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Abstract
Ischemia damages the mitochondrial electron transport chain (ETC), mediated in part by damage
generated by the mitochondria themselves. Mitochondrial damage resulting from ischemia, in turn,
leads to cardiac injury during reperfusion. The goal of the present study was to localize the
segment of the ETC that produces the ischemic mitochondrial damage. We tested if blockade of
the proximal ETC at complex I differed from blockade distal in the chain at cytochrome oxidase.
Isolated rabbit hearts were perfused for 15 min followed by 30 min stop-flow ischemia at 37°C.
Amobarbital (2.5 mM) or azide (5 mM) was used to block proximal (complex I) or distal
(cytochrome oxidase) sites in the ETC. Time control hearts were buffer-perfused for 45 min.
Subsarcolemmal mitochondria (SSM) and interfibrillar mitochondria (IFM) were isolated.
Ischemia decreased cytochrome c content in SSM but not in IFM compared to time control.
Blockade of electron transport at complex I preserved the cytochrome c content in SSM. In
contrast, blockade of electron transport at cytochrome oxidase with azide did not retain
cytochrome c in SSM during ischemia. Since blockade of electron transport at complex III also
prevented cytochrome c loss during ischemia, the specific site that elicits mitochondrial damage
during ischemia is likely located in the segment between complex III and cytochrome oxidase.
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INTRODUCTION
The mitochondrial electron transport chain (ETC) is the key component for energy
production in the cell [1], yet it also contributes to mitochondrial injury during stressed
conditions [2–4]. Cardiac mitochondria exist in two populations: subsarcolemmal
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mitochondria (SSM), located beneath the plasma membrane, and interfibrillar mitochondria
(IFM) present between the myofibrils [5–7]. Ischemia decreases respiration through
cytochrome oxidase in SSM after 30 min of global ischemia [8]. Blockade of electron
transport at complex I preserves respiration in SSM during ischemia, indicating that the ETC
itself is the source for mitochondrial damage during ischemia and the ETC site that
generates the damage is distal to complex I [9,10]. In agreement with this finding, complex I
inhibition by nitrosylation protects mitochondria during hypoxia and reoxygenation [2] and
protects cardiomyocytes during ischemia and reperfusion [11]. These data support that
blockade of electron transport at complex I decreases myocardial injury. However, nitric
oxide not only inhibits complex I, it is also known to inhibit cytochrome oxidase [12].
Inhibition of cytochrome oxidase with potassium cyanide does not protect the heart during
ischemia and reperfusion [13], nor cardiac myocytes during hypoxia and reoxygenation [14].
Carbon monoxide, another cytochrome oxidase inhibitor, decreases myocardial injury [15],
indicating that blockade of electron transport at cytochrome oxidase may be
cardioprotective. Taken together, there are inconsistent results regarding potential
cardioprotection provided by cytochrome oxidase inhibition. The effect of reversible
cytochrome oxidase inhibition on mitochondrial function during cardiac ischemia is
unknown. In this study, we asked if blockade of electron transport at cytochrome oxidase
before ischemia protected cardiac mitochondria during ischemia. If blockade of cytochrome
oxidase does not protect mitochondria during ischemia, this will localize the site for
mitochondrial damage during ischemia to the middle segment of the ETC. Further
identification of the components of this site and modulation of its function during ischemia
will provide a novel strategy to protect mitochondria and thus the heart during ischemia and
reperfusion.

METHODS
The Institutional Animal Care and Use Committee of the Louis Stokes Department of
Veterans Affairs Medical Center approved this study. The isolated, buffer-perfused rabbit
heart model was used as previously described [6]. Groups of hearts underwent either 45
minutes of perfusion as non-ischemic time controls, or 15 minutes of perfusion followed
with 30 min ischemia. Amobarbital (2.5 mM) or azide (5 mM) was given for 1 min
immediately before ischemia.

Subsarcolemmal (SSM) and interfibrillar (IFM) populations of cardiac mitochondria were
isolated as previously described [6,8]. Protein concentrations were measured using the biuret
method with bovine serum albumin as standard [6]. Oxygen consumption in intact
mitochondria was measured using a Clark-type oxygen electrode at 30°C [6]. Cytochromes
were quantified using the difference of dithionite-reduced minus air-oxidized absorption
spectra [6].

Statistical Analysis
Data are expressed as the mean ± standard error of the mean. Differences among groups
were compared by one-way analysis of variance with post hoc comparisons performed using
the Student-Newman-Keuls test of multiple comparisons (Sigmastat 3.5, ProgramPaketet,
Gothenburg, Sweden). A difference of p<0.05 was considered significant.

RESULTS
Isolated rabbit heart model of ischemia

There were no differences in developed pressure (mmHg) between groups at 15 min
equilibration (Control 88±4, n=9; Ischemia 91±4, n=9; Amobarbital + Ischemia 93±2, n=9;
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Azide + Ischemia 99±4, n=5 p=NS). The developed pressure (mmHg) was maintained
during 45 minutes perfusion in the time control group (15 min equilibration 88±4 vs. 92±1
at 45 min perfusion, n=9; P=NS). Compared to the time control, ischemia markedly
increased diastolic pressure. Amobarbital, but not azide, treatment significantly decreased
myocardial diastolic pressure during ischemia (Time control 7±1, n=9; Ischemia 67±5*,
n=9; Amobarbital + ischemia 18±4, n=9; Azide + ischemia 73±7*, n=5; *P<0.05 vs. time
control or amobarbital + ischemia).

Oxidative phosphorylation
Ischemia decreased the oxidation of glutamate in SSM (Figure 1, panel A) and IFM (Table
1), consistent with previous results [6]. Amobarbital given before ischemia preserved
respiration with glutamate as complex I substrate, whereas azide inhibition did not protect
SSM (Figure 1, panel A) nor IFM (Table 1). The oxidation of TMPD-ascorbate, an electron
donor to cytochrome oxidase via cytochrome c, was decreased following 30 min of ischemia
in SSM [6,8]. Amobarbital treatment preserved the oxidation through cytochrome oxidase in
SSM during ischemia, whereas azide treatment did not (Figure 1, panel B). There were no
differences in TMPD oxidation between groups in IFM following ischemia (Table 1). High
concentration of azide (15 mM) administrated before ischemia also did not protect SSM
(TMPD oxidation: control 489±38, n=9 vs. ischemia 303±39, n=3, P<0.05), whereas the rate
of TMPD oxidation is similar in control IFM and azide treated IFM following ischemia
(control 807±131, n=9 vs. ischemia 661±51, n=3, P=NS).

Cytochrome c content in SSM and IFM during ischemia
The content of cytochrome c was decreased at 30 min of ischemia in SSM. Amobarbital
treatment before ischemia blunted the decrease in cytochrome c content in SSM. Azide
treatment before ischemia did not prevent cytochrome c loss in SSM following ischemia
(Figure 1, panel C). There were no differences in cytochrome c content in IFM following
ischemia (Table 1).

DISCUSSION
In the present study, we found that blockade of electron transport at cytochrome oxidase did
not protect mitochondria during ischemia. In contrast, blockade of proximal electron
transport with amobarbital protects mitochondria against ischemic damage. Blockade of
electron transport at complex III with antimycin A also protects mitochondria during
ischemia [10]. Thus, a specific region in the ETC leads to mitochondrial damage during
ischemia. This site is located between complex III and cytochrome oxidase.

Blockade of electron transport with rotenone preserves respiration through cytochrome
oxidase during ischemia [10]. However, the potential protection of complex I during
ischemia cannot be assessed because rotenone is an irreversible inhibitor [10]. Thus, in the
current study, we used amobarbital to inhibit complex I. Amobarbital is a reversible
complex I inhibitor and blocks electron transport within complex I at the rotenone site
[9,16]. Preserved glutamate oxidation in SSM from amobarbital treated hearts following
ischemia supports that complex I inhibition before ischemia protects both the proximal and
distal electron transport chain. This also indicates that amobarbital can easily wash out
during the mitochondrial isolation procedure [17]. Azide inhibition before ischemia does not
improve the glutamate oxidation in SSM following ischemia compared to the untreated
ischemic hearts. The oxidation through cytochrome oxidase is also decreased in azide
treated SSM. Azide is a selective cytochrome oxidase inhibitor [18]. The decreased
oxidation through cytochrome oxidase may be due to the incomplete wash out of azide
during the mitochondrial isolation procedure. However, the restored oxidation through
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cytochrome oxidase in azide treated IFM does not support the presence of persistent azide
effect in isolated mitochondria. High concentration azide treatment (15 mM) does not inhibit
the oxidation through cytochrome oxidase in SSM nor in IFM, suggesting that azide is
washed out during mitochondrial isolation.

Ischemia causes cytochrome c release from SSM [6,8]. Amobarbital but not azide treatment
prevents cytochrome c loss during ischemia, providing additional respiration-independent
evidence that blockade of the proximal but not distal electron transport protects cardiac
mitochondria during ischemia.

Protection of mitochondria during ischemia decreases myocardial injury during reperfusion
[13,17,19]. In the current study, we found that blockade of electron transport at cytochrome
oxidase did not protect mitochondria during ischemia. This highlights the concept that
ischemia-mediated mitochondrial damage leads to myocardial injury during reperfusion
[17,20]. Carbon monoxide given before ischemia decreases myocardial reperfusion injury in
the isolated heart [15,21]. Carbon monoxide is known to inhibit cytochrome oxidase [22],
and this may argue that inhibition of cytochrome oxidase can protect the heart during
ischemia-reperfusion. However, carbon monoxide has multiple effects in addition to
cytochrome oxidase inhibition [22]. Carbon monoxide has an antioxidant effect [23] and
inhibits NAD(P)H oxidase and L-type calcium channels [24,25]. Blockade of L-type
calcium channels is known to protect the heart during ischemia-reperfusion by decreasing
calcium loading [26]. These results suggest that the cardiac protection provided by carbon
monoxide is unlikely to occur via cytochrome oxidase inhibition. Nitric oxide inhibits both
complex I and cytochrome oxidase [12,27,28]. Inhibition of complex I by nitric oxide
decreases myocardial injury, whereas inhibition of cytochrome oxide by nitric oxidase
augments tissue injury [29]. Protective effect of NO via blockade of complex I is
demonstrated in the intact heart [2]. Blockade of electron transport at complex III protects
mitochondria during ischemia [10]. The present study localizes the site for mitochondrial
damage in the ETC is between complex III and cytochrome oxidase.

Cytochrome c is traditionally recognized as an electron shuttle between complex III and
cytochrome oxidase [30]. Cytochrome c and cardiolipin can also form a cardiolipin-
cytochrome c peroxidase [31,32]. When H2O2 is available as a substrate, cardiolipin-
cytochrome c peroxidase will reduce H2O2 to H2O and simultaneously generate peroxidized
cardiolipin [31–33]. The peroxidized cardiolipin further leads to cytochrome c delocalization
from the inner mitochondrial membrane and subsequent release into cytosol. Inhibition of
cytochrome c cardiolipin peroxidase by nitric oxide prevents cardiolipin oxidation and
cytochrome c loss, suggesting that the peroxidase is a potential site that generates
mitochondrial damage [33]. Ischemia damages the ETC and increases the production of
reactive oxygen species in rat [34] and rabbit heart mitochondria [35]. This production may
activate the cytochrome c-cardiolipin peroxidase that leads to the previously observed
decrease in cardiolipin content in rabbit SSM following ischemia [8,10].(Figure 2) Blockade
of proximal electron transport decreases the production of ROS [17,36] and prevents
cardiolipin depletion [10]. This suggests that limitation of electron flow into the cytochrome
c-cardiolipin peroxidase may provide an alternative way to inhibit this peroxidase.(Figure 2)
Antimycin A blocks electron transport at the complex III Qi center, and this leads to the
increased production of ROS from the Qo center of complex III [37–39]. Antimycin A
inhibition protects cardiac mitochondria during ischemia, suggesting that complex III Qo
center is not the key site that generates mitochondrial damage during ischemia [10,40]. The
observation that antimycin A inhibition protects mitochondria further supports that blockade
of electron transport upstream of cytochrome c peroxidase exerts cardioprotection.
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Blockade of electron transport at cytochrome oxidase does not protect the heart during
reperfusion [13]. Cytochrome oxidase is distal to the cytochrome c peroxidase [31].
Blockade of distal electron transport will lead to the accumulation of electron at upstream
complex and increase ROS generation [35,37]. Blockade of electron transport at cytochrome
oxidase may increase the production of ROS from upstream complexes that leads to
mitochondrial damage and subsequent cardiac injury.(Figure 2)

p66shc is a mitochondrial intermembrane protein, also located in the ETC segment between
complex III and cytochrome oxidase [41–43]. p66shc is usually bound to the mitochondrial
protein import complexes (TOM and TIM) and dissociates from them with an increase in
H2O2 generation during stressed conditions [41,43]. Reduced cytochrome c is the substrate
for H2O2 generation from p66shc [41,43]. Consistent with this proposed mechanism, cardiac
injury during ischemia and reperfusion is decreased in hearts devoid of p66shc[44].
Blockade of electron transport at cytochrome oxidase maintains the upstream complexes
including cytochrome c in a reduced state and should increase H2O2 generation and
mitochondrial damage during ischemia(Figure 2). This potential mechanism is actively
under investigation in our laboratory.

In summary, the mitochondrial ETC is the source of mitochondrial damage during ischemia.
The ETC locus that produces the damage is located between complex III and cytochrome
oxidase. Blockade at cytochrome oxidase allows mitochondrial driven injury from this
segment of the ETC.(Figure 2) The current study guides future work to further elucidate the
action of this segment of the ETC in the pathogenesis of ischemic damage to cardiac
mitochondria that in turn augment cardiac injury during reperfusion.
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Figure 1. Blockade of electron transport before ischemia at cytochrome oxidase using azide does
not protect oxidative phosphorylation nor preserve the cytochrome c content
The rate of uncoupled respiration stimulated using dinitrophenol (DNP, 0.3 mM) and the
cytochrome c content in subsarcolemmal mitochondria (SSM) was decreased at the end of
30 min. of ischemia compared to the time control. Amobarbital, a selective inhibitor of
complex I at the rotenone site, treatment immediately before ischemia markedly attenuated
the decrease in the rate of oxidation and cytochrome c content in SSM. In contrast, azide, a
selective inhibitor of cytochrome oxidase, did not protect. Panel A; glutamate was used as
complex I substrate; Panel B; TMPD-ascorbate was used as a complex IV substrate; Panel
C; cytochrome c content.
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Figure 2. Depiction of the potential sites in the electron transport chain that lead to
mitochondrial damage during ischemia
Electron flux from NADH enters the electron transport chain (ETC) at complex I and
proceeds complex I→III→cytochrome c→ IV. Succinate is oxidized by complex II and
results in electron flow from complex II →III→ cytochorme c→cytochrome oxidase.
Amobarbital blocks electron transport distal within complex I (Panel A) and protect against
ischemia-mediated mitochondrial damage. Thus, the key site of ETC-driven injury must lie
distal to complex I. Previous work shows that antimycin A inhibits at cytochrome b of
complex III (Panel A) and it prevents cardiolipin depletion and the loss of cytochrome c
from cardiac mitochondria during ischemia [9,10]. This further indicates the ischemia-
damaged site is distal to complex III (Panel A). Ischemia damages complex III and increases
the production of reactive oxygen species [5,34,35]. The increased superoxide is converted
to H2O2. H2O2 is reduced to H2O by cytochrome c-cardiolipin peroxidase (Modified
cytochrome c), and simultaneously cardiolipin is oxidized to peroxidized cardiolipin (CL-
OOH) that favors cytochrome c detachment from the inner mitochondrial membrane and
release from mitochondria as observed in the present study (Panel B). Azide inhibits
complex IV and maintains cytochrome c in the reduced state that favors H2O2 generation via
the actions of p66shc(Panel B).
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TABLE 1

The function of IFM during ischemia with amobarbital or azide treatment

Time control (n=9) Ischemia (n=9) Amobarbital + ischemia (n=9) Azide + ischemia (n=5)

Glutamate - Complex I substrate

0.3 mM DNP 277±10 186±18* 283±14 189±13*

TMPD-ascorbate – Complex IV substrate

0.3 mM DNP 807±131 659±74 773±55 592±56

Cytochrome c content

(nmol/mg protein) 0.276±0.016 0.255±0.018 0.301±0.016 0.264±0.012

Data are expressed as mean ± SEM;

*
p<0.05 vs. time control or amobarbital + ischemia.

Dinitrophenol (DNP) was used as an uncoupler to stimulate respiration.
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