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1. Introduction
Mitochondria play a critical role in cardiac function, and are also increasingly recognized as
end effectors for various cardioprotective signaling pathways. Mitochondria use oxygen as a
substrate, so by default their respiration is inhibited during hypoxia/ischemia. However, at
reperfusion a surge of oxygen and metabolic substrates into the cell is thought to lead to rapid
reestablishment of respiration, a burst of reactive oxygen species (ROS) generation and
mitochondrial Ca2+ overload. Subsequently these events precipitate opening of the
mitochondrial permeability transition (PT) pore, which leads to myocardial cell death and
dysfunction. Given that mitochondrial respiration is already inhibited during hypoxia/
ischemia, it is somewhat surprising that many respiratory inhibitors can improve recovery from
ischemia-reperfusion (IR) injury. In addition ischemic preconditioning (IPC), in which short
non-lethal cycles of IR can protect against subsequent prolonged IR injury, is known to lead
to endogenous inhibition of several respiratory complexes and glycolysis. This has led to a
hypothesis that the wash-out of inhibitors or reversal of endogenous inhibition at reperfusion
may afford protection by facilitating a more gradual wake-up of mitochondrial function,
thereby avoiding a burst of ROS and Ca2+ overload. This paper will review the evidence in
support of this hypothesis, with a focus on inhibition of each of the mitochondrial respiratory
complexes.

2. Mitochondrial Pathologic Events in Cardiac IR Injury
Several recent review articles have addressed this topic in detail [1,2]. Among the key events
which occur in cardiomyocytes during IR injury, is an ionic imbalance precipitated by the
metabolic and chemical changes of ischemia, which then triggers mitochondrial dysfunction
during reperfusion:
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During ischemia, excess protons due to lactic acidosis drive a cytosolic Na+ overload via the
Na+/H+ exchanger (NHE) [3]. This Na+ exits via the Na+/Ca2+ exchanger, causing a cytosolic
Ca2+ overload. The ischemic lack of mitochondrially derived ATP prevents adequate
management of this Ca2+ by the SERCA pump, and subsequently Ca2+ is increased in the
cytosol. While some Ca2+ uptake into mitochondria can occur during ischemia (due to the
maintenance of membrane potential (ΔΨ) via reverse-mode operation of the ATP synthase,
hydrolyzing glycolytic ATP), this Ca2+ alone is not sufficient to trigger opening of the PT pore,
which is also held closed during ischemia due to the acidic pH [4]. Upon reperfusion, restoration
of mitochondrial ΔΨ facilitates a large Ca2+ influx into mitochondria. Also at this moment a
burst of ROS generation occurs, which together with high [Ca2+]m and re-alkalinization
triggers PT pore opening [4,5], leading to cytochrome c release [6] and cell death [2,7]. In
addition to triggering cell death, mitochondrial cytochrome c release also inhibits respiratory
function leading to an ATP deficit in the post-ischemic heart [8]. Furthermore, the disruption
of Ca2+ and ROS homeostasis that results from PT pore opening is thought to play a role in
the development of post-ischemic arrhythmias [9].

Consistent with pathologic roles for Ca2+ overload, ROS generation and PT pore opening in
IR injury, several cardioprotective drugs are directed at inhibiting these events: Cariporide and
SM-20550 both inhibit NHE [10,11], diazoxide opens the mitochondrial K+

ATP channel to
inhibit Ca2+ overload [12,13], (but may also elicit cardioprotection via K+-independent
mechanisms [14]). Cyclosporin A and Sanglifehrin A directly inhibit the PT pore [7,15],
antioxidants scavenge ROS [16], and nitric oxide (NO•) inhibits Ca2+ overload [17]. It was
also recently shown that reperfusion with acidic media, thereby extending acidosis into the
post-ischemic period, inhibits PT pore opening and is cardioprotective [18].

3. Metabolic Inhibition as a Mechanism of Cardioprotection
The remainder of this review will deal with the concept that reversible inhibition of metabolism,
mainly mitochondrial metabolism, can serve to prevent the above mentioned pathologic
cascade of events in reperfusion, and may account for the cardioprotective benefit of several
pharmacologic agents. This hypothesis was originally forwarded in a previous review on
NO• [19], but is presented here in more detail. Figure 1 illustrates several of the mitochondrial
and other metabolic inhibitors to be discussed, and their sites of inhibition in the respiratory
chain or elsewhere.

4. Mitochondrial Complex I Inhibition & Cardioprotection
Complex I (NADH ubiquinone oxidoreductase) is a key site of electron entry into the
respiratory chain in cardiac mitochondria, owing to the heavy reliance of the heart on β-
oxidation of fatty acids and subsequent generation of NADH from acetyl-CoA in the Krebs’
cycle [20]. In addition to playing a role in cardiac metabolism, complex I is also an important
site of ROS generation [21], and a regulator of NADH/NAD+ redox balance in the
mitochondrion [22,23]. Notably, the latter has been shown to be critical in determining the
open probability of the PT pore, such that complex I inhibition can directly inhibit pore opening
via an increased NADH/NAD+ ratio [24].

In theory, inhibition of the respiratory chain at sites other than complex I may also result in an
increased NADH/NAD+ ratio. However, an interesting but little-known phenomenon which
may impact on this is the “cushioning effect”, first described by Chance [25]. In effect, redox
events at the upper end of the respiratory chain (complexes I and II) appear to be somewhat
insulated from events at the lower end of the chain (complex IV), such that partial reduction
of cytochromes a/a3 may not be transmitted up the chain leading to reduction within complex
I and an increased NADH/NAD+ ratio. Thus, while it is possible that inhibition in other
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complexes can affect the NADH/NAD+ ratio, the most effective strategy to increase this ratio
is to inhibit the proximal chain at complex I.

Several pharmacologic reagents which are inhibitors of complex I have now been demonstrated
to afford protection against IR injury, including amobarbital [26], rotenone [27] and S-
nitrosothiols [28,29]. Furthermore, a wide range of pharmacologic reagents which are known
to be cardioprotective have subsequently been found to effectively inhibit complex I (or vice
versa). This includes the antianginal agent ranolazine [30,31], analgesics such as capsaicin
[32,33], volatile anesthetics such as halothane and isoflurane [34,35], redox-cycling agents
such as menadione [36], and anti-diabetics such as metformin [37,38]. It is not clear whether
complex I inhibition per se underlies the protective effects of these reagents, but they are very
diverse in structure and their one common feature is their effect on complex I.

The inhibition of complex I by S-nitrosation has emerged as an important potential mechanism
of cardioprotection involved in ischemic preconditioning (IPC) [39], although an absolute
cause-and effect relationship between S-nitrosation and protection remains to be established.
In this regard, S-nitrosothiols at cardioprotective doses (10–20μM) were very poor donors of
free NO• and had a negligible effect on complex IV activity. Furthermore, the cardioprotection
afforded by these compounds was completely abrogated by exposure to UV light at a time after
which all of the original compound had decomposed. UV light destroys SNOs, so this suggests
that trans-nitrosation of proteins may be involved in the protective mechanism [29].
Furthermore, cardioprotection by SNOs is independent of classical cGMP/PKG signaling, also
arguing against the involvement of simple NO• release as a mechanism [29]. It has also been
suggested that complex I S-nitrosation may contribute to the cardioprotective effects of nitrite
(NO2

−) [40]. More recently (see Nadtochiy et al. manuscript in this issue of JMCC) we have
shown that protection elicited by either IPC or SNO-MPG is lost in a mouse harboring a
mutation in complex I, underscoring the importance of this complex for cardioprotection.

5. Mitochondrial Complex II – a Dual Role in Metabolism and mKATP Channels
Complex II (succinate dehydrogenase) represents an interesting target for cardioprotection,
because recent evidence has suggested that this complex is linked to the function of the putative
mitochondrial ATP sensitive channel (mKATP), which is itself implicated in cardioprotection
by IPC [41].

First regarding simple complex II inhibition, the inhibitor 3-nitropropionic acid (3-NP) has
been shown to protect against injury in both heart and brain models of IR [42,43]. We have
also shown that the commonly used complex II inhibitor malonate is mildly cardioprotective
[44,45]. Somewhat related to nitric oxide, the single electron reduction product of NO•, nitroxyl
(HNO or NO−), has also been shown to interact with complex II [46], and interestingly HNO
donors such as Angeli’s salt are known to be cardioprotective [47], and are under investigation
as potential human therapeutics [48].

Recently, research on complex II in the context of cardioprotection has taken an interesting
turn, with the proposal that this complex may be related to the putative mKATP channel [41].
There are several lines of evidence supporting a link between these two proteins:

i. ATP, an inhibitor of KATP channels, stimulates complex II activity [49].

ii. Openers of the mKATP channel (e.g. diazoxide) inhibit complex II activity [50,51].

iii. Inhibitors of complex II (e.g. malonate) open the mKATP channel [44].

iv. Complex II inhibition is observed in IPC [44,52].
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v. mKATP opening results in fluorescence (oxidation) of the flavoprotein in complex II
[12,41].

In support of a link between complex II and the putative mKATP channel, we recently showed
that the potent and specific complex II inhibitor Atpenin A5 (AA5) is also capable of opening
the channel, and is potently cardioprotective [45]. Most notably, AA5 was able to open the
channel and provide cardioprotection at a concentration of only 1 nM, which is a concentration
that does not significantly inhibit complex II. Thus, inhibition of complex II enzymatic activity
per se does not appear to be required for channel opening. The precise relationship between
complex II and the putative mKATP channel remains to be identified.

6. Mitochondrial Complex III Inhibition & Cardioprotection
Complex III of the respiratory chain represents the convergence point for electrons entering
the Q cycle from upstream complexes I and II, and a variety of other dehydrogenases.
Therefore, while inhibition at either complex I or II alone could theoretically be by-passed by
feeding electrons through the other complex, this is not the case for complex III, with inhibition
resulting in complete blockage of the respiratory chain.

Interestingly, a role for complex III in both IPC and volatile anesthetic preconditioning has
been proposed, wherein a transient increase in the generation of ROS from this complex serves
as a critical upstream signal [53,54]. Indeed, the commonly used complex III inhibitor
antimycin A has been shown to provide protection against IR injury, and notably this protection
was abrogated by antioxidants, suggesting a role for ROS [55]. However, the complex III
inhibitor myxothiazol, which inhibits ROS generation from the complex, was able to block
volatile anesthetic preconditioning, and was not in itself protective [54]. Thus, the inhibition
of complex III activity per se does not appear to elicit cardioprotection via the same mechanism
as proposed for complexes I and II (i.e. reversal and gradual wake-up at reperfusion), but
instead appears to depend on the resulting augmentation of ROS generation from the complex.

7. Mitochondrial Complex IV & Cardioprotection – Gases Abound
Complex IV (cytochrome c oxidase) is the major site of O2 consumption in the heart, and thus
the modulation of the activity of this enzyme has significant implications for cardiomyocyte
oxygenation. One of the most important physiologic and pathologic regulators of complex IV
activity is NO•, and there exist several excellent reviews on the intricacies of NO• interactions
with the complex [56–58]. Given the central role of NO• in IPC and several cardioprotective
phenotypes [59], and the importance of complex IV as a sensitive target of NO•, it is inherently
assumed that one of the mechanisms by which NO• may protect the heart is by reversibly
inhibiting metabolism at the level of complex IV. The NO-complex IV interaction will not be
further considered herein, other than to comment that some of the cardioprotective benefit of
nitrite may result from the generation of NO• in mitochondria and the augmentation of such
inhibition. In this regard, it is interesting that complex IV is evolutionarily related to bacterial
nitrite reductases, and it has been suggested that the complex may act as a nitrite reductase to
generate NO• from NO2

− during hypoxic conditions [60]. The relative importance of the
various proposed nitrite reductases (including hemoglobin, myoglobin, cytochrome c, and
complex IV) in the bio-transformation of NO2

− in hypoxia/ischemia, is a subject of some
debate.

In addition to NO•, it has long been known that carbon monoxide (CO) is an excellent inhibitor
of complex IV [61,62], and CO is also known to be cardioprotective [63]. Furthermore, there
is some debate regarding the site within the respiratory chain which is the target of gaseous
second messenger hydrogen sulfide (H2S), with some speculation that this gas may also inhibit
complex IV [64,65]. In agreement with the protective benefit of this type of metabolic
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shutdown, it was recently shown that H2S protects hearts from IR injury [66]. A recent review
article discusses the interplay between NO•, CO and H2S at the level of mitochondrial complex
IV in detail [64].

8. Inhibition of Glycolysis
The critical role of glycolysis in cardiac metabolism is beyond the scope of this review (for
reviews see [20,67]), although studies have highlighted a role for the regulation of glycolysis
in IPC. For example, IPC down-regulates the enzymatic activity of several glycolytic enzymes
[68].

A key glycolytic enzyme regulated by IPC is glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), which can be inhibited by NO• [69]. This inhibition may proceed via S-nitrosation
[70]. More recently, the finding that NO• derived nitro-lipids (nitro-oleate and nitro-linoleate)
can inhibit GAPDH via reversible post-translational modification of a critical active site
cysteine [71] suggests another mechanism of regulation. This mechanism may be relevant to
IPC, since we recently found that such nitro-lipids are endogenously generated during IPC
[72]. In addition, nitro-lipids increase protein hydrophobicity which may facilitate
translocation of GAPDH to membranes [71,72], although the functional significance of such
protein traffic remains to be elucidated.

Inhibition of GAPDH facilitates a build-up of fructose 1,6-bisphosphate (F1,6-BP) which
might be beneficial to the ischemic heart. Exogenous administration of F1,6-BP during early
reperfusion improved cardiac recovery after ischemia in isolated hearts [73], and had positive
hemodynamic effects in humans with acute myocardial infarct [74]. In addition, it has been
reported that F1,6-BP build-up occurs in preconditioned hearts at the time of reperfusion, which
may facilitate improved glycolytic flux and functional recovery in the post-ischemic
myocardium [75].

Information about phosphofructokinase (PFK) activity in cardiac preconditioning is limited,
but a detailed study in hepatic tissue revealed less post-ischemic inhibition of PFK in
preconditioned liver [76]. Preservation of PFK function was associated with lower
phosphorylation of the enzyme by cAMP dependent protein kinase [76]. In contrast, up-
regulation of PFK protein was found in neonatal rat brain after hypoxic preconditioning,
suggesting a role in tolerance against hypoxia [77].

The end-product of anaerobic glycolysis is lactate, generated from pyruvate by lactate
dehydrogenase (LDH). While IPC does not change the activity of LDH in the cytosol [78],
lactate levels during early reperfusion are reported to be 9-fold lower in preconditioned vs.
non-preconditioned hearts [75]. This indicates that IPC inhibits glycolysis upstream of LDH,
thus preventing acidosis. Furthermore, it has been demonstrated that lactate can be transported
into mitochondria by a lactate shuttle [79,80], and can be oxidized by LDH-1 (isoform H4),
possibly providing a valuable substrate for post-ischemic recovery. However, it is unclear
whether IPC can up-regulate mitochondrial LDH-1 and facilitate enhanced lactate utilization.

Aside from their metabolic roles in glycolysis, many glycolytic enzymes have alternative roles
in cell function which may be important in IPC. For example, the translocation of hexokinase
from the cytosol to mitochondria is known to regulate cytochrome c release, BAX translocation
and ROS production [81]. Notably, such hexokinase redistribution has been shown to occur in
IPC [78].

Somewhat intertwined with glycolysis is the function of the pentose phosphate pathway (PPP),
which is the major cellular pathway for generation of NADPH, which in turn is required for
the maintenance of cellular glutathione redox state. In contrast, NADPH is the critical substrate
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for ROS generation by the NADPH dehydrogenase (Nox) family of enzymes, which may play
a detrimental role in IR injury [82]. Although it has been reported that inhibition of PPP
protected heart from IR injury, IPC did not cause any change in the activity of the PPP [83].

9. How to Measure Gradual Wake-up of Metabolism at Reperfusion?
When considering the effect of mitochondrial inhibition on cardioprotection, herein we assume
that the mechanism of action may include gradual wake-up of metabolism at reperfusion.
However, this has never actually been measured. One of the difficulties of such measurements
is that to assess mitochondrial function, it is often necessary to isolate mitochondria or to wait
until a certain amount of reperfusion time has passed before a measurement can be made. To
address this problem, we have recently developed an experimental system which allows real-
time measurement of mitochondrial respiration rate throughout IR. As previously reported by
several groups [40,84], this system uses a sealed oxygen electrode chamber to expose isolated
mitochondria to simulated hypoxia, with reperfusion attained by un-capping the chamber and
allowing O2 from room air to diffuse in. By applying the calculation principles of open-flow
respirometry [85–87] to such a system, the instantaneous respiration rate of mitochondria can
be calculated even with the lid of the chamber removed.

This method relies on the principle that the rise in liquid phase [O2] in the chamber following
removal of the lid (reoxygenation) represents an equilibrium between O2 diffusion into the
chamber and mitochondrial O2 consumption. By measuring the [O2] and knowing the diffusion
rate, the 3rd parameter (respiration) can be calculated, as illustrated in Figure 2. The universal
equation for the calculation of respiration rate (Q) in an open flow respirometry system is: Q
= m(C*−C1) − dC1/dt, where m is the mass transfer coefficient, C* is the theoretical [O2] based
on equilibration of the liquid and gas phases (from Henry’s law), and C1 is the measured liquid
phase [O2] from the O2 electrode. The mass transfer coefficient m is the first order rate constant
for the diffusion of O2 between the gas and liquid phases. To calculate m, mitochondria are
incubated in the chamber with substrates plus ADP and their respiration brings [O2] to zero.
Cyanide is then added to block respiration and the chamber is uncapped, resulting in O2
diffusion into the liquid phase. The natural log of liquid phase [O2] is plotted vs. time, and the
slope of this line is m (i.e. O2 diffuses in, but is not consumed because mitochondrial respiration
is completely blocked).

In Figure 2, C* is the [O2] of air saturated buffer alone, and in this case is ~200μM (based on
salinity, solubility constants). C1 is the [O2] measured by the O2 electrode (solid line).
Respiration rate (Q, lower dotted trace) is zero throughout “reoxygenation”, due to the CN−

inhibition. In panel B, mitochondria are incubated as in panel A, without CN−. Opening the
lid results in a slower rise of [O2] (C1) due to the equilibrium between O2 diffusing in and
O2 consumed by the mitochondria. The shaded gray area represents the range of possible
[O2] recovery curves, resulting from zero or maximal respiration. Theoretical respiration rates
(Q) are shown in the lower traces. In panel C, the anticipated result with mitochondria exposed
to hypoxia is shown. Respiration recovers rapidly at reoxygenation, but damage to the oxidative
phosphorylation machinery prevents later full recovery.

Figure 3A shows data from such experiments. Mitochondria (2.5mg/ml) were incubated in
respiration buffer in a Clark O2 electrode chamber [29]. Their respiration bought the [O2] down
to a level below 1 μM, and this O2 level (defined herein as hypoxia) was maintained for 30
min. Two minutes prior to the end of hypoxia, additional substrates and ADP were added to
the chamber, and at the end of hyoxia the chamber was uncapped and mitochondria were
reoxygenated. The rise in liquid phase [O2] in the chamber was measured prior to hypoxia
(with the lid closed) and calculated every 5 s. for a period of 200 s. during reperfusion.
Respiration rate prior to hypoxia was 18±3 nmol O2/min/mg protein. During reoxygenation,
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mitochondria exhibited a respiration rate of 10 nmol O2/min/mg within the first five seconds
of reperfusion, and this rate declined to 6 nmol O2/min/mg by 200 s. (Fig. 3). These data support
that, unchecked, mitochondrial respiration rapidly re-starts at reperfusion. It is anticipated that
application of these same principles of open flow respiration to whole cell and perfused organ
models will yield important information about the effects of IPC and other protective strategies
on the gradual wake-up of respiration at reperfusion.

10. Clinical Application of the Gradual Wake up Hypothesis
No discussion of post-ischemic metabolism would be complete without mentioning ischemic
post-conditioning (IPoCo). In IPoCo (also termed “staccato reperfusion”), blood flow to the
heart is gradually restored, for example by careful control over pump rates following removal
of a CABG patient from bypass [88]. It seems rational that IPoCo may achieve many of the
same biochemical events at the mitochondrial level as discussed above regarding reversible
inhibition, i.e. the slow reintroduction of electrons to the respiratory chain, thereby avoiding a
surge of ROS generation and Ca2+ overload.

Recently, the pH hypothesis of IPoCo has been proposed [18], in which it is thought that IPoCo
may work in part by extending the period of metabolic acidosis from ischemia into reperfusion.
Acidic pH is known to inhibit the opening of the mitochondrial PT pore. Interestingly, it was
shown that reperfusion with acidic buffers mimics the cardioprotective benefit of IPoCo, while
reperfusion with alkaline buffers blocks this benefit [18]. It is possible that reversible
mitochondrial inhibition may provide cardioprotective benefit in part by bringing about a state
of metabolic acidosis during reperfusion, thereby mimicking IPoCo.

One molecule that has received much attention within the milieu of cardioprotection is nitrite
(NO2

−) [40]. A strong debate surrounds the mechanisms of nitrite mediated cardioprotection,
with a central focus on the identification of the nitrite reductase responsible for the
biotransformation of this molecule in hypoxia. Candidates for this activity include
deoxyhemoglobin, deoxymyoglobin, and various components of the respiratory chain itself
(see discussion in section 7). In addition the mechanism by which the hypoxic metabolites of
nitrite bring about protected phenotype is also debated, but interestingly it is thought that
mitochondrial S-nitrosation and inhibition may play a role [40]. Notably, regardless of these
mechanisms, nitrite is now entering clinical trials for acute myocardial infarction.

Much attention in the preconditioning field has also focused on the effects of volatile
anesthetics (VAs), which are broadly shown to be cardioprotective in many species including
humans [89]. It has been shown that some VAs can inhibit mitochondrial respiration [35],
while others are thought to activate K+ channels in the mitochondrial membrane [90].
Irrespective of the exact mechanism, VAs currently represent one of the most widely used,
safest, and most clinically applicable preconditioning agents.

One interesting aspect that has arisen from studies of VA cardioprotection, is the discovery
that both IPC and anesthetic preconditioning (APC) are not universally applicable to all patient
populations. Factors which are known to abrogate the cardioprotective benefits of IPC/APC
include age [91], diabetes [92], gender [93], and the use of drugs such as beta blockers [94]. It
is not yet clear if any of this variability in patient response originates at the mitochondrial level.

Although reversible mitochondrial inhibition may indeed be beneficial in cardiac IR injury,
current methods of bringing about such a phenotype, i.e. the use of mitochondrial inhibitors,
are subject to some very severe side effects. Several respiratory chain inhibitors are neurotoxic:
Administration of rotenone elicits a Parkinsonian like syndrome in animals [95], similar to the
classical Parkinson’s inducer and complex I inhibitor MPTP [96]. Similarly, administration of
3-NP or malonate to animals creates striatal lesions akin to Huntington’s disease [97,98]. Thus,
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while several mitochondrial inhibitors are widely available and cheap, it is strongly emphasized
that their use in humans should be avoided due to such devastating side effects. The
development of novel mitochondrial inhibitors which do not cross the hematoencephalic barrier
may aid in limiting such effects, but even this cannot guarantee the absence of effects on other
critical organs.
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Figure 1. Schematic representation of the mitochondrial respiratory chain showing sites of
inhibition by various cardioprotective molecules
For full details, see text.
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Figure 2. Theoretical principles of application of open-flow respirometry to hypoxia-reoxygenation
of isolated mitochondria in a Clark O2 electrode chamber
Mitochondria are incubated in respiration buffer + respiratory substrates & ADP, in a
respiration chamber fitted with an O2 electrode. (A): Where indicated, the lid is closed and
mitochondria respire to bring [O2] to zero (i.e. hypoxia). 1mM CN− is then added to block
respiration and the lid is opened. The resulting rise in [O2] is due to O2 diffusion into the
chamber, and equilibrium with room air is eventually obtained. The first-order rate constant
for O2 diffusion (from Ln[O2] vs. time) is the mass transfer coefficient, m. C* is the [O2] of
air saturated buffer alone (~200μM). C1 is the [O2] measured by the O2 electrode (solid line).
Respiration rate (Q, lower dotted trace) is zero throughout “reoxygenation”, due to the CN−

inhibition. (B): Mitochondria are incubated as in panel A, without CN−. Opening the lid results
in a slower rise of [O2] (C1) due to the equilibrium between O2 diffusing in and O2 consumed
by the mitochondria. The shaded gray area represents the range of possible [O2] recovery
curves, resulting from zero or maximal respiration. Respiration rates (Q) are calculated
instantaneously during reoxygenation, using the equation Q=m(C*−C1)/dC1/dt. (C):
Mitochondria are incubated as in B, but with hypoxia. Respiration (Q) recovers rapidly at
reoxygenation, but Ox-Phos damage prevents later full recovery.
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Figure 3. Mitochondrial respiration rate during early reoxygenation
Respiration rate upon reoxygenation was calculated every 5 s. throughout a 200 s.
reoxygenation. Data are means ± SEM; N≥3.
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