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Review
Glossary

Brown fat thermogenesis: the genesis of heat by brown adipose tissue.

Thermogenesis is mainly activated either by cold- or diet-induced increases in

sympathetic tone. Heat is released when the mitochondrial protonmotive force

is dissipated by fatty acid-induced UCP1 activation and fuel oxidation is

subsequently greatly increased.

Cysteine oxidation: refers to the ability of cysteine thiols to adopt a variety of

oxidation states (–2 to +4) in response to changes in the surrounding redox

environment.

Fenton reaction: a reaction between H2O2 and ferrous (Fe2+) ion. Fe2+ catalyzes

the one electron cleavage of H2O2 generating OH� and OH�.

Glutathionylation: a redox-sensitive post-translational modification that in-

volves the formation of a disulfide bridge between glutathione and an available

protein cysteine thiol. The result is the formation of a protein glutathione

disulfide mixture or glutathionylated protein.

Haber–Weiss reaction: a reaction that occurs between O2
�� and H2O2,

generating OH–, O2, and OH�.

Oxidative stress: refers to an imbalance in prooxidants and antioxidants in which
During the cellular oxidation of fuels, electrons are used
to power the proton pumps of the mitochondrial elec-
tron transport chain (ETC) and ultimately drive ATP
synthesis and the reduction of molecular oxygen to
water. During these oxidative processes, some electrons
can ‘spin off’ during fuel oxidation and electron transport
to univalently reduce O2, forming reactive oxygen spe-
cies (ROS). In excess, ROS can be detrimental; however,
at low concentrations oxyradicals are essential signaling
molecules. Mitochondria thus use a battery of systems
to finely control types and levels of ROS, including
antioxidants. Several antioxidant systems depend on
glutathione. Here, we review mitochondrial ROS homeo-
static systems, including emerging knowledge about
roles of glutathione in redox balance and the control
of protein function by post-translational modification.

Mitochondrial ATP production and ROS formation
During the cellular oxidation of fuels, most electrons are
safely passed from donor to acceptor molecules in various
redox pathways. These pathways are well controlled so
that the levels of cellular ATP match the rapidly changing
energetic demands of cells. Another crucial outcome of
control over oxidative pathways is that reactive oxygen
species (ROS; see Glossary) remain within tolerable limits
and oxidative damage is minimized. ROS are formed when
redox reactions result in the one electron reduction of O2. It
has been estimated that 0.2–2% of the oxygen consumed by
cells is emitted as ROS [1]. Thus, ATP production and ROS
levels are inherently linked.

By far, most of the ATP of a cell is produced through
oxidative phosphorylation (OXPHOS) in mitochondria.
Within this organelle, OXPHOS is driven by the electron
transport chain (ETC), which in turn, is driven by the
electrons derived from fuel oxidation [2]. ROS that can
be formed during aerobic respiration have traditionally
been viewed as detrimental. Although it is certainly true
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that ROS can cause oxidative damage to cellular compo-
nents and can induce cell death [3], it is increasingly
appreciated that ROS are essential signaling molecules.
Indeed, mitochondrial ROS are required for satiety signal-
ing, adipocyte differentiation, insulin release and signal-
ing, hypoxic signaling, a complex array of control
mechanisms in mitochondrial metabolism, and many
others processes [4–10]. This cost/benefit dichotomy
depends on the concentration and types of ROS, which
in turn are affected by the mechanisms through which ROS
are produced and degraded [11].

Electron transfer through the complexes of the ETC is
coupled to the genesis of a protonmotive force (PMF) across
the mitochondrial inner membrane (MIM). The proton
pumps of the ETC create this temporary form of stored
Gibbs free energy, which is then used to drive ATP
synthase (Box 1) [12]. However, electrons can also ‘spin
off’ from the chain and prematurely reduce O2 to the
proximal ROS superoxide (O2

��) (Box 1). Superoxide is
dismutated rapidly by superoxide dismutase (SOD) to
hydrogen peroxide (H2O2). The latter form of ROS is more
the biological system is unable to sufficiently detoxify prooxidants such as ROS.

Prolonged oxidative stress can induce oxidative damage and cell death.

Prooxidant: a substance that promotes oxidation of a substrate.

Reactive oxygen species (ROS): oxygen-containing molecules that contain one

or more unpaired electrons and are thus highly reactive. In biology, the

definition is broad and includes both oxyradicals (singlets and doublets) and

nonradicals (H2O2).

Redox: reduction-oxidation (‘redox’) reactions are those in which there is a

change in the oxidation state of a molecule. Redox reactions involve the

acceptance and donation of electrons and can be important in cellular

signaling reactions.
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Box 1. Production of ATP and ROS by mitochondria

Production of ATP and ROS are intimately linked during aerobic

respiration. Fuel oxidation and decarboxylation in the TCA cycle yields

the high energy electron carrier NADH + H+, which is oxidized by

Complex I. The liberated electrons are immediately passed to flavin

mononucleotide (FMN) and then through a series of Fe–S clusters to

ubiquinone (Q), which then carries the electrons to Complex III. Notably

Complex II (SDH) also yields electrons through succinate oxidation,

which are passed to FAD and then to Q. In Complex III, electrons are

split up with one electron being used to reduce Cytochrome C and the

second entering the Q cycle where singlet electrons are passed from the

Qo binding site to the Qi site to re-reduce Q (for details on the Q cycle

see [12]). From Cytochrome C, electrons are passed to Complex IV for

reduction of O2. The substantial redox potential difference between

NADH + H+ and O2 drives proton transport out of the matrix at

Complexes I, III, and IV. This generates a PMF, which is then used by

Complex V (FoF1 ATP synthase) to produce ATP from ADP and Pi.

The chief sites for ROS production are Complexes I and III (Figure

I). At Complex I, electron slippage at FMN or the Q binding site can

induce matrix O2
�� production. For Complex III, the main site for

O2
�� production is the Qo adjacent to the intermembrane space.

Unlike Complex I, Complex III generates O2
�� on both sides of the

MIM (Figure I). Other sites of ROS production in mitochondria have

been identified. Some are enzymes that directly pass electrons to the

quinone pool during fuel oxidation or biosynthetic reactions (Figure

I). For instance, Odh, a TCA cycle enzyme, produces O2
�� in the

matrix through a process strongly dependent on NADH + H+/NAD+,

whereas aGP oxidation by mGPDH donates electrons to Q resulting

in intermembrane space O2
�� production. ETF–QO, which passes

electrons from fatty acids to Q, is another site for electron escape.

Dihydroorotate dehydrogenase also produces ROS during pyrimi-

dine biosynthesis. P66shc produces ROS in the intermembrane space

during electron extraction from Cytochrome C. The Mia40p and

Erv1p redox system, which forms disulfide bridges on proteins to be

imported by mitochondria, has recently been shown to produce

H2O2 in the intermembrane space, independent of fuel oxidation

processes.
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Figure I. Complexes I–V.
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stable, diffuses across membranes, and oxidizes thiol resi-
dues on proteins. Recent findings show that mitochondrial
H2O2 reversibly alters the activities of kinases, phospha-
tases, transcription factors, and enzymes by oxidizing
cysteine thiols [11]. In fact, the latter cysteine thiols re-
ferred to as ‘redox switches’ can modulate various cellular
processes [13]. H2O2 can also influence protein function
indirectly through oxidation of factors bound to regulatory
proteins. For example, oxidation of thioredoxin (Trx) bound
to regulatory proteins can influence cellular signaling [14].
Similar to other forms of ROS, H2O2 is reactive and can be
toxic. To profit from ROS signaling, H2O2 production and
detoxification mechanisms must be finely controlled.

Glutathione (GSH) is the main non-protein thiol anti-
oxidant in cells. GSH is synthesized in two steps in
the cytosol, catalyzed by glutamate cysteine ligase and
2

glutathione synthetase. GSH is required to scavenge
ROS with the aid of glutathione peroxidase (GPx), elimi-
nate xenobiotics and lipid hydroperoxides, and to modulate
protein function through formation of disulfide bonds with
solvent exposed cysteine residues. Owing to its high con-
centrations (1–5 mM) and redox potential, GSH is the
major redox buffer in cells [15,16]. GSH cannot be synthe-
sized in mitochondria and thus must be imported from the
cytosol [17].

Here, we discuss the mechanisms used by mitochon-
dria to control ROS concentrations in the cell. It has long
been known that glutathionylation reactions are sensi-
tive to ROS. The focus herein is on the emerging recogni-
tion of the importance of glutathionylation reactions in
the control of mitochondrial ATP production and ROS
formation.
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Figure 1. Mitochondrial superoxide (O2
��) and hydrogen peroxide (H2O2) degradation pathways. Mitochondrial oxidative processes liberate electrons that can univalently

reduce O2 to O2
�� in the matrix or intermembrane space. O2

�� is then rapidly dismutated by MnSOD in the matrix or Cu/ZnSOD in the intermembrane space. H2O2 is

degraded by multiple pathways in the matrix; of chief importance are peroxiredoxin-3 (Prx3) and glutathione (GSH)/glutathione peroxidase-1 (Gpx1) systems. Prx3 is a

homodimer and relies on a peroxidatic cysteine (CysP) that is oxidized by H2O2 to a sulfenic acid (–SOH), which subsequently forms a disulfide bond with a resolving

cysteine (CysR) on a neighboring Prx3 monomer. The reductive power of thioredoxin-2 (Trx2) restores Prx3 catalytic activity. Trx2 is then reduced by thioredoxin reductase-2

(TrxR2). CysR can also be further oxidized to sulfinic (–SO2H), which is then reduced by sulfiredoxin (Srx). For glutathione, Gpx1 catalyzes the sequestration of H2O2 by two

GSH molecules generating GSSG. GSSG is then reduced by glutathione reductase (GR) regenerating 2GSH. Regeneration of both systems requires the reductive power of

NADPH produced by isocitrate dehydrogenase (Idh), malic enzyme (ME), energy liberating transhydrogenase (Elth), and glucose-6-phosphate dehydrogenase (G6pd). H2O2

can also be sequestered by lipoic acid and a-ketoacids such as pyruvate. H2O2 generated in the matrix can also diffuse into the intermembrane space where it is degraded by

similar systems or participates in signaling.
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ROS degradation: mitochondrial antioxidant defense
O2 can only accept one electron at a time due to its unique
chemistry [18,19]. Reduction of O2 to H2O requires four
electrons and proceeds through a series of ROS intermedi-
ates, namely O2

��, H2O2, and hydroxyl radical (OH��) [19].
All these intermediates differ in reactivity and behave as
either electron donors or acceptors. A hydroxyl radical has
a redox potential of �2 V and is thus the most reactive and
damaging of the group. Hydroxyl radicals can also be
produced from H2O2 through Fenton and Haber–Weiss
reactions [20,21].

The sites of mitochondrial O2
�� production have been

extensively reviewed (Box 1) [12,18,22,23]. Respiratory
chain complexes I and III are major sites of O2

�� produc-
tion. Complex I produces O2

�� on the matrix side of the
MIM, whereas complex III releases O2

�� into the matrix
and intermembrane space [24–26]. Complex II (succinate
dehydrogenase, SDH) has also been shown to produce both
O2
�� and H2O2 [27]. Other sources of mitochondrial ROS
include 2-oxoglutarate dehydrogenase (Odh), dihydrooro-
tate dehydrogenase, sn-glycerol-3-phosphate dehydroge-
nase (mGPDH), electron transfer flavoprotein:ubiquinol
oxidoreductase (ETF–QO), p66shc/Cytochrome C, and
Mia40p/Erv1p [28–33]. Whether O2

�� or H2O2, or both,
are generated depends on experimental and cell physiology
conditions.

O2
�� is rapidly dismutated in mitochondria by SOD

(Figure 1). This is due to the high concentration
(�10 mM) and rapid kinetics (k � 2 � 109 M�1 s�1) of
SOD. Given the normally greater concentration of O2

(�25 mM) relative to O2
�� (10–200 pM), O2

�� formation
is energetically favorable [18]. Dismutation of O2

�� is
carried out in the intermembrane space and matrix by
Cu/Zn–SOD and MnSOD, respectively (Figure 1). The
amount of O2

�� produced is affected by the metabolic state
of the mitochondria. A high PMF, blockage of the electron
transfer chain downstream of electron entry, high NADH/
NAD+ ratio, or low ADP levels can amplify O2

�� emission
3



Box 2. Cysteine oxidation: properties, states, and modifications

Sulfur atoms are large, polarizable, and highly nucleophilic. Thus, the

reactivity of cysteine thiol groups is strongly influenced by the

microenvironment (e.g., pH, temperature, presence of cations or

anions). Because most protein cysteine thiols have a pKa of 8–9 they

usually are protonated and unreactive (Figure I). However, basic

environments or close proximity of positively charged amino acids

can drastically decrease the pKa of thiols leading to deprotonation and

the genesis of a thiolate anion. The negative charge on a thiolate can

also be stabilized by positively charged amino acids. The ionization

greatly enhances cysteine reactivity towards H2O2, which causes

oxidation of the thiolate to a sulfenic group (Figure I). Depending on

conditions, sulfenics can then participate in a variety of reactions.

Sulfenics can be further oxidized to sulfinic and sulfonic acids if ROS

levels are high, can form intermolecular or intramolecular disulfide

bonds, or can be glutathionylated (Figure I). In addition, thiolates can

be directly glutathionylated if GSSG levels are high enough (Figure I).

Thiolates can also be nitrosylated in the presence of peroxinitrite or

nitric oxide (Figure I).

Even though cysteine residues only account for 2% of amino acids in

eukaryotic proteins [15], they are highly conserved in proteins and

serve important structural roles (e.g., disulfide linkages in extracellular

proteins, zinc finger motifs, iron and copper binding) and catalytic

roles (e.g., as catalytic centers or by complexing Fe in active sites).

Catalytic cysteines typically have very low pKa values that allow fast

catalytic rates. For instance, the rapid deglutathionylation of protein

targets by Grx2 in mitochondria depends on a catalytic cysteine

having a pKa of �4.5. Likewise, the peroxidatic cysteine of Prx3 has a

pKa < 6 allowing rapid oxidation by H2O2 and subsequent disulfide

formation with neighboring cysteines [102]. The role of cysteines in

signaling is evidenced by the reversible oxidation and glutathionyla-

tion of transcription factor catalytic and structural cysteine thiols.

Cysteine oxidation and glutathionylation alter protein function by

either inducing changes in protein conformation or by physically

altering catalytic sites. Thus, protein thiols serve as redox sensors.
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Figure I. Cysteine oxidation.
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[26,34–36]. O2
�� can also directly react with enzyme iron–

sulfur clusters (Fe–S) causing deactivation, for example,
the tricarboxylic acid (TCA) cycle enzyme aconitase (Acn)
[37]. Also relevant is the fact that mitochondria are the
cellular sites for Fe–S cluster synthesis. O2

�� can react
with nitric oxide radical (NO), producing peroxynitrite
(ONOO), a lipid-soluble and toxic reactive nitrogen species
that readily oxidizes and damages cell constituents [38].

H2O2 is considered the principal cell signaling ROS and
oxidizes cysteine thiols (–SH) to sulfenic acids (–SOH) [39]
(Box 2). Sulfenic acid residues, having both nucleophilic
and electrophilic properties, participate in a wide array of
side reactions (Box 2) [40]. Because sulfenic acid formation
is normally reversible, H2O2 signaling is possible. Several
extra and intramitochondrial proteins are reversibly acti-
vated and deactivated by mitochondrial H2O2. However,
prolonged exposure to high H2O2 can further oxidize sul-
fenic acid residues to sulfinic (–SO2H) and sulfonic acids
(–SO3H), which can cause irreversible protein deactivation
and cell death [40].

The peroxiredoxin (Prx) and GSH/glutathione peroxi-
dase (Gpx)/glutathione reductase (GR) systems are highly
efficient at sequestering H2O2 (Figure 1). Mitochondria
contain two Prx isoforms, Prx3 and Prx5, which have
different functional characteristics [41]. The basic mecha-
nism for H2O2 sequestration by Prx3 involves oxidation of a
peroxidatic cysteine (CysP) to –SOH that then condenses
with a resolving cysteine (CysR) on the second subunit,
thus forming an intermolecular disulfide bond [41]. The
reductive power stored in thioredoxin-2 (Trx2) reduces the
disulfide bridge, thereby reactivating Prx3 [41]. Trx2 is
then reduced by thioredoxin reductase 2 (TrxR2) and
NADPH. Prx3 is more efficient at degrading H2O2 than
4

Prx5 (kPrx3 � 2 � 107 M–1 � s–1 and kPrx5 � 3 � 105 M–1 � s–
1, respectively) [41]. Prx5 scavenges organic hydroperox-
ides with greater efficiency than H2O2 (k � 5 � 105 to
8 � 107 M–1 � s–1) and thus may be better suited to scav-
enge products of oxidative damage [42].

GSH also plays an important role in the degradation
of H2O2. Two molecules of GSH are oxidized by H2O2

through Gpx, producing glutathione disulfide (GSSG).
The resulting GSSG is then reduced by GR and NADPH,
regenerating GSH (Figure 1). Mitochondria contain two
Gpx isoforms, Gpx1 and Gpx4. Gpx1 is matrix soluble and
scavenges H2O2, whereas Gpx4 is bound to the MIM
and eliminates lipid hydroperoxides [15]. Gpx1 (k � 6 �
107 M–1 � s–1) and Gpx4 (k � 3 � 106 M–1 � s–1) both cata-
lyze their respective reactions with high efficiency [41].
These catalytic efficiencies are slightly higher than Prx,
thus bringing to question the system that is more effective
at degrading H2O2 and hydroperoxides. Notably, Prx3 and
Prx5 are highly concentrated in mitochondria (�60 and
20 mM, respectively) in comparison to Gpx1 and Gpx4
(�2 mM) [41]. Competitive kinetic analyses have estimated
that �90% of H2O2 in mitochondria reacts with Prx3 [41].
This is associated with its abundance and affinity for H2O2.
In addition to its importance in sequestering H2O2,
the oxidation of Prxs plays an important signaling
role. Eukaryotic Prxs have evolved a C-terminal domain
which delays disulfide bond formation [43]. This results in
CysP hyperoxidation, which prolongs Prx3 deactivation
(Figure 1). This allows H2O2 to accumulate to sufficient
concentrations to exert signaling effects. The hyperoxi-
dized Prx3 can be recovered by sulfiredoxin (Srx), a reac-
tion that requires ATP (Figure 1) [44]. However, this does
not mean that the GSH system is not important. Indeed,
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depletion of mitochondrial GSH or knockout of Gpx1 sen-
sitizes cells to oxidative stress [45,46]. It is also important
to note that it is unknown if Prx3 knockouts are lethal [47].

Molecules such as lipoate and a-ketoacids in mitochon-
dria also scavenge H2O2. Lipoate/dihydrolipoate reacts
fairly rapidly with H2O2 and other prooxidants [48]. The
kinetics and sensitivity of lipoate to H2O2 is illustrated by
the rapid deactivation of 2-oxoglutarate dehydrogenase
(Odh) by low mM amounts of H2O2 [49]. TCA cycle a-
ketoacids, pyruvate, oxaloacetate, and 2-oxoglutarate also
spontaneously react with H2O2 [50]. Pyruvate supplemen-
tation protects cells from oxidative stress, reverses myo-
cardial ischemia, prevents mitochondrial permeability
transition pore (MPTP) opening, and prevents neurode-
generation [51–54]. It was found in one study that pyru-
vate reacts very slowly with H2O2 (k � 2.2 M–1 � s–1),
countering the argument for a significant antioxidant role
of a-ketoacids. Concentrations of pyruvate fluctuate
around 0.5 mM and can increase to 1.5 mM when pyruvate
dehydrogenase (Pdh) is inhibited [55]. Pyruvate can se-
quester up to 50% of H2O2 (with experimental starting
concentrations of 2 mM pyruvate and 200 mM H2O2) [54].
Recent studies have established that ROS-mediated deac-
tivation of Pdh and Odh induces accumulation of pyruvate
and 2-oxoglutarate and spontaneous H2O2 degradation [9].
However, given the slow kinetics of these reactions it is
important to critically consider the relative importance of
a-ketoacids in comparison to Prx and Gpx. Determining
the contribution of a-ketoacids to overall antioxidant de-
fense is crucial because they have been suggested to play
an important role in quenching ROS during oxidative
stress. Deactivation of Pdh or Odh by ROS and the subse-
quent accumulation of a-ketoacids can serve as an addi-
tional layer of defense against oxidative stress [50]. This
also has the added benefit of limiting NADH production
and thus ROS formation by the ETC [9]. During oxidative
stress, Prx3 and the glutathione pool may be too oxidized to
continue fending off high ROS. Thus, as a final line of
defense against oxidative stress, a-ketoacids could be used
to quench ROS.

ROS production: electron transfer efficiency and proton
leaks
Isolated mitochondria respiring under state 3 conditions
(phosphorylating respiration or respiration stimulated by
addition of ADP) produce low levels of ROS. Recruitment of
hexokinase (HK) I and II to the ADP:ATP exchange com-
plex enhances ATP production and decreases ROS genesis
by mitochondria by ensuring that ADP is available for
phosphorylation [33,56]. Mitochondrial creatine kinase
(mtCK) fulfills a similar role [57]. The NADH/NAD+ ratio
can also have a profound influence on ROS production by
mitochondria. An increased ratio can enhance ROS pro-
duction from Odh and Complex I [28,58]. NADH accumu-
lation is prompted by a decrease in electron flow
downstream of Complex I in the ETC, subsequently
over-reducing the respiratory complexes and hyperpolar-
izing the MIM, creating high PMF.

Indeed, it is well known that the blockage of the respi-
ratory complexes or of proton return to the matrix through
ATP synthase can substantially increase ROS production
[36]. For example, the addition of oligomycin, an inhibitor
of the Fo subunit of ATP synthase (Complex V), substan-
tially increases ROS production and this can be partially
reversed if mitochondria are treated with a protonophore
[59,60]. It is thus clear that the polarity of the MIM can
have a profound influence on mitochondrial ROS emission
[34]. Several MIM proteins are thought to ‘leak’ protons
down the electrochemical gradient into the matrix and
thereby decrease ROS emission. Specifically, some of the
uncoupling proteins (UCPs) and the adenine nucleotide
translocator (ANT) have been shown to ‘leak’ protons into
the matrix and decrease mitochondrial ROS emission
[61,62]. Thus, analogous to a ‘steam valve’ these proteins
function to relieve protonic pressure to diminish ROS
emission from the respiratory chain complexes.

The uncoupling of respiration from ATP synthesis to
control ROS production clearly compromises ATP synthe-
sis to some extent, but various studies show that leaks still
occur when ATP synthesis is stimulated. For instance, in
perfused rat muscle, even during metabolic states in which
there is ATP turnover, leaks nevertheless account for 34%
of respiration in contracting muscle [63]. A recent study
has shown that UCP3 is required to maintain glucose
oxidation and oxidative phosphorylation in primary myo-
tubes [33]. UCP3 makes up �0.01%–0.1% of the mitochon-
drial proteome in muscle; nevertheless, because skeletal
muscle represents a large proportion of body mass (approx-
imately 40% in adults) and substantially contributes to
metabolic rate, the thermogenic capacity of UCP3 could
still be significant [64]. In pancreatic b cells UCP2 can
account for �30% of state 4 respiration, and is thought to
decrease ATP production and thereby desensitize insulin
release signals [65]. In brown fat, UCP1 is so abundant
(�10% of mitochondrial proteome) that, when active, ATP
production is abolished [66]. In this case, UCP1-mediated
proton leak is essential for non-shivering thermoregulation
in response to cold temperatures [67].

Proton leaks are classically categorized into ‘basal’ and
‘inducible’ and are catalyzed by ANT and UCPs. Basal leak
correlates strongly with mitochondrial ANT content, which
in turn correlates with mitochondrial ROS production [68].
More metabolically active tissues such as heart, brain, and
skeletal muscle express high levels of ANT, and this has
been postulated to afford more control over mitochondrial
ROS production [68]. ANT leaks can be induced by fatty
acids, nitrolipids, and 4-hydroxy-2-nonenal (4-HNE); they
can be inhibited by purine nucleotides (e.g., GDP) and
carboxyatractyloside (Figure 2) [69,70]. Activation of leaks
through ANT with nitrolipids has been shown to have a
protective effect against myocardial ischemic–reperfusion
injury and protect from oxidative stress [69]. The role of
inducible leaks through ANT merits further exploration,
especially as they contribute to the regulation of PMF.

UCP-mediated proton leaks have been shown to de-
crease mitochondrial ROS production (Figure 2) [71]. Five
UCP family members have been identified and all have
been shown to control ROS levels [12]. However, the func-
tion of UCP1, which is required for brown fat thermogene-
sis, in this regard has been challenged because reports
have shown that UCP1-mediated proton leaks actually
enhance mitochondrial ROS emission [60,72]. UCP2–5,
5
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Figure 2. Control of mitochondrial ROS by proton leaks through ANT and UCPs. Reactive oxygen species (ROS) generated by the electron transport chain activate

uncoupling protein (UCP)-mediated proton leaks. This results in a negative-feedback loop in which protonmotive force (PMF) is decreased, which subsequently lowers ROS

production by the electron transport chain. The adenine nucleotide translocator (ANT) is activated by 4-hydroxy-2-nonenal (4-HNE), nitrolipids, or fatty acids. 4-HNE is an

end-product of ROS-mediated lipid damage and nitrolipids are generated by the nitrosylation of double bonds in fatty acids. Activation of leaks through ANT similarly

lowers the PMF to limit ROS genesis by the electron transport chain.

Box 3. Physical properties of mitochondria and

glutathionylation

Mitochondria contain two distinct environments, the intermem-

brane space and the gel-like matrix. Owing to the permeability of the

outer membrane, the intermembrane space has properties more

akin to the cytosol. This space is acidified by the proton pumps of

the ETC and is far more oxidizing than the matrix. By contrast, the

matrix is highly reducing and basic, thus making it highly conducive

for glutathionylation reactions. Most importantly, the matrix con-

centrations of glutathione are high, with [GSH] fluctuating between

1 and 5 mM, and [GSSG] in the range of 0.01 mM. Thus, 2GSH/

GSSG is the major redox buffer in mitochondria. The basic pH of the

matrix further decreases the reductive potential of 2GSH/GSSG (i.e.,

Ecytosol = –240 mV vs Ematrix = –280 to 340 mV). It is important to note

that these redox values are the estimated potentials for the

glutathione pair in either compartment. However, recent work using

genetically encoded redox sensitive probes has established that the

Ecytosol for 2GSH/GSSG is far more negative than –240 mV [103].

Owing to the alkalinity of the mitochondrial matrix, Ematrix for 2GSH/

GSSG may be more negative than –340 mV. Exposed protein thiols

in the matrix are also highly concentrated (�50 mM) [16,104] and

with the average pKa of a cysteine thiol at 8–9, in such a basic

environment, cysteine thiols tend to ionize and form thiolates.

Moreover, mitochondrial ROS trigger glutathionylation reactions by

oxidizing cysteine thiols or by increasing GSSG concentrations.

Protein glutathionylation can then be reversed by Grx2, which is

also activated by ROS [92] and by the basic environment, which

enhances the capacity of catalytic thiols to remove glutathionyl

moieties from proteins. Thus, the unique biochemical and redox

properties of mitochondria facilitate glutathionylation reactions.
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by contrast, are well recognized for their role in decreasing
mitochondrial ROS production [12]. In fact, UCP3 expres-
sion is enhanced by Nrf2, a transcription factor that ex-
plicitly activates genes involved in ROS homeostasis [73].
The mechanistic details surrounding how UCPs control
mitochondrial ROS have mostly been explored with UCP2
and UCP3. Compared with UCP3, UCP2 is more widely
expressed and is found in the pancreas, kidneys, brain,
immune cells, stomach, and spleen, whereas UCP3 is
expressed in skeletal muscle, brown fat, and at lower levels
also in the heart. It was first suggested that UCP2 curtails
mitochondrial ROS production using a proton leak mecha-
nism [74]. A series of investigations then showed that leaks
through UCP1–3 are activated by O2

�� and/or 4-HNE. In
this mechanism, ROS activate leaks in a negative feedback
loop to prevent further ROS production by the respiratory
chain (Figure 2) [75,76]. Although still controversial, we
and other groups have successfully confirmed these find-
ings in a variety of systems including intact primary
myotubes, hypothalamus tissue, pancreatic b cells, and
cancer cells [7,8,77,78].

ROS-mediated activation of leaks through UCP2 and
UCP3 also plays important signaling roles in various
tissues. UCP2-mediated leaks and control of ROS emission
is required for satiety signaling, glucagon, and insulin
release from pancreas, immune cell function, and stem
cell differentiation [7,79,80]. Leaks through UCP3 are
required to maintain glucose and fatty acid metabolism
and insulin signaling [33,81]. Recently, it was established
that reversible glutathionylation controls leaks through
UCP2 and UCP3 [78]. Glutathionylation deactivates leaks
when ROS levels are low. A subsequent increase in H2O2

(low- to mid-mM range) removes the glutathioyl moiety,
thereby activating leaks [78]. Formation of disulfides
involves the oxidation of sulfur groups and thus it may
seem counterintuitive that H2O2 can reduce a disulfide
bridge. However, it has also been established that other
mitochondrial proteins such as ANT and Complex II are
glutathionylated under normal cellular conditions and
are deglutathionylated under pathological conditions
6

and oxidative stress [82,83]. Thus, a yet-to-be identified
H2O2-activated enzyme may be required to mediate the
H2O2-induced deglutathionylation of proteins.

Glutathionylation: control of mitochondrial metabolism
and ROS production
Mitochondria harbor a microenvironment that favors glu-
tathionylation reactions (Box 3). Glutathionylation reac-
tions occur under normal or oxidative stress conditions.
Spontaneous glutathionylation reactions occur when
GSSG is high (mM range, 2GSH/GSSG = �1), which occurs
during oxidative stress [84]. The reaction involves a simple
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disulfide exchange between GSSG and a protein thiol
(Figure 3) [85]. For instance, adjustment of 2GSH/GSSG
to �1 results in Complex I glutathionylation and loss of
activity in cardiac mitochondria [86,87]. Intriguingly, in
rat heart Complex I is glutathionylated even when 2GSH/
GSSG is relatively high (i.e., reducing) [88]. The glutathio-
nylation state of Complex I can then be augmented as the
2GSH/GSSG approaches �1 (e.g., in the post-ischemic
heart) [88]. The sensitivity of a given protein for glutathio-
nylation is dictated by the chemical properties of the
protein thiol and the concentration of GSSG in the sur-
rounding microenvironment. Non-enzymatic glutathiony-
lation reactions can proceed via other pathways, and this
has been extensively reviewed [12,84,85].

Non-enzymatic glutathionylation reactions are nonspe-
cific and are associated with oxidative stress and patholo-
gies [84]. By contrast, enzymatic glutathionylation
reactions are highly specific, rapid, reversible, and are
required for the homeostatic modulation of cellular pro-
cesses [89]. Mammalian cells express several different
isoforms of glutaredoxin (Grx) [90]. The respective func-
tions, sequences, enzymatic cycles, and subcellular locali-
zations of the isoforms are reviewed elsewhere [89–92]. As
the focus of this review is mitochondrial, we will simply
examine Grx2, which catalyzes reversible glutathionyla-
tion reactions in mitochondria [93]. The deglutathionylase
activity of Grx2 is better characterized than the glutathio-
nylase activity of the enzyme. In the catalytic cycle, Grx2
rapidly deglutathionylates the protein target generating a
Grx2–SSG mixed disulfide (Figure 3). Grx2 then reacts
with GSH to generate GSSG and regenerating Grx2 [92].
Our understanding of Grx2-mediated glutathionylation
largely stems from the study of Complex I in bovine heart
mitochondria [87,94]. The reversibility of Grx2 is heavily
influenced by the redox state of 2GSH/GSSG (Figure 3)
[87]. A more reduced 2GSH/GSSG deglutathionates
7



Table 1. Glutathionylation targets in mitochondria

Target Effect Role Refs

TCA cycle Acn Glu # activity Oxidative/nitrosative stress

Friedrich’s ataxia

[105,106]

NADP–Idh Glu # activity Protection from ROS in HEK293 [107]

Odh Glu # activity Protection from ROS in heart [49]

SCS Glu # activity Oxidative stress in neurons [108]

SDH Deglu # activity

Glu " activity

Deglu " ROS in I/R heart [83]

OXPHOS Complex I Glu # activity

Deglu " activity

Oxidative stress in heart, lens epithelia

Grx2 in heart, liver, lens epitheliaa

[59,87,94,96,

97,109]

Complex IV Glu? activity Oxidative stress in hepatocytes and T cells

NO signaling in renal cellsb

[110–112]

Complex V Glu # activity Oxidative stress in neurons [108]

SLC proteins UCP2 Glu # activity

Deglu " activity

Insulin release

Resistance to chemotherapy

[7,77,78]

UCP3 Glu # activity

Deglu " activity

Grx2-mediated; ROS is lowa

Enzyme?; ROS is high

[59,60,78]

ANT Glu # MPTP Protect from MPTP opening in neurons [82]

Fission/fusion Mfn1, Mfn2 Glu " fusion Cell stress responseb [113]

Other MnSOD Glu # activity NO signaling in renal cells [112]

CpD Glu # MPTP Protect from MPTP opening in heart [114]

aCorresponds to reversible enzymatic glutathionylation mediated by Grx2.

bCorresponds to possible reversible enzymatic glutathionylation reactions possibly mediated by Grx1 (in intermembrane space).Abbreviations: Acn, aconitase; Glu,

glutathionylation; Deglu, deglutathionylation; MPTP, mitochondrial permeability transition pore; I/R, ischemic–reperfusion.
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Complex I prompting its activation, whereas an oxidized
2GSH/GSSG has the opposite effect [87]. Intriguingly,
glutathionylation of Complex I also increases O2

�� emis-
sion, indicating that Grx2 modulates ROS emission from
mitochondria [95]. Knockout of Grx2 lowers Complex I
activity in lens epithelia and mouse liver [59,96] and
increases ROS emission [59]. Pretreatment of mouse liver
mitochondria with dithiothreitol (DTT) recovers Complex I
activity [59]. Overexpression of Grx2 in lens epithelia
protects from H2O2 toxicity by maintaining Complex I
activity and overexpression of Grx2 in heart tissue protects
from doxorubicin-induced disruption of OXPHOS [97,98].
Thus, Grx2 modulates Complex I activity, ATP production,
and ROS production.

Recently, Grx2 was found to glutathionylate UCP3,
thereby inhibiting UCP3-dependent proton leak [59]. Find-
ings are consistent with the idea that when PMF is mod-
erately high, a slight burst in H2O2 production results in
the deglutathionylation and activation of UCP3, which in
turn lowers ROS production (Figure 3). In Grx2�/� mouse
skeletal muscle, UCP3-dependent proton leaks were
higher and this was readily reversed by chemically initiat-
ing glutathionylation with diamide [59]. Complex I in
skeletal muscle was largely unaffected by Grx2�/� and
ROS emission rates did not change [59]. Furthermore,
mitochondrial oxidation reactions were enhanced in skele-
tal muscle mitochondria and this was associated with
decreased adiposity [59]. The latter was attributed to
the maintenance of UCP3 in a deglutathionylated (activat-
ed) state, which lowers ROS and protects from oxidative
stress [59,78]. In skeletal muscle mitochondria, fewer glu-
tathionylation targets were identified in comparison to
liver mitochondria [59]. Thus, Grx2 controls mitochondrial
ROS and has different targets in different tissues.

Several different proteins in mitochondria have been
shown to be glutathionylated (Table 1). Glutathionylation
activates or deactivates proteins and enzymes and in some
8

cases is actually required to protect enzymes from further
oxidation. The glutathionylation state of these enzymes is
tightly linked to ROS levels, protein microenvironment,
mitochondrial environment, cell type, and the presence or
absence of pathology (Table 1). The glutathionylation state
of specific mitochondrial proteins can have a profound
impact on mitochondrial function and cell signaling. Aside
from Complex I and UCP3, some of the other proteins
listed in Table 1 are likely to be targeted by Grx2. For
instance, the maintenance of UCP2 in a glutathionylated
state enhances glucose-stimulated insulin release from
pancreatic b cells [7]. However, increases in mitochondrial
ROS production during glucose oxidation can result in
UCP2 deglutathionylation and inhibition of insulin secre-
tion [7]. Owing to its close homology to UCP3 and previous
in vitro findings [78], it is likely that Grx2 also modulates
UCP2 in the pancreas [99]. Odh is also glutathionylated;
however, in this case glutathionylation protects the en-
zyme from further oxidation. Following oxidation of sulfy-
dryls on the Odh E2 subunit by a small rise in H2O2, GSH is
conjugated to sulfenic acid to prevent irreversible oxida-
tion to –SO3H [49]. In vitro assays demonstrate that addi-
tion of Grx1 removes the glutathionyl moiety and
reactivates Odh [49], thus suggesting that Odh may also
be controlled in vivo by Grx2.

The activity of Grx2 itself is modulated by ROS. Grx2
forms an inactive homodimer when complexed with a
2Fe–2S cluster [100]. The 2Fe–2S cluster is transferred
to Grx2 by the Fe–S chaperone IscU [101]. A spike in
mitochondrial O2

�� causes 2Fe–2S disassembly and the
release of two active Grx2 monomers, which can subse-
quently deglutathionylate target proteins [100]. It is
unknown if a decline in O2

�� levels correlates with
IscU-mediated reassembly of the Grx2 homodimer. None-
theless, these findings indicate that Grx2 is a bona fide
redox sensor and is integral for regulating mitochondrial
ROS production.
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Concluding remarks
The evolution of cellular metabolic pathways that har-
nessed the oxidative properties of oxygen necessitated
the co-evolution of antioxidant systems to keep oxidative
damage at bay. In eukaryotic cells, the result was the
mitochondrion, the organelle that excels at using electrons
from the oxidation of fuels for the production of ATP and,
equally, excels at controlling ROS within tolerable limits.
As discussed here, there are various distinct mechanisms
in mitochondria that minimize ROS production or quench
the ROS that are produced. In this context, we also sum-
marized the emerging importance of glutathionylation in
mitochondrial biology. Enzymatically driven glutathiony-
lation reaction systems are embedded in mitochondria and
are responsive to fluctuations in ROS and 2GSH/GSSG.
Much remains to be elucidated regarding the role of ROS,
redox, and protein glutathionylation in the context of
mitochondrial biology.
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