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Mitochondria dysfunction was first described in the 1960s. However, the extent and mechanisms of mito-

chondria dysfunction’s role in cellular physiology and pathology has only recently begun to be appreci-

ated. To adequately evaluate mitochondria-mediated toxicity, it is not only necessary to understand

mitochondria biology, but discerning mitochondrial redox biology is also essential. The latter is intricately

tied to mitochondrial bioenergetics. Mitochondrial free radicals, antioxidants, and antioxidant enzymes are

players in mitochondrial redox biology. This review will provide an across-the-board, albeit not in-depth,

overview of mitochondria biology and mitochondrial redox biology. With accumulating knowledge on

mitochondria biology and mitochondrial redox biology, we may devise experimental methods with ade-

quate sensitivity and specificity to evaluate mitochondrial toxicity, especially in vivo in living organisms,

in the near future.
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INTRODUCTION

Mitochondria are known as cellular powerhouses. Since

more than 60% of cellular ATP is produced through mito-

chondrial oxidative phosphorylation, calling mitochondria

the cellular powerhouse seems appropriate. However, due

to an overemphasis on the ATP production of mitochon-

dria, we might have blindly credited the majority of the

mitochondria’s pathophysiological involvement to their

function as the cellular powerhouse. Such negligence became

obvious during the last decade when the interlaced nature of

biological events in the nucleus, cytosol, and mitochondria

started being uncovered. Among the diverse aspects of

mitochondria, mitochondrial redox biology seems to be

emerging as the master modulator of mitochondrial, cytoso-

lic, and nuclear biological events.

By no means, it is plausible to provide in-depth insight

into specific subjects regarding mitochondria, unless the

aforementioned subject is sufficiently narrow, considering

the amount of knowledge we have gained during the last

two decades. Readers will easily find many excellent recent

reviews regarding various aspects of mitochondria. In this

regard, this review aims to provide a broad historical and

conceptual review of mitochondria and mitochondrial redox

biology. In consequence, readers will befittingly find an

introductory overview, albeit a bird’s eye view, on the sub-

ject of mitochondria, mitochondrial free radical biology,

and mitochondrial antioxidants and antioxidant enzymes.

MITOCHONDRIA BIOLOGY

The mitochondrion is an organelle found both in mamma-

lian cells and in lower forms of eukaryotes, such as yeast.

The endosymbiosis theory postulates that mitochondria

originated from aerobic bacteria (1). Mitochondria are

structurally composed of two membranes: an outer mem-

brane (OM) and an inner membrane (IM). The inner mem-

brane has infoldings called cristae, whose structure results

in increased surface area for major mitochondrial biochemi-

cal reactions. Despite its small volume, the intermembrane

space between the two membranes is known to house close

to 50 proteins (2). It is also involved in transporting macro-

molecules in and out of the mitochondria, regulating mito-

chondrial respiration and apoptosis (3). The inner

membrane encloses the mitochondrial matrix where most of

the soluble proteins of mitochondria, mitochondrial DNA,

and transfer RNA are found (4) (Fig. 1).

Mitochondrial DNA & RNA. The mitochondrial genome

of the eukaryotic phyla frequently studied was shown to

exist in the form of super-coiled double stranded DNA,
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with a size ranging from 15~60 kbp (5). However, as more

mitochondrial DNA (mtDNA) is sequenced, a large diver-

sity in the structure and size has been recognized. Much, if

not most, of the mtDNA studied bore a linear, multimeric

concatenated architecture (6,7). Often, variations in the

length and number of introns are important determinants in

the size of the mtDNA. Interestingly, the size of the mtDNA

did not correlate with the coding capacity of a specific mito-

chondrial genome. Furthermore, the diversity of mtDNA is

demonstrated to be at least partially due to the unusual gene

organization.

In addition to genes split by introns, genes encoding sub-

units of a protein may be fused together. Genes expressing

portions of a single polypeptide are scattered in both

mtDNA and nuclear DNA. This structural diversity in mito-

chondrial DNA may arise from its postulated ‘parasitic life-

style’ (5).

In humans, the size of the mitochondrial genome is

16,298 bp. Human mitochondrial DNA is present in a dou-

ble stranded closed circular form (8). Most mammalian

cells contain hundreds of mitochondria and, in turn, each

mitochondrion contains several (2-10) copies of mtDNA.

Despite the fact that most cells in the body have been

shown to contain more than 1000 copies of mtDNA, and

that mtDNA accumulates mutations more rapidly than does

nuclear DNA, it is quite striking that mtDNA has only

rarely been observed undergoing recombination. Further,

heteroplasmy - the state where more than one mtDNA gen-

otype occurs in an individual - has been observed fre-

quently, only in association with diseases (9).

Three nucleus-encoded transcription factors are neces-

sary for mitochondrial biogenesis: mitochondrial transcrip-

tion factor A (mtTFA), mitochondrial transcription factors

B1 or B2 (TFB1M or TFB2M), and mitochondrial termina-

tion factor (mTERF). Also, nuclear-encoded mitochondrial

RNA polymerase (mtRNApol) is required for the transcrip-

tion of mtDNA (10). Since both nuclear and mitochondrial-

encoded proteins are required for complete mitochondrial

biogenesis, the coordination of nuclear and mitochondrial

transcriptional activities is necessary. The mechanism(s) for

such coordination is gradually elucidated (11). Nuclear

respiratory factors 1 and 2 (Nrf-1 and -2) have been linked

to mitochondrial biogenesis via the transcriptional activa-

tion of mtTFA (12); PPARγ co-activator (PGC)-1α (PGC-

1α) has been implicated as an integrative coactivator (13).

Mitochondrial proteins. As yet, the total protein com-

position of mitochondria is not fully defined. More than 800

proteins of the human mitochondrion have been identified

and characterized (14); however, based upon predictions

from analyses of the human genome, estimates suggest that

the organelle may include over 1000 different polypeptides

(15). The human mitochondrial genome contains genes

encoding 13 components of the electron transfer chain

(ETC), 22 transfer RNA (tRNA), and two ribosomal RNA

(rRNA). All other genes encoding the mitochondrial pro-

teins are located in the nuclear genome (10).

During evolution, most of the mitochondrial genome

inherited from the proposed endosymbiot is either lost or

transferred to the nuclear genome. This must have necessi-

tated the development of systematic protein sorting path-

ways to correctly target nuclear-encoded mitochondrial

proteins. Such a targeting strategy is largely accomplished

by stretching 20 to 60 amino acid residues (mitochondrial

leading sequence: MLS) in the N-terminus of the mitochon-

drial precursor proteins. The MLS is often highly posi-

tively charged and proteolytically cleaved following import

into the mitochondrial matrix. It has been suggested that the

positive charges of MLS enhance the accumulation of the

mitochondrial proteins to the negatively charged matrix side

of the inner membrane (16).

In both yeast and human mitochondria, the translocations

of mitochondrial precursor proteins across two mitochon-

drial membranes are mediated, mainly through multisub-

unit translocation complexes, called TOM complexes (for

the translocation of outer membrane) and TIM complexes

(for the translocation of inner membrane), respectively. The

channel formed by the Tom40 subunit in the outer mem-

brane serves as an outer membrane protein-conducting

channel for mitochondrial proteins with a MLS or an inter-

nal targeting signal (16-19). Matrix proteins have been

shown to further translocate across the inner membrane by

the TIM23 complex in an ATP- and membrane potential-

dependent manner (20).

In yeast and plant mitochondria, mitochondrial proteins

destined for the inner membrane of mitochondria often uti-

lize one of three sorting pathways: 1) upon interaction with

the TIM23 complex, a precursor protein can be inserted lat-

erally into the inner membrane (21), 2) a group of mito-

chondrial proteins lacking a typical MLS but containing

internal targeting signals can employ a specialized inner

membrane translocase, the TIM22 complex (22,23), and 3)

Fig. 1. Mitochondrial biology. For detailed information, see the
text.
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another group of mitochondrial inner membrane proteins

can be completely imported into the matrix before redirec-

tion and insertion into the inner membrane of mitochon-

dria. Interestingly, this is the general mechanism used by

polytopic membrane proteins of bacterial origin (24).

Mitochondrial membranes. In addition to the traffick-

ing of mitochondrial proteins utilizing translocase to

achieve precise and specific targeting, many other mole-

cules move in and out of the mitochondria in order to main-

tain optimal functioning in the cell. The most important

physiological roles of mitochondria in cells are ATP pro-

duction, heme synthesis, and mixed phospholipid synthesis

(25). Historically, the outer membrane of the mitochondria

was not considered as a barrier to transport because the

voltage-dependent anion channel (VDAC or porin) was

assumed to be freely permeable to ions and uncharged mol-

ecules because of its high permeability. It is estimated that

the pore diameter of VADC is 1.8 nm in the closed state and

3 nm in the main conductance state (26,27). In recent years,

however, it was strongly suggested that the pore formed by

VDAC can serve as a permeability barrier against small

molecules. It can also be regulated by metabolites, sub-

strates, nucleotides, and through interactions with other pro-

teins (28).

The mitochondrial inner membrane was originally

believed to be impermeable to ions, ensuring efficient che-

miosmotic coupling during oxidative phosphorylation. The

movements of cations through antiporters, such as K+/H+,

Na+/H+, Na+/Ca+2, are considered to be sufficient to main-

tain mitochondrial volume and Ca+2 homeostasis (29).

However, it has become clear that not only are various ion

channels present in the inner membrane, but their gating is

regulated under specific circumstances (30). The mitochon-

drial ATP-sensitive K+ channel is of particular interest since

it was demonstrated to affect mitochondrial volume, VDAC

permeability, matrix pH, and mitochondrial reactive oxy-

gen species (ROS) production (30-32).

Unlike the movements of ions, the shuffling of the sub-

strates necessary for mitochondrial metabolic pathways,

such as fatty acid β-oxidation, the Kreb’s cycle, and heme

synthesis, are facilitated by mitochondrial carriers. Many

mitochondrial carriers belong to a structurally well-defined

family. The human genome encodes approximately 48 dif-

ferent mitochondrial carriers (33). Mitochondrial metabolic

flux is modeled to involve as many as 89 transport steps

across the inner membrane (34). Therefore, many carriers

for mitochondrial metabolic flux have yet to be identified.

Recently, a mitochondrial pyruvate carrier was finally iden-

tified (35).

Cellular respiration through which ATP is produced can

be divided into three major pathways: 1) glycolysis, 2) the

mitochondrial tricarboxylic acid (TCA) cycle, and 3) mito-

chondrial ETC. During glycolysis in the cytoplasm, the oxi-

dation of glucose to pyruvate occurs. Subsequent oxidation

of pyruvate to CO2 through the TCA cycle liberates elec-

trons to NADH and FADH2. The stepwise transfer of elec-

trons from NADH (via complex I) and/or FADH2 (via

complex II) through complex III and IV occurs with con-

comitant translocation of protons to the mitochondrial inter-

membrane space. The resulting proton gradient is then

utilized by ATP synthase to produce ATP. The glycolytic,

TCA, and ETC pathway are tightly regulated and inti-

mately interrelated (36).

Mitochondrial intrinsic apoptosis. Understanding of

mitochondrial energy metabolism has become a focus of

interest because there are many known examples of mal-

functions in mitochondrial energy metabolism, resulting in

rare childhood diseases, heart diseases, diabetes, Parkin-

son’s disease, and cancer (25,37). In addition, mitochondria

serve as the site of regulation of programmed cell death

(apoptosis). Mitochondrial membrane permeabilization

(MMP) is a key event leading to physiological or extrinsic

stimulus-induced apoptosis. The mitochondrial megachan-

nel, often called the permeability transition pore (PTP), has

been known to cause MMP (38).

Both direct channel formation and the regulation of the

PTP by the B-cell lymphocytic leukemia proto-oncogene 2

(Bcl-2) family members are implicated in the mitochon-

drial apoptosis pathways (28). The majority of BH-3-only

proteins of the Bcl-2 family serve as death signal sensors

and translocate to the mitochondria, resulting in increased

permeability of the outer mitochondrial membrane (39). On

the other hand, multi-domain pro-apoptotic proteins either

translocate from the cytoplasm to the mitochondria upon

stimulation, or they localize in the mitochondria of living

cells; Bax is an example for the former and Bak, the latter

(39,40).

In receptor-mediated apoptosis, initiator caspase 8 is

recruited via its death effecter domain (DED) and is bound

to activated death receptors to form a death-inducing signal-

ing complex (DISC). While in the mitochondrial pathway,

caspase 9 is recruited to the apoptosome via its caspase

recruitment domain (CARD) (41-43). The release of cyto-

chrome C and Smac/Diablo from the mitochondria (second

mitochondria-derived activator of the caspase/direct inhibi-

tor of the apoptosis protein (IAP)-binding protein with low

pI) is a crucial step in the mitochondrial apoptosis pathway

(40,44).

Contrary to caspase-dependent intrinsic and extrinsic

apoptosis pathways, three mitochondrial intermembrane

proteins are crucial in the caspase-independent cell death:

apoptosis inducing factor (AIF) (45), endonuclease G

(endoG) (46), and mitochondrial serine protease Omi/

HtrA2 (47). Mitochondria are, therefore, reservoirs of

caspase-dependent, as well as caspase-independent, effec-

tors of apoptosis.
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At least three known regulators of PTP are involved in

cellular energy metabolism: 1) hexokinase, 2) glyceralde-

hyde-3-phosphate dehydrogenase in the cytosol, and 3) cre-

atine kinase in the mitochondrial intermembrane space

(38,48,49). In addition, it has been proposed that ANT in

the PTP coordinates cellular metabolism with mitochon-

drial energy metabolism (48). Therefore, cytoplasmic meta-

bolic pathways, mitochondrial energy metabolism, and

mitochondrial apoptotic pathways appear to be tightly regu-

lated via the mitochondrial structure and biochemistry to

achieve optimal cellular function.

From the point of view of their biogenesis and cellular

functions, mitochondria are unique organelles since they

require the contribution and coordination of two physically-

separated genomes and subcellular compartments. With the

discovery of an increasing number of human diseases

caused by or associated with abnormal mitochondrial physi-

ology and their functions, there is an increased need to bet-

ter understand the molecular mechanisms utilized for the

coordination of the nucleus, cytoplasm, and mitochondria.

MITOCHONDRIAL FREE RADICAL BIOLOGY

Generation of superoxide anion. According to a

recent mitochondrial proteomics study, approximately 36%

of the 615 total distinct mitochondrial proteins are involved

in the TCA cycle, oxidative phosphorylation (OXPHOS),

carbohydrate metabolism, amino acid metabolism, and lipid

metabolism (34,50). The maximum ATP generation per glu-

cose, palmitate, or glutamate molecule is calculated as 31.5,

106, and 20.5 ATP molecules, respectively (25). Mitochon-

dria appear to have been structurally and biochemically

evolved to maximize ATP production per substrate. Exam-

ples of this include the cristae and mitochondrial carriers;

the former ensures more metabolic and OXPHOS machin-

eries per mitochondrion, while the latter facilitates an effi-

cient substrate supply from the cytoplasm to the mitochondria.

Although highly efficient in transporting protons across

the mitochondrial inner membrane, the nature of coenzyme

Q as an electron carrier, which functions by alternating

electron oxidation-reduction reactions, results in the mito-

chondria being a major intracellular source of oxygen radi-

cals under physiological conditions. Superoxide anion (O2

•−)

is generated in the mitochondria at a rate of approximately

2~5% of the total electrons transported through the electron

transport chain (ETC). It is also 1~2% of the total daily

oxygen consumption (25,51). The loss of 2% of the elec-

trons due to the electron transfer to oxygen, therefore,

would produce 3% fewer ATP molecules from glucose

metabolism (25). More importantly, mitochondrial O2

•− must

have been a challenging obstacle to overcome during the

evolution of mitochondria. It has been suggested that the

oxygen radical-rich environment of mitochondria may have

been one of the driving forces of mitochondrial gene trans-

fer to the nuclear genome (16), and that 6% of the total

number of mitochondrial proteins are calculated to be

involved in redox modulation (50).

In 1954, Gerschman and colleagues proposed that the

toxic effects of elevated oxygen levels on aerobes mediated

by ionizing radiation was due to free radical formation (52).

However, the relevance of their hypothesis to the life sci-

ences was not appreciated until McCord and Fridovich’s

discovery of superoxide dismutase (SOD) in 1969 (53). O2

•−

disproportionates quite rapidly to form hydrogen peroxide

(H2O2). This spontaneous reaction alone can maintain the

steady state level of O2

•− in mitochondria at micromolar con-

centrations (51). However, with 3 μM of manganese super-

oxide dismutase (MnSOD) in the matrix, mitochondria

maintains picomolar and nanomolar concentrations of O2

•−

and H2O2, respectively (51).

O2

•− possesses an unpaired electron, and is, therefore, a

free radical. In hydrophobic environments, O2

•− is a strong

proton acceptor, nucleophile, and reducing agent. It becomes

an oxidant when proton donors, such as catechols or vita-

mins C and E, are available. In aqueous environments, O2

•−

rapidly loses its basic, nucleophilic, and oxidizing charac-

teristics, ultimately resulting in its functioning as a reduc-

ing agent (54).

Generation of hydroxyl radical. It is generally accepted

that the generation of hydroxyl radical (HO•) through ‘Fen-

ton chemistry’ is crucial for reported O2

•−-mediated deleteri-

ous effects on biological systems (55). The first step in

‘superoxide-driven Fenton chemistry’ is the reduction of

Fe(III) to Fe(II) (55). It is argued that the direct reduction of

ferric ion to ferrous ion by O2

•− may not occur (56). How-

ever, evidence for this reaction has been documented: 1)

despite the strictly regulated availability of iron in vivo, a

labile pool of iron has been found in the cytoplasm (57), 2)

independent of heme and iron-sulfur clusters, mitochondria

maintains a compartmentalized ‘non-heme non-iron-sulfur

iron’ pool in the matrix and inner membrane (58), and 3)

O2

•− enhances the release of iron from storage proteins and

iron-sulfur clusters (59).

Once reduction of ferric iron to ferrous iron occurs,

hemolytic fission of the oxygen-oxygen bond in H2O2 by

Fe(II) produces two HO• radicals (54,55). The biological

significance of HO• generation via ‘superoxide-driven Fen-

ton chemistry’ has been attributed to the conversion of the

less reactive O2

•− and H2O2 to the highly reactive HO•, the

latter being capable of directly oxidizing proteins to pro-

duce a long-lived protein radical (60). It has also been pos-

tulated that iron released from iron-sulfur clusters by O2

•−

may interact with DNA, suggesting the possibility that

DNA is a prime target for HO• (61). Direct reduction of iron

by O2

•− with a resulting HO• generation has been docu-

mented, despite the presence of other biological reducing

agents, such as NADPH, NADH, GSH, and cysteine
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(62,63). In contrast, MnSOD decreases HO• generation

(51). Therefore, MnSOD in the mitochondrial matrix may

serve as a guardian of mitochondrial DNA against O2

•− and

HO•. It is controversial whether HO• is capable of initiating

lipid peroxidation; it has been proposed that ferryl radicals

are more likely to initiate this reaction (54,55).

Generation of peroxynitrite anion. Peroxynitrite

anion (ONOO−) may be formed either from the interaction

between O2

•− and nitric oxide (NO•) at the diffusion-limited

rate of 1.6 × 1010 M−1 S−1 (64) or through the reaction of

nitroxyl anion (NO−) with molecular oxygen (65); the

importance of the latter reaction in vivo is yet to be deter-

mined. In general, the formation of ONOO− from O2

•− and

NO• has an unfavorable reaction (66), although it has been

proposed that O2

•− may serve as a sink for NO•, thereby reg-

ulating the availability of NO• as a vasodilator (67).

Evidence suggests that both ONOO− and peroxynitrous

acid (ONOOH) can diffuse across biomembranes (68). NO•

is neutral and therefore should be able to diffuse across

mitochondrial membranes (66). Cytosolic NO• is mainly

produced from L-arginine through a catalytic reaction by

the enzyme ‘nitric oxide synthase (NOS)’ (69). While the

three isoforms of NOS have been relatively well character-

ized, the existence of a mitochondrial NOS isoform is cur-

rently controversial (70-73); nevertheless, evidence for the

physiological function of mitochondrial NOS in the heart is

accumulating (74).

The maximal production of ONOO− can be achieved at a

NO•/O2

•− flux ratio of two (75). Although this reaction

occurs at the diffusion-limited rate (64), NO• must compete

with mitochondrial SODs for O2

•− to produce ONOO−, e.g.

with copper and zinc superoxide dismutase (CuZnSOD) in

the intermembrane space and/or with MnSOD in the matrix.

With concentrations of SODs frequently found at μM lev-

els, NO• cannot outcompete SODs in obtaining O2

•− to form

ONOO− under physiological conditions (60,66,76). How-

ever, under pathological conditions where local NO• con-

centrations reach μM levels, NO• may be able to compete

with SODs for O2

•−, and thus generate ONOO− (66).

Alternatively, NO• may react with thiyl radical (GS•) and

form S-nitrosoglutathione (GSNO). Nitrosothiols, includ-

ing GSNO, are found at μM concentrations in human

plasma (77). With a half-life of longer than 40 min in

plasma, nitrosothiols are storage/carrier forms of NO• and

decomposed to release NO•, a reaction mediated by cata-

lytic Cu+1 (66). CuZnSOD has been implicated as a source

of the protein-bound catalytic copper that is necessary to

decompose nitrosothiols, though this reaction is GSH con-

centration-dependent (78). Therefore, nitrosothiols in the

mitochondrial intermembrane space can serve as a source of

NO•. In addition, the availability of NO• to the mitochon-

drial matrix may be determined by CuZnSOD and GSH

contents in the mitochondrial intermembrane space.

The generation of ONOO− from O2

•− and NO• also has

biological significance because of the subsequent genera-

tion of three additional biologically-reactive radicals, HO•,

nitrogen dioxide (•NO2), and carbonate radical anion (CO3

•−).

Upon protonation of ONOO−, ONOOH can either isomer-

ize to nitrate (NO3

−) or decompose to •NO2 and HO•. Homo-

lytic cleavage of ONOOH to •NO2 and HO• occurs at a

constant rate of 0.38 s−1 (Fig. 2) (79,80).

At a physiological pH, spontaneous decomposition of

ONOO− is too slow to be biologically important. ONOO−

reacts with biological targets at rate constants ranging from

102~106 M−1 S−1 (60,81); among possible biological targets

are reactions with carbon dioxide (CO2) or bicarbonate

(HCO3

−) at a pH-independent rate constant of 3 × 104 M−1 S−1

(60,82). Through the formation of a very unstable interme-

diate nitrosoperoxocarboxylate anion (ONOOCO2

−), ONOO−

rapidly decomposes to either NO3

− and CO2 at about 65% or
•NO2 and CO3

•− at approximately 35% of the total intermedi-

ates (83). With HCO3

− at 5~10 mM concentrations (84),

mitochondria most likely favor the decomposition of

ONOO− through ONOOCO2

−, thereby generating •NO2 and

CO3

•−.

Biological significance of mitochondrial reactive oxy-
gen species. Biological consequences of ONOO− forma-

tion are determined, to a large extent, by radicals generated

during the decomposition processes of ONOO−. HO• forma-

tion, which is likely favored at low pH levels and in the

absence of CO2, results in one-electron oxidation of most

DNA bases and amino acids, with rate constants near the

diffusion limit (109~1010 M−1 S−1). These targets are indis-

criminate and often present at the site of HO• production

Fig. 2. Mitochondrial O2
•− conversion to HO•, •NO2, and CO3

•−. For
detailed information, see the text. Adapted from (51) with mod-
ifications. O2

•−, superoxide anion; H2O2, hydrogen peroxide; HO•,
hydroxyl radical; NO•, nitric oxide; ONOO−, peroxynitrite anion;
ONOOH, peroxynitrous acid; •NO2, nitrogen dioxide; NO3

−, nitrate;
CO2, carbon dioxide; ONOOCO2

−, nitrosoperoxocarboxylate anion;
CO3

•−, carbonate radical anion.
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(60,81). It should be noted that HO• is one of very few

agents that can directly oxidize CO2/HCO3

− to produce CO3

•−,

although its rate constant is low (106~108 M−1 S−1) (85).

Simultaneous generation of •NO2 and CO3

•− through CO2-

mediated ONOO− decomposition efficiently nitrates pro-

tein-tyrosine residues and nucleic acid-guanine residues.

Formation of 3-nitrotyrosine or 8-nitroguanine is promoted

mainly by a combination of target-derived radical forma-

tion and a diffusion-controlled termination reaction with
•NO2, where CO3

•− preferentially oxidizes tyrosine and gua-

nine via one-electron abstraction and •NO2 promoted nitra-

tion on tyrosyl and guanine radicals (86-88). In addition,

one-electron oxidations by •NO2 and CO3

•− and two-electron

oxidation reactions by ONOO− contributed to oxidative and

nitrative stress/damage mediated by O2

•− and •NO (76,81).

Under physiological conditions, mitochondrial O2

•− is the

most important reactant of the mitochondrial free radical

pool. Superoxide anions serve as a continuous source of

mobile electrons whose movement cannot be completely

controlled by cellular biochemical mechanisms, thereby

disturbing the normal cellular reactions mediated by reduc-

tion-oxidation (redox). As its formation is unavoidable,

mitochondrial O2

•− must efficiently be eliminated once it is

produced, thereby preventing the generation of other free

radical species, such as HO•, •NO2 and CO3

•−. Mitochondrial

antioxidants and antioxidant enzymes must have been evolved

with this in mind; their complexity and their intricate

involvement in cellular functions suggest this to be true.

MITOCHONDRIAL ANTIOXIDANTS
AND ANTIOXIDANT ENZYMES

Mitochondria are a source of O2

•− production. For exam-

ple, for a 60 kg woman, 160~320 mmol, and for a 80 kg

man, 215~430 mmol of O2

•− are produced each day (51).

Mitochondria must have evolved to sufficiently protect

themselves from O2

•−-mediated damage. To suppress radical

formation as well as oxidant-induced reactions, antioxi-

dants and antioxidant enzymes whose primary functions are

designed to counteract reactive radicals and oxidants must

have also evolved (Fig. 3).

Cellular antioxidant systems can be divided into two

major groups, enzymatic and non-enzymatic; the former is

often called an ‘antioxidant enzyme (AOE) system’, whereas

low-molecular weight organic, as well as inorganic, antioxi-

dants belong to the latter and are collectively called the

‘antioxidants’ (89). They also can be categorized according

to their main modes of action. ‘Directly operating antioxi-

dants’ efficiently scavenge oxidants/radicals (scavenging

function) and/or regenerate oxidized biomolecules (repair

function), whereas ‘indirectly working antioxidants’ are

often cellular redox couples whose redox states signifi-

cantly contribute to the cellular reduction potential, thereby

promoting the regeneration of oxidized antioxidants (90,91).

Dismutation of superoxide anion. The movement of

electrons liberated from highly-reduced organic molecules

to molecular oxygen provides cellular energy to maintain a

low entropy state necessary for initiating biochemical reac-

tions. Most biochemical reactions where electrons move are

two-electron processes to avoid the formation of products

with unpaired electrons (90). Therefore, there seems to be at

least two choices to detoxify mitochondrial O2

•−: First, the

unpaired electron of O2

•− can be removed to generate ground

state oxygen (3O2). Second, one additional electron can be

added to pair with the unpaired electron on O2

•−, thereby

generating peroxide ion (O2

2−). The former strategy utilizes

the removal of an electron from O2

•− by vitamin C or E

(92,93), whereas superoxide dismutases (SODs) pair up the

unpaired electron on O2

•− with the unpaired electron from

another O2

•−, thus utilizing both strategies.

Two forms of SOD with redox-active metal cofactor(s)

are present in mitochondria: MnSOD in the matrix, and

CuZnSOD in the intermembrane space (94,95). Mitochon-

drial O2

•− is produced mainly at Complex I and III of the

ETC with different topological preferences. Complex I

releases O2

•− exclusively to the matrix side, whereas com-

plex III-driven O2

•− is released on both sides of the inner

membrane of mitochondria with equal probability (96).

Anionic O2

•− is highly membrane impermeable, and there-

fore, compartmentalized (96), which may explain the pres-

ence of two SODs in each compartment of mitochondria,

that is, the matrix and the intermembrane space.

SOD catalyzes the dismutation of two O2

•− into O2 and

H2O2, during which SOD serves both as an oxidant and as a

reductant. The midpoint reduction potential of MnSOD is

measured as 393 ± 29 mV, which is approximately the

Fig. 3. Mitochondrial reactive oxygen species and antioxidant
enzymes. For detailed information, see the text.
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median value between the oxidation of O2 (−160 mV) and

the reduction of O2

•− (+850 mV), resulting in favorable ther-

modynamics for the catalytic activity (97).

Scavenging of free radicals. To be an effective ‘directly

operating antioxidant’, the following must be true: (1) both

antioxidants and antioxidant radicals must be relatively

non-reactive, (2) the antioxidant radical should decay to

harmless products, (3) there should be no O2 addition to the

antioxidant radical, and (4) a renewal mechanism must exist

to result in molecular regeneration (98).

Vitamins C and E satisfy all of the above requirements

for functioning as effective antioxidants. It is necessary to

maintain sufficient amounts of co-antioxidants to regener-

ate antioxidants from antioxidant radicals generated in

redox reactions in order to avoid the pro-oxidant properties

of the antioxidant radical (99,100).

Vitamin E concentrations in mitochondria are estimated

to be 0.08~0.22 nmol/mg of protein, but only one-fifth of

this amount is present in the mitochondrial inner mem-

brane (101,102). The concentration of vitamin E in mem-

brane phospholipids is calculated to be 2 × 10−4 M (103).

Whether vitamin C is present in the mitochondrial matrix is

yet to be determined (103); its concentration in the mito-

chondria, however, is estimated to be approximately 1 mM

(91,104). The classical actions of vitamin E (α-tocopherol:

α-TOH) and vitamin C (ascorbic acid: AscH−) are that of

chain-breaking antioxidants, although their site-specifici-

ties differ; α-TOH is lipophilic, whereas AscH- is hydro-

philic (100,102).

Once generated through reactions with oxidative radi-

cals, antioxidant radicals, for example, α-tocopherol radi-

cal (α-TO•) or ascorbyl free radical (Asc•−), must be

terminated both to regenerate and to prevent pro-oxidant

reactivity towards biomolecules. As co-antioxidants effi-

ciently renewing α-TO• in vivo, ubiquinol-10 (CoQ10H2: the

reduced form of coenzyme Q10), vitamin C, α-tocopheryl

hydroquinone, and 3-hydroxyanthranilate are important,

although the latter two compounds are less important as

preventive antioxidants (99,105-107). CoQ10H2 and vita-

min C are similar in their reduction potentials, and equally

efficient as co-antioxidants for α-TOH (98); however,

CoQ10H2 is likely to be the most effective co-antioxidant for

α-TOH in mitochondria (99) for the following reasons: 1)

Its abundance in mitochondria at approximately 35 times

over α-TOH content (105), 2) Its incorporation into the

lipid bilayer and/or association with lipoproteins (108), and

3) the presence of NADH and succinate dehydrogenase in

mitochondria, which keep CoQ10 in a reduced form (CoQ10H2)

(105).

The renewal processes of Asc•− lead to harmless products

at the expense of various ‘indirectly working antioxidants’,

thereby eliminating mobile electrons from the cell. Asc•− is

produced by one-electron oxidation of AscH−, and further

oxidation or dismutation of Asc•− produces dehydroascor-

bic acid (DHA) (109). In turn, DHA regenerates to AscH−

through a two-electron reduction reaction in which GSH,

dihydrolipoic acid (DHLA), or NADPH largely provide

electrons (89,100,110). The regeneration processes of AscH−,

using NADPH as an electron source, are catalyzed by thi-

oredoxin reductase (TrxnR), which, without the involve-

ment of thioredoxin (Trxn), promotes not only the two-

electron reduction of DHA, but also the one-electron reduc-

tion of Asc•− (109,111).

Electron-deprived co-antioxidants generated from α-TO•

and Asc•− renewal processes are ultimately replenished with

electrons in a catabolic metabolism-dependent manner. As

mentioned above, CoQ10 is reduced to CoQ10H2 by mito-

chondrial NADH and succinate dehydrogenase (105). Cel-

lular NADPH is mainly regenerated through ‘the oxidative

pentose phosphate pathway’ and, to a smaller extent,

through the oxidation of malate during fatty acid synthesis

(112). Oxidized glutathione (GSSG) is catalytically regen-

erated by glutathione reductase (GR), with NADPH as a

source of electrons (100). Lipoic acid (LA) is reduced to

DHLA through the catalytic reaction of lipoamide dehydro-

genase (LipDH), with NADH as a source of electrons

(89,110).

Reduction of peroxides. Antioxidants are clearly a

first-line of defense against reactive free radicals, as well as

against oxidants, since their modes of action are direct and

they often reside at/near the source of radical formation.

However, their actions are neither controllable nor specific.

Therefore, it is not surprising to find that antioxidant

enzyme systems have evolved with high substrate specifici-

ties. Considering that their substrates have the characteris-

tics of containing mobile electrons or having oxidative

reduction potential, and that their modes of action involve

the movement of electrons, the role of chalcogen-contain-

ing amino acids in antioxidant proteins is important.

The chalcogen elements are oxygen, sulfur, selenium, and

tellurium, in group 16 of the periodic table. As a constitu-

ent of cysteine, methionine, selenocysteine, selenomethi-

onine, and tyrosine amino acids, they provide antioxidant

proteins with versatile redox mechanisms through their var-

ious oxidation states (113). The sulfur element in cysteine is

of significance because of its 10 different oxidation states

(i.e. from +6 to −2 and a fractional oxidation state of +0.5)

(114). Many antioxidant proteins utilize cysteine, and to a

lesser extent, selenocysteine. Examples include GSH, GR,

glutathione peroxidase (GPx), glutaredoxin (Glrx), Txn,

TxnR, and peroxiredoxin (Prxn) (89,113).

Two major antioxidant enzyme (AOE) systems, whose

substrate specificities are mainly towards various forms of

peroxides, are ‘the glutathione system’ and ‘the thiore-

doxin system’ (89). The glutathione system involves GSH,

GPx, and GR, while the thioredoxin system consists of



228 A. Kim

Txn, Prxn, and TxnR. In principle, both systems function

analogously. GPx and Prxn reduce their substrates, i.e.

H2O2 or alkyl hydroperoxides, to H2O or corresponding

alcohols. In the process, a disulfide bond forms intermo-

lecularly from two GSHs, or intramolecularly in Txn (Fig. 4).

In these systems, upon interaction with the peroxides, the

catalytic reaction is promoted by generating very reactive

selenenic acid in the selenocysteine of GPx, or sulfenic acid

in the cysteine of Prxn. The reduction of selenenic acid in

GPx occurs through a nucleophilic substitution of HO- by

RS- from GSH, forming a mixed selenylsulfide that is sub-

sequently reduced to a selenol moiety through a thiol/sele-

nylsulfide-exchange with GSH. One isoform of Prxn contains

one cysteine in the catalytic site (1-Cys-Prxn), whereas

other Prxns had two cysteines involved in the catalytic reac-

tions (2-Cys-Prxns). Prxns exhibit very similar redox mech-

anisms as GPx, except that the catalytic cysteine of Prxn

forms a sulfenic acid upon interacting with the peroxides.

The sulfenic acid moiety of an atypical 2-Cys-Prxn forms a

disulfide bond intramolecularly, whereas a disulfide bond in

typical 2-Cys-Prxns is formed between subunits. The disul-

fide bonds formed in Prxns are subsequently reduced

through a thiol/disulfide exchange mechanism, mainly with

a Txn (Fig. 5) (113,115).

GR is a flavin protein containing two cysteines in the

redox-active site. GSSG regenerates into two GSHs by GR,

oxidizing NADPH in the process. Initially, a mixed disul-

fide is formed between a thiol in the active sites of GR and

GSSG through a thiol/disulfide exchange mechanism; then,

this is converted into an intramolecular disulfide between

two GR cysteines. By direct two-electron transfer from

FADH2, the intramolecular disulfide bond in GR is reduced

(113).

The reduction of oxidized Txn is often catalyzed by

TxnR. TxnR is a flavoprotein containing a selenocysteine

and a cysteine in its active site. Through ‘a (thiol, selenol)/

disulfide-exchange mechanism’, a disulfide bond in the oxi-

dized Txn is reduced, and in the process, TxnR forms a

selenylsulfide at its redox-active site. Interestingly, this sele-

nylsulfide bond is converted through ‘a (thiol, thiol)/sele-

nylsulfide-exchange reaction’ into a disulfide bond between

two additional cysteine residues at the redox center. This

disulfide is subsequently reduced to thiols by a direct two-

electron transfer from FADH2 (Fig. 6) (113).

In addition to these two cellular peroxidase systems, cata-

lase is another AOE with H2O2-substrate specificity and a

rate constant of approximately 107 M−1 S−1 (116,117). Cata-

lase is a monofunctional, heme-containing hydroperoxi-

dase. Catalase is localized primarily in the peroxisome

(116,118), and only at low levels in some mitochondria

(119). Therefore, the GSH and Txn systems are the most

Fig. 4. Elimination of O2
•− by antioxidants or AOE systems. O2

•−,
superoxide anion; O2, oxygen; H2O2, hydrogen peroxide; α-TOH,
α-tocopherol; AscH−, ascorbic acid; SOD, superoxide dismutase;
GSH, glutathione; GSSG, oxidized glutathione; GPx, glutathione
peroxidase; GR, glutathione reductase; Prxn, peroxiredoxin; Txn,
thioredoxin; Txn(S-S), oxidized Txn.

Fig. 5. Catalytic cycle of Prxns. For detailed information, see
the text. Adapted from (104) with modifications.

Fig. 6. Regeneration of Prxn by Trxn and TrxnR system. For
detailed information, see the text. Adapted from (104) with
modifications.
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important antioxidant systems in mitochondria.

All antioxidant protein components of the GSH and Txn

systems have been identified in mitochondria. Mitochon-

drial GR and GPx4 are expressed, through alternative splic-

ing, as an isoform of cytosolic GR and GPx4, respectively,

whereas Txn2, TxnR2, and Prxn3 are mitochondrial forms

expressed from nuclear genes (89,115,120,121). GPx and

Prxn have differences in their rate constants with hydroper-

oxides, i.e. GPx is approximately 108 M−1 S−1 and Prxn is

approximately 105 M−1 S−1 (117). Therefore, the Prxn sys-

tem has been suggested to be a back-up or emergency per-

oxidase system compared to the GSH system. However,

recent evidence supports a potential role of Prxn in regula-

tory functions (122). The latter seems to be very plausible

since the Prxn system has been postulated to form ‘the cel-

lular protein disulfide reduction machinery’ (113). Reduced

Txn is shown to interact with other proteins, resulting in the

regulation of key cellular functions (123,124).

Ultimate reducing power, NADPH. The significance

of the GSH system as a first line of defense against oxida-

tive stress partially arises from the importance of GSH in

maintaining cellular redox balance. As the most abundant

redox active compound, GSH levels are maintained at 1~10

mM concentrations in cytosol and the nucleus, often with

higher concentrations in mitochondria (90,125). The calcu-

lated half-cell reduction potential of the GSSG/GSH half-

cell ranges from −250 mV to −220 mV at 1~10 mM of

GSH and a [GSH]/[GSSG] ratio of 100 : 1, whereas another

important redox pair, NADP+/NADPH, has a reduction

potential of −374 mV at a [NADPH]/[NADP+] ratio of

100 : 1 (90). Although the NADP+/NADPH half-cell is

more reducing than is the GSSG/GSH half-cell, the higher

reducing capacity of GSH, i.e. 1~10 mM vs. 0.1 mM

respectively, makes the GSSG/GSH couple the most signifi-

cant contributor to the cellular redox environment (90).

Approximately 80% of nicotinamide nucleotides are

NAD(H), although levels of this compound vary between

different cell types and tissues (126). However, cells keep

the [NADPH]/[NADP+] ratio at approximately 100 : 1 and

the [NADH]/[NAD+] ratio at approximately 1 : 1000; their

levels show significant deviation from equilibrium with

each other. Through compartmentalization and thermody-

namic buffering, NAD is predominantly localized extrami-

tochondrially as the NAD+ form, whereas NADP is

compartmentalized to mitochondria as the NADPH form

(126,127).

It has been suggested that cytosolic NADH may preferen-

tially bind to various binding sites, thereby keeping the ratio

of the free [NADH]/[NAD+] couple small (126). Conse-

quently, the calculated reduction potential of the NAD+/

NADH half-cell redox pair would increase. The reduction

potential of the [NADH]/[NAD+] couple has therefore been

suggested to be more oxidizing than that of the [NADPH]/

[NADP+] couple. Thermodynamic buffering of the [NADH]/

[NAD+] or [NADPH]/[NADP+] couples made the former an

efficient electron acceptor and the latter an excellent elec-

tron donor (126). Also, due to the thermodynamic buffer-

ing of the [NADPH]/[NADP+] couple, NADPH may serve

as the primary reducing equivalent for GSH (90).

The compartmentalization of NAD(H) and NADP(H)

into mitochondria regulates the cellular redox reactions, but

these compounds also serve as cellular signaling molecules

(128-130). The origin of mitochondrial NAD(H) and

NADP(H) is yet to be fully uncovered. However, a putative

human mitochondrial isoform of a nicotinamide mononu-

cleotide adenylyltransferase (NMNAT) [hNMNAT3] has

been identified, suggesting the possibility of an autono-

mous mitochondrial NAD metabolism (130,131). In addi-

tion, humans have cytosolic forms of NAD kinase that

catalyze the phosphorylation reaction of NAD+ to NADP+

(132). The elusive mitochondrial NAD kinase has recently

been identified (133).

In contrast to the recent progress in understanding the

biochemical mechanisms by which the mitochondrial com-

partmentalization of NAD(H)/NADP(H) occurs, there has

been little progress in elucidating the mechanism(s) of

mitochondrial GSH compartmentalization (134). It is gener-

ally accepted that mitochondrial GSH up-take may depend

on an energy-dependent transport system, although its iden-

tity is still controversial (125,135-137).

In both ‘the GSH system’ and ‘the Txn system’, the ulti-

mate reducing equivalents to reduce O2

•− is supplied by

NADPH. Due to the compartmentalization of NAD/NADP

and GSH into the mitochondria, the local mitochondrial

redox state may serve as a regulator of cell physiology, and

may also modulate the intricate relationships between gly-

colysis, the TCA cycle, and the ETC (138).

CONCLUSION

From a toxicological point of view, mitochondria and

mitochondrial redox biology are unmethodically connected

to bioenergetics and oxidative stress/damage. Mitochondria

involve in pathophysiological cellular processes through

other than ATP production. In addition, mitochondrial

redox biology influences cellular processes through redox

modulation, which is now described as ‘eustress,’ in con-

trast to ‘oxidative stress’.

Now, we should place mitochondria in the center of the

cellular response to environmental stress. Pathophysiologi-

cal responses may transpire through not only ATP produc-

tion, but also through catabolic/anabolic metabolism and

retrograde-signaling, albeit the exact nature has not yet been

clarified. The retrograde-signaling influences the mitochon-

drial morphology, biogenesis, and kinetics. In addition,

experimental approaches and novel technologies must be

devised to adequately evaluate the environmental stressor-
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induced toxicity manifested through the mitochondria.
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