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Abstract
Excessive production of free radicals by mitochondria is associated with, and likely contributes to,
the progression of numerous pathological conditions. Nevertheless, the production of free radicals
by the mitochondria may have important biological functions under normal or stressed conditions
by activating or modulating redox-sensitive cellular signaling pathways. This raises the intriguing
possibility that regulated mitochondrial free radical production occurs via mechanisms that are
distinct from pathologies associated with oxidative damage. Indeed, the capacity of mitochondria to
produce free radicals in a limited manner may play a role in ischemic preconditioning, the
phenomenon whereby short bouts of ischemia protect from subsequent prolonged ischemia and
reperfusion. Ischemic preconditioning can thus serve as an important model system for defining
regulatory mechanisms that allow for transient, signal-inducing, production of free radicals by
mitochondria. Defining how these mechanism(s) occur will provide insight into therapeutic
approaches that minimize oxidative damage without altering normal cellular redox biology. The aim
of this review is to present and discuss evidence for the regulated production of superoxide by the
electron transport chain within the ischemic preconditioning paradigm of redox regulation.
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1. Introduction
It is now appreciated that free radicals are not necessarily deleterious molecules, purveyors
only of oxidative damage. Free radicals also serve a regulatory function modulating enzymatic
activities in a reversible manner. The cellular machinery is adept at reversing certain oxidative
modifications, such as protein disulfide bonds, mixed disulfides with glutathione, sulfenic and
sulfinic acids, and methionine sulfoxide [1–3], thus allowing for mechanisms of regulation that
may be nearly as specific and transient as protein phosphorylation. However, the difference
between free radicals produced for regulatory purposes as compared to those that contribute
to irreversible oxidation is a fine line, and necessitates a carefully orchestrated, reversible
production and removal of pro-oxidants. There are several enzymes potentially capable of
producing free radicals or the pro-oxidant hydrogen peroxide under regulated conditions. The
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major source of free radicals in most cell types is the electron transport chain of the
mitochondria (for review see [4]). It is therefore proposed that mitochondria represent an
important aspect of redox based signaling that is distinct from its role in oxidative damage.

Mitochondria have long been appreciated as contributors to oxidative damage (for review, see
[4]), but their role in producing free radicals in a regulated, limited manner is largely undefined.
It is therefore critical to distinguish the sites and mechanisms of mitochondrial free radical
production to gain insight into redox-dependent regulated response(s) versus oxidative damage
that occurs during the progression of numerous diseases associated with mitochondrial deficits.
The strong likelihood that mitochondrial free radical production plays two divergent roles, one
beneficial and the other detrimental, underscores the necessity that therapeutic strategies
address appropriate selection and delivery of modulators that can prevent oxidative damage
without interfering with critical redox-dependent regulatory processes. The importance of these
considerations is illustrated by the limited success of antioxidant therapy (for review, see [5–
9]).

Perhaps the best documented evidence in support of regulated mitochondrial free radical
production is provided by studies investigating cardiac ischemic preconditioning (IPC), the
phenomenon whereby short repeated bouts of ischemia and reperfusion protect from cardiac
damage associated with prolonged ischemia and reperfusion (for review, see [10–14]). During
IPC, free radicals likely produced by the mitochondria appear required for cardioprotection
[14–24]. It is not the goal of this review to discuss all of the molecular mechanisms that likely
participate in IPC. Rather, we will examine IPC as a paradigm for evaluating mechanisms
whereby mitochondria produce free radicals in a regulated fashion. Defining such mechanisms
will provide insight into therapeutic options for pharmacological manipulation of IPC as well
as establish the importance of mitochondria in participating in redox based cellular signaling
pathways under normal and pathophysiological conditions.

2. Reperfusion Injury versus Ischemic Preconditioning
It is well established that alterations in mitochondrial structure and function during
reoxygenation of ischemic cardiac tissue accompany and likely contribute to declines in
contractile function (for review, see [5,25,26]). A consequence of ischemia and reperfusion is
the mitochondrial production of oxygen free radicals [27–34]. The rate at which mitochondria
produce free radicals, and the resulting oxidative damage, are dependent upon the duration of
ischemia [31,33–39]. Thus, the duration of ischemia and reperfusion likely determines whether
there is a shift from reversible to irreversible loss in mitochondrial function. For the purpose
of this review, we intend to compare and contrast mitochondrial free radical production
mechanisms as this shift occurs.

A major source of free radicals that contribute to reperfusion injury is the electron transport
chain (Scheme 1). The electron transport chain produces free radicals at a very low rate under
basal conditions, but at elevated rates during conditions such as ischemia/reperfusion [27–
33]. Reperfusion-induced increases in free radical production are often attributed to declines
in the activities of electron transport chain complexes upon ischemia that could, in turn, lead
to an impaired overall rate of oxidative phosphorylation [31,33,39–42]. Depending on the
experimental model and conditions under investigation, various electron transport chain
complexes have been identified as sites of ischemia- and/or reperfusion-induced inhibition
[33–35,39–44]. These deficits would be expected to contribute to observed increases in the
mitochondrial production of free radicals upon ischemia/reperfusion. However, as discussed
later, an elevated rate of free radical production can occur without any observed loss of
respiratory activity [35].
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Preventing or limiting the extent of reperfusion injury and preserving mitochondrial function
is of great therapeutic importance. In this regard, much attention has been given to the ability
of short bouts of ischemia and reperfusion prior to a prolonged ischemic event to provide
cardioprotection. IPC largely prevents various manifestations of reperfusion injury, including
cardiovascular abnormalities, apoptosis, and deficits in mitochondrial functions [11–13,23,
45–51]. There are two phases of IPC, one that occurs immediately after the brief ischemia/
reperfusion episodes, and one that occurs approximately 24 hours later (for review, see [11–
13,20]). The early protection involves acute stress responses, while the later response requires
gene transcription/translation [11–13,20]. It is during the initial phase that IPC-induced
protective effects are likely mediated by signal transduction, conformational changes or post-
translational modification(s) to protein, and/or subtle differences in protein-protein or protein-
membrane interaction(s). The production of transient signaling molecules such as nitric oxide
and reactive oxygen species is well documented [11–14,20]. In addition, several signaling
pathways have been implicated, including the activation of numerous protein kinases such as
Akt [52], MAP kinases [24,53,54], PKA [55], and PKC [56–59]. A central point in ischemic
preconditioning mechanisms, though, is a convergence upon mitochondrial functions. For
example, PKCε is activated and translocates to mitochondria where it associates with its yet
to be identified protein binding partner, RACK [57,59–62]. PKCε has also been reported to
form a signaling module that binds to other kinases, such as MAPK, that are thereby recruited
to mitochondria [53]. While there is some discrepancy in the literature concerning the sequence
of events, there is an increase in mitochondrial free radical production that may either precede
or follow PKC activation [for review, see [14,20]. An additional target of IPC is cytochrome
c, a critical electron carrier in the electron transport chain that, when released from the
mitochondria into the cytosol in response to various (patho)physiological stimuli, initiates
mitochondrially mediated apoptosis. Indeed, IPC prevents ischemia-induced defects in
mitochondrial function and loss of cytochrome c from the mitochondria [46].

3. Reactive Oxygen Species, Mitochondria and Ischemic Preconditioning
Mitochondrial production of reactive oxygen species appears to be a critical component of IPC
[14,19–22,24,63]. In in situ and isolated rabbit heart models of IPC, scavenging free radical
species upon infusion of the antioxidant, N-2-mercaptopropionylglycine, diminished
cardioprotective effects [15]. Infusion of a superoxide generating system, xanthine oxidase and
hypoxanthine, prior to a long ischemic event significantly decreased the reperfusion induced
infarct size in the isolated rabbit heart model [15]. Similarly, infusion of hydrogen peroxide
(2.0 µM) prior to prolonged ischemia/reperfusion significantly improved contractile function
in an isolated rat heart model [17]. It is therefore conceivable that free radicals produced upon
IPC attenuates excessive mitochondrial free radical production associated with prolonged
ischemia and reperfusion, thereby protecting the myocardium from oxidative damage and
functional deficits [16].

In contrast to extended periods of ischemia and reperfusion, where losses in electron transport
chain activities are thought to contribute to deficits in electron flow and contribute to free
radical production [27–35,39–44], IPC may stimulate free radical generation in the absence of
such deficits (Scheme 2). In fact, others and we have found that short bouts of ischemia/
reperfusion enhance electron transport chain activity [35,41]. These observations indicate that
an increased mitochondrial capacity to produce pro-oxidants is not necessitated by loss of
function. Moreover, multiple mechanisms of free radical production likely exist. One mode,
induced by long bouts of ischemia and reperfusion, induces an increased rate of free radical
production for an extended duration, resulting in oxidative damage [33,36–39]. In contrast,
another mode induced by brief periods of ischemia and reperfusion allows for a limited and
controlled increase in free radicals that potentially initiates cardioprotective signaling events.
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The mechanism(s) by which this latter free radical production occurs is not well understood,
but numerous mechanisms have been suggested.

4. The Role of the Mitochondrial KATP Channel in Generating Free Radicals
During IPC

It was first demonstrated in 1991 that mitochondria possess ATP-regulated potassium channel
(mitoKATP) activity, distinct in its regulation and apparent composition than that contained in
the plasma membrane [64]. The identity of protein(s) conveying this activity still remains
elusive but is nevertheless an area of great interest. It has been suggested that opening of
mitoKATP, such that would occur under ischemic conditions when ATP is depleted, contributes
to the mechanism of IPC, in part, by preventing mitochondrial swelling and membrane rupture.
This hypothesis is supported by pharmacological manipulation. Diazoxide is a drug that
provides cardioprotection from ischemic assaults and mechanistically has been suggested to
occur via opening of the mitoKATP [65]. Alternatively, opening of the mitoKATP is
accompanied by increased free radical production, which may initiate cardioprotective
signaling events [21,22,66].

The role of mitoKATP in generating ROS still requires clarification. Reagents implemented to
open the channel are pharmacologically nonspecific. For example, diazoxide is a drug that is
commonly used to pharmacologically mimic IPC via opening the mitoKATP channel. However,
diazoxide is also a potent inhibitor of complex II (succinate dehydrogenase) [67–69].
Furthermore, other inhibitors of complex II can also promote cardioprotection [70–72], and
this also corresponds to mitoKATP opening [71,73]. While complex II itself has been suggested
to be a component of the KATP channel [74], it is unclear whether complex II inhibitors provide
cardioprotection by promoting influx of potassium into the mitochondria via mitoKATP or by
inhibiting the electron transport chain, or by both mechanisms. It is hypothesized that opening
of mitoKATP decreases the membrane potential by allowing an influx of potassium. It is
unclear, however, how this mild uncoupling of oxidative phosphorylation induces the electron
transport chain to produce free radicals at an increased rate. Conclusive molecular
characterization of mitoKATP and derivation of pharmacological reagents that specifically
modulate its activity are needed.

5. Mitochondrial Permeability Transition Pore
An important physiological consequence of ischemia is a decrease in ATP, resulting in changes
in calcium homeostasis which relies on ATP for the uptake of Ca2+ by the sarcoplasmic
reticulum during the cycle of contraction and relaxation. A consequence of increased cytosolic
Ca2+ concentrations is elevated uptake of Ca2+ by the mitochondria [75–77]. Uncontrolled
uptake of calcium in turn results in the opening of the mitochondrial permeability transition
pore (MPTP). The protein components of the MPTP have not been fully elucidated. The pore
is constituted, at least in part, by the cyclophilin-D protein and perhaps the adenine nucleotide
translocase [77,78]. Opening of the MPTP allows diffusion of molecules less than 1.5 kDa
across the inner mitochondrial membrane [77], thereby collapsing the membrane potential and
ion gradients. Unchecked, opening of the MPTP is associated with initiation of apoptosis and
irreversible cellular damage [78,79]. The temporal and causal relationship between MPTP
opening and free radical production is uncertain. However, it has been demonstrated that an
increase in free radicals may promote MPTP opening, which then induces a further increase
in free radical production [80]. As with the mitoKATP channel, it is not completely clear how
and why the electron transport chain produces free radicals in response to MPTP opening.

Opening of the MPTP has typically been seen as a catastrophic, committed event that results
in cell death. More recently, however, it has been proposed that transient opening of the MPTP
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may occur during IPC [81,82]. The difference between transient and permanent opening of the
MPTP may be dependent on ischemic duration. It is rationalized that brief opening of the MPTP
may have the beneficial effect of lowering the membrane potential, thereby limiting the
capacity of mitochondria to take up calcium. This would also be expected to reduce free radical
production because a drop in membrane potential stimulates electron transport chain activity
as mitochondria actively respire to reestablish the proton gradient. Redox centers of actively
respiring mitochondria are rapidly cycling between oxidized and reduced states, thereby
limiting their ability to produce free radicals. This is in contrast to mitochondria respiring under
non-maximal conditions at which the electron transport chain is predominantly in the reduced
state and primed for free radical production.

A recent study using a genetically encoded mitochondria-localized superoxide indicator, based
on yellow fluorescent protein, provides evidence that individual mitochondria undergo brief
periods of increased free radical production due to transient opening of the MPTP [83]. In this
experimental system, exposure of cells to hypoxia and reoxygenation resulted in increased
ROS production from distinct populations of mitochondria [83]. Whether MPTP increases or
decreases ROS production thus remains a point of contention. It is conceivable that free radicals
might be produced at different sites and rates, depending on the rate of electron transport.
However, a mechanism whereby depolarization of mitochondria would promote free radical
production remains elusive.

6. Modulation of Electron Transport Chain Activity as a Means of Regulating
Free Radical Production

While evidence suggests that transient opening of mitoKATP and/or MPTP may contribute to
cardioprotection afforded by IPC, the ultimate mitochondrial source of oxidants is the electron
transport chain. Prolonged ischemia/reperfusion induces deficits in electron transport chain
activity, thereby resulting in an increased half-life of reduced components, increased free
radical production, and oxidative damage [27–30,32–44]. In contrast, mitochondrial integrity
is maintained during IPC [23,46–51]. This raises the question, is transient opening of the
mitoKATP channel and/or MPTP sufficient to increase free radical production or is IPC
accompanied by intrinsic alterations in electron transport chain activity that result in increased
rates of superoxide generation? Work from our laboratory has examined this question by
measuring the activity of electron transport chain complexes and superoxide production as a
function of ischemic duration [35].

Using an isolated rat heart model, hearts were subjected to increasing durations of ischemia.
Mitochondria were then isolated and the rates of electron transport chain complexes and
superoxide production were measured [35]. The methodology utilized an increase in
hydroethidine fluorescence upon oxidation by superoxide anion. Experiments were performed
using frozen/thawed mitochondria to allow for direct assessment of electron transport chain
derived superoxide production while minimizing interference of mitochondrial antioxidants
and to exclude the contributions of MPTP and mitoKATP (for a review of methodology to
monitor free radical production, see [84]). As previously reported, an ischemic duration as brief
as 4 min was sufficient to induce a significant increase in NADH-driven superoxide production
when compared to mitochondria isolated from perfused control hearts [35]. Increases in the
duration of ischemia up to 15 min did not result in a further enhancement in the rate of
superoxide production. However, with longer ischemic periods (15 to 30 min) the rate
increased, indicating a biphasic response to ischemic duration. The rates of overall electron
transport activity and individual complexes were examined at each ischemic time point. Brief
ischemia induced an increase in electron transport chain activity with a specific increase in
activity within the complex III–IV segment of the chain. In contrast, longer ischemic durations
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were accompanied by loss of complex I activity which was likely responsible, in large part,
for the increase in superoxide production observed at ischemic durations greater than 15 min.

The importance of these results is that they demonstrate two modes of free radical production
induced by ischemia. In one mode, caused by brief periods of ischemia, electron transport chain
activity is enhanced. With longer durations of ischemia, complex I is susceptible to inactivation.
These changes in electron transport chain activity, dependent on the duration of ischemia, are
indicative of distinct mechanisms and sites of free radical production. The data suggests that
brief periods of ischemia induce superoxide production downstream of complex III, while
complex I is the site of production with long bouts of ischemia. As the ischemic duration
increases, it is likely that multiple sites participate in superoxide generation [35].

The site of free radical production is likely to induce distinct downstream events. While it
remains an active area of investigation, complex I produces superoxide anions at redox active
sites which include FeS centers and/or FMN or through generation of the ubisemiquinone
radical (for review, see [85]). Complex III produces superoxide at the Qo binding site via the
production of ubisemiquinone [86,87]. Studies examining the topology of superoxide
production have shown that complex I produces superoxide predominantly on the matrix side
of the inner membrane, while complex III produces superoxide both towards the inner-
membrane space and matrix [86,88] (Scheme 1). Thus, complex III-derived free radicals may
be expected to have a greater impact on redox signaling pathways outside of the mitochondrial
matrix. In light of this, it is noteworthy that our results demonstrate that the segment between
complexes III and IV is a site of superoxide production induced by brief ischemia [35].

Following cardiac ischemia, mitochondria can be isolated and exhibit elevated rates of
superoxide production [35]. This is indicative of a stable transformation(s), which may include
posttranslational modifications, as discussed below, or structural alterations to the
mitochondrial membrane. Because we observed an increase in complex III–IV activity with
brief ischemia, a potential point of regulation of activity within this segment is association and
disassociation of cytochrome c from the outer surface of the inner-mitochondrial membrane
(Scheme 1). It has previously been demonstrated that ischemia induces disassociation of
cytochrome c from the membrane where the protein remains free within the intermembrane
space [89]. Cytochrome c is found in multiple forms, tightly bound to the inner mitochondrial
membrane though hydrophobic interactions, loosely bound through ionic interactions with
cardiolipin, and dissociated [90]. Subtle changes in this distribution may modulate the
production of superoxide by the complex III–IV segment of the electron transport chain. This
may proceed by increasing the half-life of reduced components of complex III responsible for
superoxide production, or by direct cytochrome c-mediated production of superoxide [91]. Our
data indicates that subtle changes in cytochrome c disassociation, induced in vitro by increasing
osmolarity, enhances complex IV activity and superoxide production [35]. This further
suggests that increased cycling of cytochrome c between associated and disassociated forms
may be an important means of both increasing electron transport chain activity and free radical
production.

7. Posttranslational Modifications
Phosphorylation is a common mechanism whereby cells regulate a large variety of processes.
Until recently, an understanding of this form of regulation within the mitochondria has been
limited almost exclusively to pyruvate dehydrogenase [92,93]. It is now clear that a large
number of mitochondrial proteins can undergo phosphorylation [94,95]. Thus, a more
definitive role of protein phosphorylation in the regulation of mitochondrial function is
emerging which has implications for IPC. A number of kinases have been implicated in
participating in cardioprotection induced by IPC (reviewed in [96]). Two kinases, PKCε and
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PKA, are of particular interest to this review because of their reported associations with
mitochondria and potential to modulate free radical production.

A kinase that has been well documented as a participant in the cardioprotection afforded by
IPC is PKCε. Indeed, PKCε activation and translocation to the mitochondria has been shown
to be an important component of IPC mediated cardioprotection [58,59,97,98]. This has been
demonstrated by ablating IPC using isoform specific peptides that specifically block
interactions of PKCε with binding partners [57–59,62]. However, the mechanisms by which
PKCε modulate mitochondrial function are not well understood but may be mediated through
several mechanisms. There is evidence that PKCε interacts with complex IV during IPC and
that in vitro, phosphorylation of this complex increases its activity [99]. It was also found that
PKCε coimmunoprecipitates with complex IV, suggesting a protein-protein interaction and a
possible anchoring site for the kinase [100]. This is particularly interesting in relationship to
our observations that brief ischemia induces an increase in complex IV activity [35], further
implicating it as a potentially important site of mitochondrial regulation. It is not, however,
currently known whether PKCε-mediated phosphorylation of complex IV results in an increase
in free radical production by the electron transport chain.

PKCε may regulate other mitochondrial processes that regulate free radical production. For
example, PKCε has been reported to associate with mitoKATP and that activation of the kinase
also stimulated mitoKATP activity [61]. Other evidence suggests PKCε interacts with and
prevents MPTP opening [56]. PKCε was found to coimmunoprecipitate with components of
the MPTP, such as VDAC and the adenine nucleotide transporter. At least in vitro, VDAC is
a substrate of PKCε [56]. While determination of a functional role of PKCε in mitochondrial
physiology is progressing, it is still not clear if PKCε activation and translocation precedes or
follows mitochondrial free radical production. Determining the temporal sequence of events
will be essential for understanding the mechanism by which mitochondrial reversibly produce
radicals and the involvement of PKCε in this process.

Another kinase that has been of particular interest in regulating mitochondrial function is
cAMP-dependent protein kinase (PKA). There are reports that PKA is localized to the
mitochondrial matrix [101] and/or the outer mitochondrial membrane via interactions with
anchoring proteins [102,103]. A number of electron transport chain components have been
identified as PKA substrates in vitro [104–108]. Pertinent to this review, it has been reported
that phosphorylation of the 18 kDa subunit of complex I resulted in increased complex I
activity, a decrease in ROS production, and an increase in mitochondrial respiratory activity
[107]. Interestingly, complex IV has also been demonstrated to be a substrate for PKA
phosphorylation. In an isolated rabbit heart model of ischemia, it was observed that there was
an increase in the cAMP dependent phosphorylation of several subunits of complex IV, a
decrease in mitochondrial respiration, and an increase in ROS production [109]. However, it
has been recently reported that PKA-dependent phosphorylation of complex IV has the
opposite effect. Phosphorylation occurs with an increase in respiratory activity and a decrease
in ROS production [101]. It is also unclear whether PKA activation is important for
cardioprotection afforded by IPC, or whether its activity may be a contributor to reperfusion
injury. IPC has been demonstrated to induce an increase in myocardial cAMP levels and PKA
activity [55], and brief pre-ischemic exposure to pharmacological activators of PKA protect
the myocardium in vivo [55,110]. However, sustained ischemia is also associated with
drastically increased cAMP levels and this is detrimental [111]. Interestingly, IPC blocks this
increase of cAMP associated with long durations of ischemia, suggesting a potential
desensitization mechanism [112]. It is likely that limited activation of the kinase induced by
IPC exerts effects distinct from hyperactivation induced by long bouts of ischemia. Clearly,
the conditions that influence PKA activation, its downstream substrates, and how
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phosphorylation affects electron transport chain activity and free radical generation must be
resolved in the future.

In addition to phosphorylation, a posttranslational modification of potential relevance is the
formation of mixed disulfides between glutathione and cysteines on protein, termed
glutathionylation. Complex I of the mitochondrial electron transport chain has previously been
shown to undergo glutathionylation when isolated mitochondria were exposed to diamide in
combination with glutathione, conditions of mild oxidative stress (e.g. superoxide generated
by the electron transport chain), or high concentrations of oxidized glutathione [113,114].
Complex I glutathionylation correlated with loss of enzyme activity [113,114]. However,
depending on the experimental conditions evaluated, the rate of free radical production
associated with complex I glutathionylation increased [114] or decreased [113]. It remains to
be determined whether IPC and/or ischemia/reperfusion induce similar modifications to
electron transport chain components (see [115] for a review of thiol modifications during IPC),
certain of which may alter the mitochondrial capacity to generate (pro)oxidants provoking
either regulated, beneficial free radical production (IPC) or oxidative damage (ischemia/
reperfusion).

Posttranslational regulation by the pro-oxidant nitric oxide (NO) is of particular interest in IPC
because of the innate ability of mitochondria to produce the molecule [116,117], and its
suggested role in regulating electron transport chain function [118–120]. In in vitro studies,
NO inhibits electron transport activity and increases superoxide production [121]. It has been
found in a variety of tissues and model systems that nitric oxide inhibits at a variety of sites
within the electron transport chain (for review, see [122]), but is best understood in terms of
reversible inhibition of cytochrome c oxidase (complex IV) [120,123–125]. Upon
preconditioning, a number of components of the electron transport chain have been identified
as targets of S-nitrosylation [119], the reaction of nitric oxide with sulfur groups. However, it
should also be noted that the main effect of NO on electron transport activity is inhibition, and
as discussed above, IPC occurs without mitochondrial deficits. It is thus still unclear how S-
nitrosation or other reactions of nitric oxide with redox active sites modulates free radical
production during IPC.

8. Additional Mechanisms to Regulate the Level of Pro-Oxidants
Given the emerging interest in free radical species as signaling molecules, the role of
antioxidant systems must be reevaluated. In the past, when free radicals were viewed almost
exclusively from the perspective of the damage they could induce, antioxidant enzymes were
considered as constitutively active exhibiting little regulation. Nevertheless, the level of pro-
oxidants present in a biological system is dependent on the relative rate of generation and
removal. If free radicals are to act as signaling molecules, then one might expect that antioxidant
systems may be modulated as an additional means of controlling the concentration of specific
free radical species. Numerous studies have explored the effects of exogenously supplied
antioxidants on the outcomes of cardiac ischemia and reperfusion. These studies have had
limited success [5–9], likely due to numerous complicating factors. These include differences
in experimental conditions and models of ischemia-reperfusion as well as in the ability of
various antioxidants and/or antioxidant enzymes to reach regions of ROS production [126] and
the strict requirement for appropriate ratios of antioxidants for efficient function. Critical to
the current discussion, (pro)oxidants may exert certain beneficial effects that are blunted by
antioxidant modulators.

An underappreciated aspect of electron transport derived free radical production that must be
considered is the supply of reducing equivalents, the ultimate mitochondrial source of (pro)
oxidants. Changes in the activities of Krebs cycle components may therefore represent
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important means for controlling the rate of mitochondrial free radical production. Evidence in
support of this possibility is provided by previous findings that isolated cardiac mitochondria
exposed to conditions of mild oxidative stress exhibit a loss in the rates of NADH-supported
mitochondrial oxidative phosphorylation [127–129]. This was due to glutathionylation and
inhibition of the rate-limiting Krebs cycle enzyme, α-ketoglutarate dehydrogenase (KGDH)
[127–129]. Upon normalization of the mitochondrial redox status, KGDH underwent
deglutathionylation and reactivation, enabling full return of mitochondrial respiratory rates to
control values [127–129]. In addition, aconitase is well known to be susceptible to oxidative
inactivation. However, it has more recently been shown that aconitase can be reversibly
regulated in cardiac mitochondria in response to mild oxidative stress and ischemia/reperfusion
[36,130,131]. Thus, supply of reducing equivalents for electron transport and, consequently,
free radical production can be regulated by altered redox status. This may represent an elegant
feedback mechanism to prevent unmitigated free radical production and eventual oxidative
damage.

9. Conclusions
The current state of research supports a role of mitochondrially-derived free radicals as
important participants in redox based signaling. This may be particularly true for ischemic
preconditioning, where the limited production of free radicals is believed to play a critical role
in initiating cardioprotective signaling cascades. A number of mechanisms have been purported
to regulate free radical production during IPC, including transient opening of mitoKATP and/
or the MPTP. However, it is yet to be determined how opening of either the channel or the pore
modulates electron transport chain activity, specifically within distinct sites, to increase
superoxide production. Evidence suggests that modulation of electron transport chain activity,
either by post-translational modifications or disassociation of cytochrome c from the inner-
mitochondrial membrane, may regulate the rate at which superoxide is formed. This hypothesis
is supported by evidence demonstrating that enhanced superoxide production induced by short
durations of ischemia is retained following isolation of mitochondria. It is likely that regulated
free radical production will be tightly coupled to antioxidant capacity. Thus, inhibition of redox
signaling may have the benefit of reducing oxidative damage, but likely carries the unintended
consequence of blocking the initiation of important pro-survival cascades. As mechanisms of
regulated mitochondrial free radical production are elucidated, insight will emerge regarding
therapeutic options that limit oxidative damage while promoting pro-survival redox signaling
pathways.
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Scheme 1.
The electron transport chain. Electrons are introduced into the chain at complex I, in the form
of NADH, or at complex II, in the form of succinate. The main sources of superoxide within
the electron transport chain are complex I and complex III. Superoxide production from
complex I occurs mainly on the matrix side of the membrane. Complex III may release
superoxide into either the matrix or inter-membrane space.
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Scheme 2.
Brief and long bouts of ischemia induce increases in mitochondrial free radical production.
However, depending upon the ischemic duration, the outcome can either be activation of
cardioprotective signals or catastrophic cell death.
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