoptosis (Schumer et al., 1992; Fliss and Gat-
tinger, 1996; Kametsu et al., 2003), but the relation between
these events remains unclear. We and others have shown
that ischaemia induces rapid cytochrome c release from
mitochondria in rat perfused hearts, followed by caspase
activation and nuclear apoptosis (De Moissac et al., 2000;
Borutaite et al., 2001), and these events are prevented by
inhibiting the mitochondrial permeability transition pore
(Borutaite et al., 2003). Cytochrome c release activates apop-
tosis by binding to a cytosolic adaptor protein, APAF-1,
which then recruits and activates procaspase-9 within the
apoptosome (Li et al., 1997). Recently, we and others have
shown that the reduced form of cytochrome c (c2+) has little
or no ability to activate the caspases, and that factors that
keep the cytosolic cytochrome c reduced during apoptosis
induction prevent caspase activation and death of cultured
cell lines (Pan et al., 1999; Suto et al., 2005; Borutaite
and Brown, 2007). One such factor is N,N,N′,N′-
tetramethylphenylene-1,4-diamine (TMPD), which readily
crosses cell membranes and rapidly reduces cytochrome c,
and can be re-reduced by a number of cellular reductases or
reductants (Sarti et al., 1992). Because we had previously
found that TMPD was effective in preventing apoptosis and
death of cultured cells, in this study we investigated the
effectiveness of TMPD at preventing apoptosis and/or necro-
sis of ischaemic or ischaemic/reperfused hearts, and by what
mechanism any effects were produced.

Methods

Animal model
All experiments were performed on hearts from 2–4 months
old male Wistar rats. The procedures used in this study are
approved by the European Convention for the protection of
vertebrate animals used for experimental and other purposes
and according to the Republic of Lithuania law on the care,
keeping and use of animals (License of Lithuanian State Vet-
erinary Service for Working with Laboratory Animals no.
0155). Rats were killed by increasing the concentration of
CO2 in the air followed by cervical dislocation.

The hearts were perfused on a Langendorff perfusion
system with Krebs-Henseleit solution (11 mM glucose,
118 mM NaCl, 25 mM NaHCO3, 4.8 mM KCl, 1.2 mM
KH2PO4, 1.2 mM CaCl2, 1.7 mM MgSO4 and 0.7 mM Na
pyruvate, saturated with 95% O2–5% CO2, pH 7.4 at 37°C) at
a pressure of 80 cmH2O. After a 15 min equilibration period,
freshly prepared 50 mM TMPD (Sigma, St Louis, MO, USA)
was added to the perfusate and hearts were perfused for
another 15 min. Control hearts were perfused for the same
time but without TMPD. After perfusion with/without
TMPD, hearts were subjected to 60 min stop-flow global
ischaemia. In reperfusion experiments, hearts were subjected
to 30 min stop-flow global ischaemia followed by 30 min
reperfusion. In some experiments (where indicated), 40 min
stop-flow global ischaemia followed by 30 min reperfusion
was used.

Preparation of cytosolic and
mitochondrial fractions
After control or ischaemic perfusions, the hearts were cooled
in 0.9% KCl, then cut into small pieces and homogenized
with a Teflon-glass homogenizer in the isolation buffer
(10 mL·g-1 of tissue) containing 180 mM KCl, 20 mM Tris
HCl, 1 mM EGTA, pH 7.3 at 4°C temperature. Cytosolic and
mitochondrial fractions were separated by differential cen-
trifugation (5 min at 750¥ g, 10 min at 6800¥ g). The post-
mitochondrial supernatant was additionally centrifuged for
30 min at 10 000¥ g and the resulting supernatant (S10) was
used for the determination of cytochrome c content in
cytosol. Total cytosolic and mitochondrial protein was mea-
sured by a Biuret method.

Measurement of caspase activity
For measurement of caspase-3 activity, 1 mg·mL-1 of total
cytosolic protein was incubated for 30 min in buffer contain-
ing 10% sucrose, 50 mM HEPES, 1 mM MgCl2 (pH 7.4, 37°C)
and 0.1 mM z-DEVD-p-nitroanilide (Alexis, San Diego, CA,
USA). The hydrolysis of caspase substrate was followed spec-
trophotometrically at 405 nm and was calibrated with
p-nitroanilide. DEVD-cleaving activity was completely sup-
pressed by 0.02 mM DEVD-CHO (Alexis), a reversible inhibi-
tor of caspase-3.

Measurement of apoptosis
The number of apoptotic cells was quantified by dUTP nick
end labelling (TUNEL) using CardioTACS in situ apoptosis
detection kit (R&D Systems, Minneapolis, MN, USA). Hearts
were fixed in 10% formalin for 24 h. The tissue of ventricles
was cut and embedded in molten paraffin and frozen. Other
procedures were performed according to the manufacturer’s
instructions. The number of TUNEL-positive cardiomyocytes
was counted in at least 10 different microscopic fields on each
section containing approximately 100 cardiomyocytes in
each. Only cells with clear myocytic morphology were
counted.

Measurement of mitochondrial and
cytosolic cytochrome c content
For measurement of cytochrome c content, mitochondria
were solubilized with 1% Triton X-100 (w/v). Sodium
hydrosulphite-reduced minus hydrogen peroxide-oxidized
absorption spectra difference was recorded with a Hitachi-557
spectrophotometer (Hitachi Ltd., Tokyo, Japan). Cytochrome
c + c1 content was estimated by using the absorption
difference at the wavelength pair 550/535 nm and e =
14.5 mM-1cm-1 as described in Rieske (1967).

Cytochrome c content in cytosolic fractions was detected
using Quantikinine M rat/mouse Immunoassay ELISA kit
(R&D Systems). Cytosolic fraction proteins were dissolved in
0.5% Triton X-100 and further procedures were performed
according to the manufacturer’s instructions.

Measurement of mitochondrial respiration
Mitochondrial respiration was measured with a Clarke-type
oxygen electrode in the buffer containing 110 mM KCl,
2.24 mM MgCl2, 10 mM Tris HCl, 5 mM KH2PO4, 50 mM
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creatine (pH 7.2 at 37°C), and 1 mM pyruvate plus 1 mM
malate were used as respiratory substrates. Mitochondrial
state 3 respiration rate was achieved by adding 1 mM ADP.

Determination of creatine kinase
activity in the perfusates
For evaluation of necrosis, perfusate from the hearts was
collected over the reperfusion time and creatine kinase activ-
ity was measured. In preliminary experiments, it was found
that TMPD interferes with the NADH-based assays for mea-
surement of lactate dehydrogenase or creatine kinase activity.
Therefore, we used a fluorimetric procedure for the measure-
ment of creatine kinase activity based on chemical determi-
nation of creatine formed from phosphocreatine in the
reaction of the enzyme (Rokos et al., 1972). This assay was
insensitive to TMPD. Briefly, the procedure included the fol-
lowing steps: 10 mL of perfusate was added into 100 mL of
0.1 M Tris – Mg acetate buffer (pH 6.9) containing 25 mM
creatine phosphate, 15 mM ADP, 0.015% mercaptoethanol.
The blank contained all the same chemicals except ADP. After
15 min incubation at 37°C, the reaction was stopped by
placing the tubes on ice. Then 1 mL of 56 mM ninhydrin and
2 mL of 1.7 M KOH solution in ethanol were added. After
6 min incubation at room temperature, the fluorescence of
the sample and the blank was measured (excitation 400 nm,
emission 495 nm). The concentration of creatine formed in
the reaction was calculated using a calibration curve and the
activity of creatine kinase was expressed as U·L-1 of sample.

Statistical analysis
Data are expressed as means � SE of at least three separate
experiments. Statistical comparisons between experimental
groups were performed by ANOVA followed by Tukey’s or
LSD tests. A value of P < 0.05 was considered statistically
significant.

Results

TMPD prevents caspase activation induced by
ischaemia or ischaemia/reperfusion
In this study, we used two models of heart ischaemia: 30 min
stop-flow ischaemia followed by 30 min reperfusion or
60 min stop-flow ischaemia only. As can be seen in Figure 1,
in both the ischaemia and ischaemia/reperfusion models,
there was four- to fivefold increase in caspase-3 activity com-
pared with untreated, control hearts. However, when hearts
were pre-loaded with TMPD, the ischaemia-induced caspase
activation was significantly decreased: in the presence of
TMPD, caspase-3 activity was lower by 50–75% compared
with the respective ischaemic group without TMPD
(Figure 1). Perfusion of the non-ischaemic control hearts with
TMPD had no effect on caspase activity (data not shown).

TMPD has no effect on ischaemia- induced
release of mitochondrial cytochrome c and
inhibition of mitochondrial respiration
In principle, in order to block caspase activation, TMPD
might act either upstream or downstream of cytochrome c

release from mitochondria during ischaemia. To test which,
we measured the content of cytochrome c in mitochondria
isolated from control and ischaemic hearts pre-perfused with/
without TMPD. Cytochrome c content in mitochondria iso-
lated from hearts after 30 min ischaemia/reperfusion or
60 min ischaemia was lower by about 20–30% compared with
control (non-ischaemic) mitochondria (Figure 2A). Pre-
loading of hearts with TMPD had no effect on these levels:
the content of cytochrome c in mitochondria from hearts
treated with or without TMPD was similarly decreased after
30 min ischaemia/reperfusion or 60 min ischaemia alone
(Figure 2A). In accordance with the decrease in mitochon-
drial cytochrome c, we observed an increase in the levels of
cytochrome c in the cytosol after 60 min ischaemia, and this
was not prevented when hearts were pretreated with TMPD
prior to ischaemia: the cytosolic cytochrome c content in
ischaemia and ischaemia plus TMPD groups were not statis-
tically significantly different from each other but significantly
higher than in non-ischaemic control cytosols (Figure 2B).
Some cytochrome c was always present in cytosols from
control, non-ischaemic hearts, which may be caused by the
disruption of mitochondria during the homogenization of
heart tissue and the mitochondrial isolation procedure. These
data suggest that TMPD does not prevent ischaemia-induced
loss of cytochrome c from mitochondria.

We have previously shown that one of the consequences
of ischaemia-induced loss of cytochrome c is the inhibition of
mitochondrial respiration. Figure 3 shows the effects of
ischaemia and pre-ischaemic treatment of the hearts with
TMPD on mitochondrial state 3 respiration rate. As can be
seen, ischaemia caused an inhibition of mitochondrial respi-
ration by 22% (30 min ischaemia/30 min reperfusion) and by
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Figure 1
Perfusion of hearts with N,N,N′,N′-tetramethylphenylene-1,4-
diamine (TMPD) prevents ischaemia-induced caspase activation.
Hearts were pre-perfused for 15 min with 50 mM TMPD prior to
induction of stop-flow ischaemia. Cytosolic fractions of the hearts
were used for determination of caspase activity using z-DEVD-p-
nitroanilide, a caspase-3-substrate. * Statistically significant effect (P <
0.01) if compared with control. # Statistically significant effect of
TMPD (P < 0.01) if compared with ischaemia or ischaemia/
reperfusion group. Means � SE of 4–9 experiments on separate
hearts are presented.
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48% (60 min ischaemia) compared with control mitochon-
drial respiration (from non-ischaemic hearts), and this
ischaemia-induced suppression of respiration was not
affected by TMPD: the respiratory rates were still lower by
28–39% in mitochondria from ischaemic hearts pre-loaded
with TMPD.

In addition, we tested the direct effect of TMPD on respi-
ration of isolated mitochondria. In these experiments, TMPD
was added to control or ischaemia-damaged mitochondria
respiring in state 3 with succinate as substrate. As can be seen
from data presented in Table 1, TMPD had no significant
effect on the steady-state rate of mitochondrial respiration in

control or ischaemia-damaged mitochondria if compared
with the state 3 respiratory rate in the absense of TMPD.

Altogether, these results provide further evidence that the
protective effect of TMPD against ischaemia-induced caspase
activation is induced downstream of cytochrome c release
from mitochondria; we had previously shown that the
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Figure 2
Perfusion of hearts with N,N,N′,N′-tetramethylphenylene-1,4-
diamine (TMPD) has no effect on ischaemia-induced release of cyto-
chrome c from mitochondria into cytosol. (A) Cytochrome c
concentration in mitochondria; (B) cytochrome c concentration in
cytosolic fractions from control and ischaemic hearts. Hearts were
pre-perfused for 15 min with 50 mM TMPD prior to induction of
stop-flow ischaemia. The cytochrome c concentration in isolated
mitochondria was measured spectrophotometrically as described in
Methods. Cytosolic concentrations of cytochrome c were measured
using ELISA. *Statistically significant effect if compared with control
(P < 0.01). Means � SE of 4–9 separate experiments are presented.

R
es

pi
ra

to
ry

 r
at

e 
(n

m
ol

 0
 m

in
–1

 m
g–1

)

0

100

200

300

400

500

Control
30 min ischaemia/

reperfusion
60 min ischaemia

+TMPD +TMPD

*
*

*
*

Figure 3
Perfusion of hearts with N,N,N′,N′-tetramethylphenylene-1,4-
diamine (TMPD) did not prevent ischaemia-induced inhibition of
mitochondrial respiration. Hearts were pre-perfused for 15 min with
50 mM TMPD prior to induction of stop-flow ischaemia. Mitochon-
drial respiration was measured using 1 mM pyruvate plus 1 mM
malate as substrates. State 3 respiration rate was obtained by the
addition of 1 mM ADP. *Statistically significant effect if compared
with control (P < 0.01). Means � SE of 4–9 separate experiments are
presented.

Table 1
Effect of TMPD on the respiration of isolated mitochondria

VADP

(nmol·mg-1

protein)

VADP+TMPD

(nmol·mg-1

protein)

Control 382 � 31 356 � 10

60 min ischaemia 186 � 21* 200 � 22*

Mitochondria were isolated from normal rat hearts (control) or
those exposed to 60 min stop-flow ischaemia. Mitochondrial
respiration was measured as described in Methods, using
10 mM succinate as a respiratory substrate (plus 1 mM
rotenone).
VADP – state 3 respiration rate (after addition of 1 mM ADP);
VADP+TMPD – state 3 respiration rate in the presence of 50 mM
TMPD.
Means � SE of data from three hearts in each condition (control
and ischaemic) are presented.
*Statistically significant difference (P < 0.01) if compared with
control group.
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ischaemia-induced respiratory inhibition is largely due to the
release of cytochrome c (Borutaite et al., 1996).

TMPD prevents ischaemia-induced
nuclear apoptosis
Pre-perfusion of the hearts with TMPD not only suppressed
ischaemia-induced caspase activation but it also prevented
ischaemia-induced nuclear DNA fragmentation, which is an
indicator of apoptotic cell death. We only counted cells with
clear myocytic morphology and we found that the number of
TUNEL-positive (DNA-fragmented) cardiomyocytes increased
from <1% up to 6% (of all cardiomyocytes) after 60 min
ischaemia (Figure 4). However, when hearts were pre-loaded
with TMPD before the induction of ischaemia, there was a
statistically significant (~ 45%) decrease in the number of
TUNEL-positive cardiomyocytes (Figure 4), indicating that
perfusion of the hearts with TMPD decreases ischaemia-
induced nuclear apoptosis of cardiac myocytes.

TMPD prevents ischaemia/reperfusion-
induced necrosis
The loading of the hearts with TMPD also prevented
ischaemia plus reperfusion-induced necrosis which was
measured as an increase of creatine kinase activity in the
perfusate. As shown in Figure 5, 30 min ischaemia plus
30 min reperfusion did not cause any detectable necrosis, but
if the ischaemic period was prolonged to 40 min followed by
30 min reperfusion, there was a 2.3-fold increase in creatine
kinase activity in the perfusate. When hearts were pre-

perfused with TMPD prior to ischaemia, the ischaemia-
induced release of creatine kinase from hearts was practically
eliminated. This suggests that TMPD by blocking caspase
activation may prevent secondary necrosis of myocardial
cells, or that TMPD has some other effect beneficial for cell
survival during ischaemia or ischaemia/reperfusion.

Discussion and conclusions

Both ischaemia and ischaemia plus reperfusion induce
caspase activation, cytochrome c release and mitochondrial
dysfunction in the rat isolated heart. We and others have
previously ascribed these changes to ischaemia- and/or
reperfusion-induced mitochondrial permeability transition
that causes cytochrome c release, which inhibits mitochon-
drial respiration and activates caspases that execute apoptosis
(Halestrap et al., 1998; Borutaite et al., 2003). The addition of
TMPD to the hearts prior to ischaemia or ischaemia/
reperfusion partially inhibited caspase activation and nuclear
apoptosis without blocking cytochrome c release or the
related inhibition of mitochondrial respiration. This indi-
cates that TMPD blocks events between cytochrome c release
and caspase activation. We have previously shown that
TMPD and related agents can block caspase activation in
cultured cells and cytosolic extracts by reducing the cyto-
chrome c (from c3+ to c2+), which is then less able to activate
the apoptosome (Brown and Borutaite, 2008). TMPD did not
significantly inhibit caspases themselves after activation
(Borutaite and Brown, 2007), and did not inhibit measured
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Perfusion of the hearts with N,N,N′,N′-tetramethylphenylene-1,4-
diamine (TMPD) prevents ischaemia-induced apoptosis. Hearts were
pre-perfused for 15 min with 50 mM TMPD prior to induction of
60 min stop-flow ischaemia. After ischaemia, hearts were fixed and
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tions investigated. *Statistically significant effect (P < 0.01) if com-
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hearts in each condition are presented. TUNEL, dUTP nick end
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Perfusion of the hearts with N,N,N′,N′-tetramethylphenylene-1,4-
diamine (TMPD) prevents ischaemia-induced necrosis. Coronary
effluents during reperfusion were collected for the determination of
creatine kinase activity as described in Methods. *Statistically signifi-
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caspase activity in the control hearts. Our findings obtained
here in the rat heart are consistent with TMPD blocking
caspase activation by reducing cytochrome c (without block-
ing cytochrome c release), but we cannot eliminate the pos-
sibility that TMPD directly inhibited APAF-1 function.

We also showed that the addition of TMPD directly to
isolated mitochondria from control and ischaemic hearts had
no significant effect on the state 3 respiration rate (Table 1).
This suggests that although TMPD reduces mitochondrial
cytochrome c, this has little effect on the steady-state level in
intact respiring mitochondria because of the relatively rapid
reduction and oxidation of mitochondrial cytochrome c by
the respiratory complexes; whereas TMPD may induce a more
marked reduction of cytosolic cytochrome c because this pool
interacts more slowly with the respiratory chain. However,
we cannot rule out the possibility that TMPD may reduce
other mitochondrial components without having a signifi-
cant effect on respiratory function.

TMPD also strongly inhibited ischaemia plus reperfusion-
induced necrosis (measured by creatine kinase release into
perfusate). It has previously been shown that caspase inhibi-
tors can block ischaemia/reperfusion-induced necrosis of per-
fused heart (Yaoita et al., 1998; Holly et al., 1999; Yang et al.,
2003; Bott-Flügel et al., 2005; Taki et al., 2007). Thus, the
most obvious reason why TMPD protected against ischaemia/
reperfusion-induced necrosis is due to the TMPD-induced
inhibition of caspase activation. However, we cannot rule out
other explanations, such as unknown effects of TMPD on the
cell components or TMPD inducing some form of precondi-
tioning, although we think the latter unlikely as TMPD did
not prevent ischaemia-induced cytochrome c release.

The present work suggests that TMPD or related mol-
ecules might be used to protect the heart against ischaemia/
reperfusion-induced damage. This protective effect of TMPD
may involve electron reduction (change in the redox state) of
cytochrome c and hence preventing the activation of caspase,
although further work is required to elucidate the exact
mechanism.
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