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The production of mitochondrial reactive oxygen species
occurs as a consequence of aerobic metabolism. Mitochondrial
oxidants are increasingly viewed less as byproducts of metabo-
lism and more as important signaling molecules. Here, I review
several notable examples, including the cellular response to
hypoxia, aspects of innate immunity, the regulation of
autophagy, and stem cell self-renewal capacity, where evidence
suggests an important regulatory role for mitochondrial
oxidants.

Mitochondria are believed to be the major source of intracel-
lular reactive oxygen species (ROS)? generation. Working with
isolated mitochondria, some estimates have suggested that as
much as 3-5% of the oxygen consumed is ultimately diverted
toward ROS production (1). Although these estimates are
potential benchmarks, the experimental conditions, including
substrate concentration and ATP levels, in which many of these
measurements were made, as well as the functional alterations
that occur with mitochondrial isolation, argue for caution with
regard to such in vitro determinations. As such, the precise in
vivo amount of mitochondrial superoxide or hydrogen perox-
ide production remains elusive. Although the magnitude of
ROS production remains in doubt, the location of the one-elec-
tron reduction of molecular oxygen is less uncertain. Both
Complexes I and III of the electron transport chain are thought
to be the major sites of ROS production (2, 3), although clearly
other electron complexes, as well as other mitochondrial
enzymes, can generate ROS. Once generated, superoxide rap-
idly and spontaneously dismutates to hydrogen peroxide. This
conversion is accelerated in the presence of the enzyme super-
oxide dismutase. To avoid the potential damaging effects of
ROS, mitochondria express a number of protein antioxidants,
including SOD2, as well as other scavenging enzymes such as
peroxiredoxins 3 and 5. Although the activities of intracellular
antioxidants and peroxidases determine the magnitude of ROS,
the level of ROS generated is also believed to be dependent on
certain intrinsic properties of mitochondrial energetics. For
instance, a high proton motive force (e.g. high ¢, ,) is believed to
favor the production of ROS, whereas mitochondrial uncou-
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pling agents result in a lower s, and decreased ROS formation.
Similarly, mutations in either mitochondrial DNA or nuclear
DNA that lead to disruption in any of the components of the
electron transport chain also predispose to ROS formation pre-
sumably by impeding the flow of electrons down the cyto-
chrome chain.

Although the regulation of mitochondrial ROS release was
experimentally appreciated, for many years, the prevailing view
was that mitochondrial oxidants were autonomously produced
solely as a byproduct of metabolism. That notion has slowly
given way to a more nuanced view of mitochondrial oxidants as
potential regulators of a number of intracellular pathways. Ini-
tial reports suggested that increased supply of metabolic sub-
strates augmented mitochondrial oxidant production and that
the release of oxidants could in turn activate JNK, a stress-
responsive kinase (4). Subsequent studies have suggested that
the link between excess metabolic supply and mitochondrial
ROS production may have important implications for human
disease (5, 6). Furthermore, the release of mitochondrial oxi-
dants and the subsequent activation of kinases such as JNK
were shown to be activated not only by alterations in substrate
supply but also by exogenous ligands such as TNF-a that
appear to increase mitochondrial ROS levels directly. These
latter studies demonstrated that the target of the mitochondrial
ROS was not JNK itself but rather a cysteine-dependent phos-
phatase, the redox-dependent inactivation of which led to sus-
tained JNK activity (7). Thus, similar to other examples of
redox-dependent signal transduction, much of the specific sig-
naling revolves around the oxidation of reactive cysteine resi-
dues in specific target proteins. Although counterexamples
exist, in most cases, the specific ROS molecule involved in sig-
naling is believed to be hydrogen peroxide (8). Here, I will high-
light a subset of these emerging trends that together suggest a
complex signaling system that is initiated by the release of mito-
chondrial oxidants. Although not exhaustive, these examples
highlight the growing importance of mitochondrial ROS as
physiological and pathophysiological regulators of a diverse
range of biological phenomena.

Hypoxia, Oxidants, and Regulation of Hypoxia-inducible
Factor 1« (HIF-1«)

Accumulating evidence suggests that mitochondrial oxi-
dants may be important regulators of the cellular response to
low oxygen. In particular, there are a number of studies that
suggest that, under hypoxic conditions (oxygen concentrations
between 1 and 5%), mitochondria might actually increase their
release of ROS. This release appears to come from Complex I1I;
however, the precise molecular basis for the seemingly coun-
terintuitive relationship between ambient oxygen levels and
ROS production remains obscure. Nonetheless, evidence sug-
gests that the release of ROS under these conditions functions
as an important physiological regulator of HIF-1«. HIF-1a con-
sists of a labile a-subunit and a constitutively expressed 3-sub-
unit. The stability of the a-subunit is regulated by oxygen levels
such that, under normoxic conditions, this subunit undergoes
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proteasomal degradation, whereas under hypoxic conditions, it
is stabilized.

The first indication that there might be a connection
between hypoxia, mitochondrial ROS production, and HIF-1a
activation came from the analysis of p° cells. These cells are
generated by culturing in the presence of ethidium bromide for
several weeks to inhibit replication of mitochondrial DNA
selectively. Such efforts lead to cells that lack the capacity for
electron transport because they cannot produce a sufficient
number of key cytochrome components and other molecules
encoded exclusively by mitochondrial DNA. In these initial
reports, the parental cell line increased ROS levels during
hypoxia, whereas p° cells did not. In addition, p° cells also
appeared impaired in their ability to activate HIF-1a under
hypoxic conditions (9). In contrast, some follow-up reports
working with a similar but not identical paradigm disputed how
important the hypoxic release of mitochondrial ROS was for
HIF-1a stabilization (10, 11). The studies were complicated by
the difficulty of measuring ROS levels in living cells under
hypoxic conditions. In addition, although useful, p° cells are an
imperfect model of mitochondrial deficiencies. Many of these
objections were resolved in subsequent studies. Indeed, using a
FRET-based approach, more sensitive measurements were pos-
sible, allowing for a clearer demonstration that hypoxia triggers
ROS release (12). Similarly, three studies either using RNAi-
based approaches to inhibit components of Complex III or
using murine embryonic stem cells lacking cytochrome ¢
showed that intact mitochondrial function is required for the
hypoxic induction of HIF-1a (12—14). Furthermore, using a
variety of genetic or pharmacological approaches, these studies
demonstrated that it was the mitochondrial release of hydrogen
peroxide that serves as the signaling intermediary for this
induction. Interestingly, these results suggest that, under low
oxygen conditions, HIF-1a may be uniquely poised to respond
to arise in ROS and then to feedback and inhibit the production
of ROS levels (Fig. 1). This latter feedback activity is suggested
by a number of other studies in which HIF-1a was shown to
have an important role in mitochondrial function and ROS gen-
eration. Included among these relevant HIF-1a activities is the
transcriptional regulation of metabolic enzymes such as lactate
dehydrogenase A and PDK1 (pyruvate dehydrogenase kinase 1)
that control the flow of carbon substrates into the mitochon-
dria (15, 16). Similarly, HIF-1« appears to regulate the expres-
sion of certain cytochrome components directly and to regulate
specific microRNAs that can in turn regulate the expression of
components of the electron transport chain (17, 18). Taken
together, these studies suggest that HIF-1a functions in a
homeostatic network both to respond to mitochondrial oxidant
production and to regulate mitochondrial oxidant generation.

Another interesting area in which there might be a conver-
gence between mitochondrial oxidants and the activation of
HIF-1a comes from the analysis of a series of rare tumors
caused by germ line mutations in components of Complex II of
the electron transport chain. There are four subunits of mam-
malian Complex II (SdhA, SdhB, SdhC, and SdhD), and unlike
Complex L IIL, IV, or V, all of the components of Complex Il are
nuclear encoded. The activity of Complex II is also unique in
that it has a role both in electron transport and in the Krebs
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FIGURE 1. HIF-1« and mitochondrial oxidants. Shown is the potential role
of HIF-1a in regulating ROS levels under low oxygen conditions. Evidence
suggests that low oxygen levels actually increase the levels of mitochondrial
ROS. Once released, these oxidants appear to stabilize HIF-1« protein and
thereby increase HIF-1a activity. In turn, through a variety of mechanisms,
HIF-1« alters mitochondrial carbon metabolism by regulating such enzymes
as lactate dehydrogenase A and PDK1 and potentially alters mitochondrial
activity by augmenting cytochrome content. The end result of these HIF-Ta-
regulated activities is a potential reduction of the increased ROS levels
induced by hypoxic stress.

cycle, where it oxidizes succinate to fumarate. Genetic evidence
suggests that mutations in SdhB, SAhC, and SdhD canlead to an
autosomal dominant tumor syndrome characterized by the
development of exceedingly rare tumors, including paragan-
gliomas and pheochromocytomas (19). Significant evidence
suggests that tumors in this syndrome develop, at least in part,
through the chronic activation of HIF-1a. This activation may
be secondary to a Complex II-dependent defect in succinate
metabolism. A rise in succinate could act to inhibit the 2-oxo-
glutarate-dependent dioxygenase that regulates the proline
hydroxylation and hence the stability of HIF-1« (20, 21). None-
theless, there are also some examples in which specific Sdh
mutations appear to activate HIF-1a through an increase in
mitochondrial oxidants (22). Such mutations alter the confor-
mation of Complex II presumably to become an important site
of ROS generation. The relative contribution of changes in suc-
cinate levels versus changes in mitochondrial ROS remains
unclear, and it remains possible that, in this condition, different
mutations lead to activation of HIF-la through different
pathways.

Mitochondrial Oxidants and the Inflammasome

Several recent observations have suggested that mitochon-
drial oxidants can also act as important signaling molecules to
regulate the inflammatory response. These reports have cen-
tered mostly on the activation of the inflammasome, a molecu-
lar platform required for a fully functional innate immune sys-
tem. In particular, several groups have looked at activation of
NLRP3 (NOD-like receptor, pyrin domain-containing 3), an
intracellular receptor that senses a wide range of damage sig-
nals, including microorganisms, endogenous danger signals
such as ATP and uric acid, and environmental irritants such as
silica and asbestos. Interestingly, many of the known activators
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of the NLRP3 inflammasome are also known to generate intra-
cellular ROS (23). Once activated, NLRP3 associates with a
number of other protein partners to form a high molecular
weight intracellular complex that functions to regulate the mat-
uration and secretion of proinflammatory cytokines such as
IL-1p. Prior to these most recent works, there was already some
indication that ROS play a key role in the activation of the
inflammasome. For instance, it had been observed that known
activators of NLRP3 caused the redox-dependent dissociation
of thioredoxin-interacting protein from thioredoxin. Once free
from thioredoxin, thioredoxin-interacting protein bound to
NLRP3, and this binding appeared to be required for the sub-
sequent robust activation of the inflammasome (24).

Given the wide range of known activators of the inflam-
masome, it seemed likely that there might be a common medi-
ator for NLRP3 activation. As mentioned above, one candidate
appeared to be ROS. Preliminary evidence initially hinted that
cytoplasmic members of the NADPH oxidase family (e.g.
NOX1, NOX2, etc.) might be the enzymatic source. However,
recent definitive genetic experimentation argues against this
possibility (25, 26). In contrast, there appears to be a robust
correlation between mitochondrial oxidants and inflam-
masome activation. For instance, pharmacological agents that
block Complex I or III and result in the increased release of
mitochondrial ROS also produce an increase in secreted IL-1,
a hallmark of NLRP3 activation (26). Indeed, following activa-
tion, the NLRP3 complex was observed to co-localize to the
mitochondria (26). Furthermore, antioxidants specifically tar-
geted to the mitochondria appeared to block inflammasome
activation and inflammation in general (25-27). These and
other data suggest a model wherein a wide range of danger
signals converge to cause the increased generation of mito-
chondrial ROS. A rise in mitochondrial oxidant production
could therefore represent the common currency of all of these
divergent stress signals with subsequent activation of the
NLRP3 inflammasome. Interestingly, mitochondrial oxidants
may play a similar role in the execution of the apoptotic
response and in the formation of the apoptosome. At present, it
is unclear if there are quantitative or qualitative differences in
the ROS generated during inflammatory or apoptotic condi-
tions. Unfortunately, the mechanisms through which inflam-
matory signals can regulate mitochondrial function and the
precise mechanism by which the release of ROS can trigger
NLRP3 activation are undefined. Finally, very recently, another
link between mitochondrial function and innate immunity was
established. In particular, it has been recently demonstrated
that, in macrophages, stimulation of Toll-like receptors directly
recruits mitochondria to the macrophage phagosome (28). The
mitochondria that are recruited produce ROS in a fashion that
is similar to the more widely characterized phagocytic NADPH
oxidase. Indeed, this recent study suggests an interesting func-
tional overlap between these two ROS-generating systems in
host defense and innate immunity.

Autophagy, Mitophagy, and ROS

Another area in which mitochondrial oxidants have been
recently implicated is in the regulation of autophagy (29). The
process of autophagy was first characterized in yeast. Although
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there are numerous types of autophagy, the majority of work
has involved the analysis of macroautophagy. In this process,
both proteins and organelles are engulfed by a double-mem-
brane vesicle known as the autophagosome. The contents of the
autophagosome are then delivered to the lysosome, where they
undergo degradation. The metabolic breakdown products of
this process are in turn used as substrates for new biosynthesis.
In the absence of an effective autophagy network, there is an
accumulation of damaged organelles, including dysfunctional
mitochondria. Indeed, mitochondria isolated from autophagy-
deficient tissues have impaired respiratory function (30). Simi-
larly, cells with impaired autophagy have high basal levels of
ROS, which appears to emanate from the mitochondria (31).
Autophagy occurs under all conditions and is essential for
housekeeping functions, including the removal of large protein
complexes and the recycling of damaged organelles. In addi-
tion, a number of cellular stresses can induce a higher rate of
autophagic flux. In this context, the classical stimulus for
autophagy is starvation. Under starved conditions, the increase
in autophagy is presumably a mechanism to increase biosyn-
thetic intermediates in a situation in which there are few exter-
nal nutrients.

Genetic analysis initially in simple organisms such as yeast
has defined a set of ~30 specific genes that are essential for
autophagic flux. These genes (named ATGI1, ATG2, etc.) are
involved in various processes, including formation and matu-
ration of the double-membrane autophagosome and coordi-
nating the eventual fusion of this structure with the lysosome.
Functional analysis has demonstrated that autophagic flux is
negatively regulated by the mTOR (mammalian target of rapa-
mycin) pathway and positively regulated by Class I1I PI3K activ-
ity. As mentioned above, one classical stimulus for autophagy is
starvation. Recent evidence suggests that starvation of cells
triggers the induction of autophagy through an increase in
mitochondrial ROS levels. This rise in ROS levels was evident
within 15 min of starvation (32). Inhibition of the rise in ROS
through pharmacological means resulted in impaired activa-
tion of starvation-induced autophagy. Furthermore, a specific
cysteine residue on the essential autophagy gene ATG4 was
shown to be redox-sensitive. This led to a model wherein star-
vation increased mitochondrial oxidants and, in particular,
increased hydrogen peroxide levels. This mitochondrion-de-
rived hydrogen peroxide could in turn oxidize a critical cysteine
residue of the ATG#4 gene product. Once oxidized, ATG4 was
shown to regulate positively the activity of another essential
autophagy gene, ATGS, which in turn increased overall
autophagosome formation. Although these results are instruc-
tive, it is likely that ATG4 is not the only redox-sensitive target
in the autophagic machinery, nor is this result likely to be the
only redox connection to the process of autophagy. For
instance, prolonged autophagy appears to be linked to cell
death. In this context, autophagy and apoptosis may both be
viewed as alternative forms of programmed cell death. Interest-
ingly, similar to cell death by apoptosis, autophagic cell death is
accompanied by high levels of ROS. The accumulation of ROS
under these conditions appears to be at least partially the result
of a selective autophagic degradation of the peroxide-scaveng-
ing enzyme catalase (33). These results, coupled with the redox-
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dependent activation of ATG4, suggest that ROS levels are
important both in the induction of stress-induced autophagy
and in the execution of autophagic cell death.

The selective removal of mitochondria by the autophagic
machinery, a process termed mitophagy, has been recently
linked to a host of degenerative and metabolic disorders. One
area in which this link is particularly intriguing comes from the
study of two gene products linked to hereditary forms of Par-
kinson disease. Work from several laboratories has described a
pathway wherein the PINK1 kinase (PTEN-induced kinase 1) is
involved in recruiting the usually cytosolic protein parkin to the
mitochondria (34, 35). Mutations in both PINKI and parkin
have been previously linked to early-onset forms of Parkinson
disease. Parkin is an E3 ubiquitin ligase, and its recruitment to
the mitochondria implies that it might ubiquinate specific
mitochondrial proteins that in turn act to stimulate the selec-
tive removal of the damaged organelle. One such protein target
may be the outer mitochondrial membrane protein VDACI,
which appears to undergo parkin-dependent polyubiquitina-
tion (35). It is currently unclear what signals damaged mito-
chondria produce that allow for the selective recruitment of
molecules such as parkin. One hypothesis is that a reduction in
mitochondrial membrane potential, perhaps caused by
increased ROS levels, might be a precipitating factor. How such
a signal is perceived or transduced remains unknown at this
point. The intersection of disease-associated genes, mitochon-
drial function, autophagy, and oxidative stress appears to
extend to other genes implicated in Parkinson disease. For
instance, another gene product linked to hereditary Parkinson
disease is DJ-1. Cellular and animal models have demonstrated
that loss of this gene results in an increase in ROS levels, as well
as aberrant appearing mitochondria (36-38). Furthermore,
DJ-1 has a highly conserved and reactive cysteine residue (Cys-
106 in human DJ-1) that appears to be required for the protein
to function as a regulator of redox homeostasis (39, 40).
Together with the emerging data on PINK1 and parkin, these
observations suggest that many of the protein products of Par-
kinson disease susceptibility genes share a common function of
regulating mitochondrial dynamics and oxidative stress.

Energy Metabolism, Mitochondria, and Stem Cells

A final area in which the release of mitochondrial oxidants
appears to play an increasingly important role is in the biology
of stem cells. Much of this work grew out of the broader con-
nection between mitochondrial oxidants and aging. Since the
late 1950s when Denham Harman first articulated his “free rad-
ical theory of aging,” there has been significant interest in the
connection between mitochondrial oxidants and organismal
aging (41, 42). Many believe there is an inherent connection
between a decline in stem cell function and the aging process,
and as such, understanding the role of metabolism and oxida-
tive stress within stem cells seems a particularly fruitful area of
investigation. Progress in this area has been spurred by the anal-
ysis of various instructive mouse genetic models. Perhaps the
first indication that a rise in ROS might be particularly delete-
rious for stem cells came from the study of mice deficient for
the ATM (ataxia telangiectasia mutated) kinase. The ATM
kinase is involved in the response to DNA damage, and patients
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carrying defective ATM alleles suffer from a syndrome charac-
terized by neurological and immunological defects, cancer pre-
disposition, and an accelerated aging phenotype. Evidence from
mouse models and human patient samples suggests that ATM
deficiency results in an increase in basal ROS levels (43). The
precise source of these oxidants is unclear; however, this is a
growing connection between ATM and metabolic and mito-
chondrial function (44 —46). Observations with atm '~ mice
demonstrated that hematopoietic stem cells (HSCs) lacking
ATM develop a profound impairment in stem cell self-renewal
(47). The process of self-renewal involves the capacity of HSCs
to divide and give rise to new daughter HSCs rather than to
mature progeny (i.e. red cells, white cells, platelets, etc.). In the
absence of a robust self-renewal capacity, stem cell numbers
rapidly deplete. This rapid depletion of stem cell number was
observed in the atm™ '~ mice, yet surprisingly, these animals
could be rescued by the simple administration of the antioxi-
dant N-acetylcysteine (47). Indeed, HSCs from atm ™/~ mice
exhibited high levels of basal ROS, and a follow-up study sug-
gested that the redox-dependent activation of p38 MAPK was
at least partially responsible for the decline in HSC self-renewal
capacity (48). Subsequent to these observations, other groups
working with the FoxO family of transcription factors furthered
strengthen the association between a rise in oxidant levels and a
decline in HSC self-renewal capacity (49). Again, as in the case
of HSCs deficient for ATM, HSCs deficient for FoxO family
members exhibited a redox-dependent impairment of stem cell
self-renewal.

The connection between mitochondrial oxidants and stem
cell function has been further expanded by several recent obser-
vations. For instance, the Polycomb repressor Bmil has been
shown to be essential for stem cell renewal, as Bmil '~ mice
also show a rapid postnatal depletion of both hematopoietic
and neural stem cells. More recently, the absence of Bmil was
shown to result in a rise in mitochondrial oxidants (50). This
rise in mitochondrial oxidants was of sufficient magnitude to
result in oxidative damage to nuclear DNA and the activation of
the DNA damage response pathway. Genetic inhibition of the
DNA damage response could partially rescue the Bmil pheno-
type without altering the levels of ROS. These results, as well as
the above results with p38 MAPK activation, argue that stem
and progenitor dysfunction may result from the activation of
specific redox-sensitive pathways rather than the random
destructive effects of ROS.

This general theme has also been expanded by three recent
studies in which the tumor suppressor and metabolic regulator
LKB1 was shown to regulate HSC quiescence (51-53). In the
absence of LKB1, stem cells appeared to proliferate initially,
giving rise to increased progenitor cell number. Over time, this
led to exhaustion of the HSC compartment, with eventual pan-
cytopenia in the LKB1-deficient mice. Although LKB1 can reg-
ulate a number of intracellular pathways, including the FoxO
family of transcription factors, the effects of conditional LKB1
ablation appeared to be independent of FoxO activity or ROS
levels. Several of the groups suggested, however, that a decrease
in the transcriptional coactivator peroxisome proliferator-acti-
vated receptor-+y coactivator 1o (PGC-1a) may play arolein the
observed Lkb1 phenotype. PGC-1a is a master regulator of
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mitochondrial biogenesis and indeed, similar to the Bmil-defi-
cient animals, LKB1-deficient HSCs had alterations in mito-
chondrial number and function. As such, stem cells might be
particularly sensitive to decreased mitochondrial function or
increased mitochondrial oxidants. These results might have
important implications connecting the age-dependent decline
in mitochondrial and stem cell function. This connection was
furthered underscored by observations that telomere dysfunc-
tion, a hallmark of aging, can also regulate mitochondrial func-
tion (54). Again, as with the data regarding LKB1, the connec-
tion appears to be through PGC-1a. In this example, however,
telomere shortening causes activation of the DNA damage
response pathway, leading to p53 activation. Interestingly, p53
appears to be a direct repressor of PGC-1a expression. The
absence of PGC-1a appears to cause a decline in mitochondrial
number and function and a rise in ROS levels. Finally, although
the role of inappropriate mitochondrial ROS production
appears to contribute to a pathological decline in stem cell
number and function, there is also evidence that oxidants might
play a physiological role as well. The best evidence comes from
analysis in Drosophila, where a rise in ROS appears to be
required for proper differentiation of the myeloid progenitor
cells (55). In this situation, oxidants appear to regulate the activ-
ity of many of the factors discussed above, including Polycomb
repressors, as well as FoxO transcription factors. It remains
unclear whether a similar physiological role for the regulated
release of mitochondrial oxidants also exists in the differentia-
tion of mammalian myeloid cells.

Conclusion

The preceding examples implicate mitochondrial oxidants as
regulators of a diverse range of biological activities. In most of
these examples, many unanswered questions remain. For
instance, very little is known regarding the regulation of mito-
chondrial oxidant production. For now, it would appear that
mitochondrial ROS increase both in the setting of increased
substrate supply and during starvation. Similarly, mitochon-
drial ROS have been shown to increase during both hyperoxia
and hypoxia. Clearer molecular insight regarding how such
seemingly paradoxical regulation is achieved would appear to
be crucial to further our understanding of such complex sys-
tems. In addition, the target(s) for mitochondrial oxidants are
often poorly characterized. For instance, although there is com-
pelling evidence that mitochondrial oxidants regulate the
inflammasome, there is little insight regarding what precisely
oxidants do in this or similar circumstances. Indeed, in many of
the described examples, although genetic or pharmacological
evidence strongly implicates mitochondrial oxidants as playing
an important biological role, the precise molecular target for
mitochondrial ROS is often mysterious or poorly understood.
Finally, although perhaps too simplistic, it may be convenient to
view the release of mitochondrial oxidants as a cellular early
warning system. It is not presumably strictly by chance that
many of the pathways in which mitochondrial ROS have been
implicated can be broadly viewed as lethal or sublethal stresses.
So, too, the specific cytosolic pathways implicated to date that
respond to a rise in mitochondrial ROS are often activated by
endogenous or exogenous stress. Given the ancient origin of the
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FIGURE 2. Mitochondrial oxidants as signaling molecules. Shown is a
potential model in which the intensity of mitochondrial oxidant production
generates a gradient of biological responses. See text for details.

present day eukaryotic mitochondria, it is tempting to specu-
late that the persistently observed release of mitochondrial oxi-
dants is not some evolutionary oversight. Rather, perhaps these
data are telling us that mitochondria should be viewed as more
than just autonomous factories that produce ATP. Much like
the canary in the mine, these organelles may also serve as a
constant sentry to warn us of impending trouble. In such a
scenario, multiple diverse stresses would converge on the mito-
chondria, culminating in the release of ROS (Fig. 2). The release
of oxidants would be interpreted as a signal that a stress had
been encountered, with the intensity or duration of ROS release
a potential determining factor in the ultimate biological out-
come. Low intensity ROS production may be important in met-
abolic adaptation such as seen with nutrient excess or under
conditions of low oxygen as discussed. Moderate ROS produc-
tion stimulated by endogenous or exogenous danger signals
might be involved in regulating inflammatory mediators.
Finally, high level ROS production might signal the induction of
pathways such as apoptosis or autophagy capable of inducing
cell death. In each case, different redox-sensitive cytosolic path-
ways would be mobilized. Although many details remain to be
elucidated, the preceding examples suggest that our initial view
of mitochondrial ROS as being produced in an unregulated and
unintentional fashion needs to reevaluated. The speed of recent
discoveries suggests that such reevaluation is already under
way.
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