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BACKGROUND/OBJECTIVES: Previous studies using isolated mito-
chondria have provided new insight into the mechanisms and interven-
tions for ischemia and reperfusion (I/R) injury. In in vitro experiments
involving isolated mitochondria, hypoxia and reoxygenation (H/R) has
been widely used to mimic I/R injury. However, in in vitro H/R mitochon-
drial experiments, the effects of various substrates on mitochondrial oxida-
tive phosphorylation are unclear. In the present study, the effects of in vitro
I/R injury on mitochondrial oxidative phosphorylation under different
substrate conditions were investigated.

METHODS: Hypoxia was achieved following complete consumption of
oxygen by mitochondria isolated from rat heart tissue in an experimental

chamber. The H/R protocol involved 30 min hypoxia followed by 15 min
reoxygenation in a chamber opened to the atmosphere. Mitochondrial
respiration and respiratory control ratio (RCR) were measured.
RESULTS: When pyruvate/malate were used as substrates, H/R signifi-
cantly decreased state 3 respiration (28.2+12 nmol O,/min/mg protein) and
RCR (2.7+0.8) compared with the control (121.4£32.5 nmol O,/mg
protein/min and 7.8+1.2, respectively). In contrast, when succinate was used
without rotenone, H/R significantly increased state 3 respiration
(57.0£11.2 nmol O,/mg protein/min) and RCR (2.0£0.3) compared with
the control (48.2+12.3 nmol O,/mg protein/min and 1.3%0.2, respec-
tively).

CONCLUSIONS: The present study demonstrated that mitochondrial
oxidative phosphorylation can be modulated by H/R in vitro depending on
substrate conditions.
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Isolated mitochondria have been widely used to investigate mito-
chondrial bioenergetics. Oxygen consumption recordings using
isolated mitochondria revealed mitochondrial coupling between oxi-
dation and phosphorylation under physiological and pathological
conditions such as ischemia and reperfusion (I/R). It is well accepted
that mitochondria have a crucial role in I/R injury and that I/R-
induced mitochondrial dysfunction leads to cell death (1,2). Indeed,
isolated mitochondria from myocardium damaged by I/R, cardiac
arrest (3) or septic shock (4) exhibit impaired oxidative phosphoryla-
tion activity. Intact isolated mitochondria from normal myocardium
have also been used to elucidate the mechanisms of I/R injury. Several
studies (5-7) have demonstrated that intact mitochondria exposed to
hypoxia followed by normoxia may be impaired and mimic pathologi-
cal mitochondria obtained from I/R-injured myocardium. Thus, an in
vitro model of hypoxia and reoxygenation (H/R)-injured mitochon-
dria may be expected to provide new insight into the mechanisms and
interventions for I/R injury. On the other hand, the effects of differ-
ent substrates on mitochondrial oxidative phosphorylation and the
appropriate substrate conditions for in vitro H/R mitochondrial
experiments remain controversial because ischemia and/or reperfu-
sion may dramatically modulate substrate conditions (8,9). In the
present study, we focused on the effects of in vitro H/R injury on
oxidative phosphorylation in isolated mitochondrial under different
substrate conditions.

METHODS
All experimental procedures and protocols used in the present study
were reviewed and approved by the Animal Care and Use Committee
of the Sapporo Medical University (Sapporo, Hokkaido, Japan).

Isolation of rat heart mitochondria

Male Wistar rats (200 g to 250 g) were anesthetized using an intrap-
eritoneal injection of pentobarbital (50 mg/kg), after which mito-
chondria were isolated from the heart using differential centrifugation

as previously described (10). Hearts were excised and washed in
isolation buffer (200 mM mannitol, 50 mM sucrose, 5 mM KHZPO4,
5 mM 3-(N-morpholino) propanesulfonic acid, 1 mM EGTA,
0.1% bovine serum albumin, pH 7.3 adjusted with 5 M KOH) and
minced into small pieces at 4°C. The suspension was homogenized
in the presence of 5 U/mL Bacillus licheniformis protease with a T 25
dispenser (IKA-Werke, Germany). The mitochondrial pellets were
resuspended in isolation buffer at a concentration of 10 mg/mL to
20 mg/mL, stored on ice and used for experiments within 4 h. Protein
concentrations were determined using a modified Lowry assay kit

(Bio-Rad, USA).

Measurement of mitochondrial oxygen consumption

Mitochondrial oxygen consumption was measured using an oxygen
electrode (Hansatech Instruments, United Kingdom) maintained at
30 °C with experiments conducted in respiration buffer (130 mM KClI,
5 mM KZHPO4, 20 mM 3-(N-morpholino) propanesulfonic acid,
2.5 mM EGTA, 1 uM Na4PZO7 and 0.1% bovine serum albumin,
pH 7.4) containing 0.5 mg/mL mitochondrial protein. State 2 respira-
tion was initiated using the complex [ substrates pyruvate (5 mM) and
malate (5 mM) or the complex II substrate succinate (5 mM) in the
presence and absence of the complex I inhibitor rotenone (1 uM).
State 3 was measured in the presence of 250 pM ADP, and state 4 was
monitored after complete ADP consumption.

Ischemia reperfusion experiments with isolated mitochondria
Hypoxia was achieved following complete oxygen consumption by the
mitochondria in the experimental chamber. The H/R protocol
involved 30 min hypoxia and 15 min reoxygenation following opening
of the chamber to the atmosphere.

State 3, state 4 and respiratory control ratios (RCR) were measured
before and after H/R. All data are presented as mean + SD. Statistical
analysis was performed using one-way ANOVA followed by Tukey’s
test; P<0.05 was considered to be statistically significant.

Department of Anesthesiology, Sapporo Medical University School of Medicine, Sapporo, Japan
Correspondence: Naoyuki Hirata, Department of Anesthesiology, Sapporo Medical University School of Medicine, South 1, West 16, Chuo-ku, Sapporo,
Hokkaido 060-8543, Japan. Telephone 81-11-611-2111 ext 3570, fax 81-11-614-8430, e-mail naohirata@mac.com

158 ©2013 Pulsus Group Inc. All rights reserved

Exp Clin Cardiol Vol 18 No 2 2013



RESULTS
Figure 1 shows a representative trace of oxygen consumption in in
vitro H/R mitochondrial experiments.

Figure 2 shows the effects of H/R on mitochondrial respiration
initiated by pyruvate/malate or succinate in the absence and pres-
ence of rotenone. When pyruvate/malate were used as substrates,
H/R significantly decreased state 3 respiration (28.2+12.7 nmol
O,/min/mg protein) and RCR (2.7+0.8) compared with the control
(121.4£32.5 nmol O,/mg protein/min and 7.8+1.2, respectively). In
contrast, when succinate was used in the absence of rotenone, H/R sig-
nificantly increased state 3 respiration (48.2 nmol O,/mg protein/min)
compared with the control (57.0 nmol O,/mg protein/min) while
state 4 respiration was unchanged. The RCR (2.0+0.3) with only suc-
cinate after H/R was significantly higher than the control (1.3+0.2).
On the other hand, H/R significantly decreased state 3 respiration and
RCR with succinate in the presence of rotenone in the same manner
as pyruvate/malate.

DISCUSSION

The present study showed that in vitro H/R injury could modulate
oxidative phosphorylation in isolated mitochondria, depending on
substrate conditions. Interestingly, in vitro H/R injury improved the
RCR with succinate only in the absence of rotenone. In experiments
using pyruvate/malate, in vitro H/R decreased the RCR. Previous stud-
ies have revealed that complex I is a major site of damage to the res-
piratory chain in ischemia and activity of complex [ is markedly
decreased after 20 min to 30 min of ischemia due to the effects of low
pH on the enzyme, while downstream electron transport chains are
relatively resistant to I/R injury (11). Succinate is converted to
fumarate and malate and then oxaloacetate in the Krebs cycle when
rotenone is not present (12). Oxaloacetate participates in a direct
feedback inhibition of complex Il that results in decreased oxidation of
succinate. When complex I activity is inhibited, NADH oxidation
and, thereby, the level of NADH* are decreased, which, in turn,
impairs the oxidation of malate to oxaloacetate (13). Collectively, our
results suggest that in vitro H/R should impair complex I during
hypoxia and, more importantly, succinate-initiated oxidative phos-
phorylation may be preserved after H/R via decreased accumulation of
oxaloacetate from succinate oxidation.

In experiments involving isolated mitochondria, complex I-linked
substrates (eg, pyruvate, malate and glutamate) and the complex
[I-linked substrate succinate have been widely used as physiological
substrates to initiate mitochondrial oxidative phosphorylation. On the
other hand, pathological conditions, such as ischemia, have been shown
to result in eight- to 10-fold decreases in the concentrations of glycolytic
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Figure 1) Representative trace demonstrating oxygen consumption and in
vitro ischemia/reperfusion mitochondrial experiments. Mitochondrial respir-
ation was initiated by substrates followed by adenosine diphosphate (ADP)

intermediates and mitochondrial complex I-linked oxidative substrates,
while the succinate concentration increased threefold in rat cerebral
mitochondria (14,15). Nevertheless, in vitro studies using H/R-injured
mitochondria have not focused on these facts and there are no reports
that refer to these issues. In contrast to our results, Shiva et al (7) dem-
onstrated that in vitro H/R-injured mitochondria exhibit a decreased
RCR with succinate in the absence of rotenone, while nitrite adminis-
tration during ischemia preserved the RCR. In their experiments,
30 min hypoxia-injured mitochondria were recentrifuged and the buffer,
which should include Ca?* and/or reactive oxygen species generated
during ischemia, was replaced with fresh buffer before reperfusion. These
experimental differences may be responsible for the contrasting results
obtained in that study. Pravdic et al (5) showed that in vitro H/R injury
decreased the RCR with pyruvate/malate as substrates and that volatile
anesthetic postconditioning preserved the RCR. Ozcan et al (16) also
reported that in vitro H/R elicited an important decrease of ADP-
induced respiration with pyruvate/malate as substrates and the prototype
K* channel opener diazoxide preserved oxidative phosphorylation.
These results of oxidative phosphorylation are consistent with the
present study using pyruvate/malate, but other substrate conditions were
not considered in those experiments. In in vitro and in vivo experiments
with H/R- or I/R-injured mitochondria using succinate as a substrate,
rotenone is usually added to inhibit reverse electron flow to complex 1
and prevent accumulation of oxaloacetate, which inhibits succinate
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Figure 2) Effects of in vitro ischemia/reperfusion (I/R) on mitochondrial respiration (left panel) and respiratory control ratio (RCR) (right panel) using the
substrates pyruvate/malate, succinate only, succinate/rotenone and adenosine diphosphate. In wvitro I/R significantly decreased oxygen consumption rate and
RCR when pyruvate/malate or succinate/rotenone were used as substrates. When succinate was used in the absence of rotenone, in wvitro I/R significantly
increased mitochondrial respiration and RCR. Data are presented as mean + SD; n=8/group. Con Control
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dehydrogenase. Rotenone is a useful agent to assess the electron flow
and oxidative phosphorylation from complex II to complex V. However,
important aspects to consider are that substrate conditions in the pres-
ence of rotenone never occur in vivo under physiological or pathological
conditions, and the agent is a neurotoxic agent being used to induce a
Parkinson-like syndrome as an experimental model in rats (17).

The current results should be interpreted within the constraints of
several limitations. Experiments were conducted in an established
model of isolated mitochondria; thus, these results may not be directly
comparable with cardiac cells and hearts, because the endogenous
mechanisms should be involved in mitochondrial bioenergetics (11).
Although Lim et al (18) demonstrated that succinate-linked respira-
tion increased in isolated mitochondria from Langendorff-perfused
hearts after 30 min global ischemia followed by 30 min reperfusion,
additional in vivo experiments focusing on the differences of cardiac
mitochondrial substrates condition between normoxia and hypoxia

should be performed.

CONCLUSION
The present study indicates that mitochondrial oxidative phosphoryl-
ation can be modulated depending on the substrate and experimental
conditions, and careful consideration of the substrates used for experi-
ments involving H/R-injured mitochondria is needed.
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