
Mitochondrial Pathophysiology, Reactive Oxygen Species, and
Cardiovascular Diseases

Ling Gao, M.D., Ph.D.*, Karine Laude, Ph.D.#, and Hua Cai, M.D., Ph.D.*
* Division of Molecular Medicine, Departments of Anesthesiology and Medicine, Cardiovascular Research
Laboratories, University of California Los Angeles (UCLA), Los Angeles, CA

# INSERM, France

Since 100 years ago scientists have become interested in the intracellular organelle
mitochondrion, discovering its essentiality in life. Only half a century ago it was established
that mitochondrial respiratory chains are responsible for energy metabolism/ATP production
through the TCA cycle, coupling of oxidative phosphorylation (OXPHOS) and electron
transfer 1. During the past two decades, it has become clear that other than energy generation,
mitochondrion produces reactive oxygen species (ROS) as “side products” of respiration.
Mitochondrial functions are also important in modulating cell cycle progression, cell survival
and apoptosis 2.

1.1. Mitochondrial respiratory chain
The mitochondrial respiratory chain is consisted of 5 enzymatic complexes (I–V) of integral
membrane proteins. They are NADH-CoQ reductase (complex I), Succinate-CoQ reductase
(complex II), CoQ-cytochrome c reductase (complex III), cytochrome c oxidase (complex IV)
and ATP synthase (complex V). Ubiquinone (CoQ) and cytochrome c are two freely diffusible
molecules that mediate the transfer of electrons between complexes. Mitochondrial electron
transport involves the passage of electrons from NADH or succinate to four inner-membrane
protein complexes (I–IV) sequentially, coupling with the translocation of protons into the inter-
membrane space. Electron flow through the electron-transport chain generates a proton
gradient across the inner membrane that drives ATP synthesis 3.

ATP synthesis in the mitochondria could be inhibited by electron transport inhibitors, ATPase
inhibitors and uncoupling agents. When electron transport is inhibited by pharmarcological
agents (retenone, antimycin A, CN-, CO, myxothiazol and stigmatellin), ATP synthesis is
reduced consequent to a decrease of proton gradient4. When mitochondrial ATPase is inhibited
(i.e. by Oligomycin), no ATP is produced even when proton gradient is increased5. When
electron transport is uncoupled (by 2,4-DNP), ATP synthesis is stoped but membrane
permeability, proton gradient and oxygen consumption remain upregulated 4.
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1.2. Mitochondrial DNA and nuclear DNA
Nuclear and mitochondrial DNA (mtDNA) has separate evolutionary origin. It is believed that
mtDNA is derived from bacteria that were engulfed by early precursors of eukaryotic cells
millions of years ago 6. Currently, there are 100–10,000 copies of human mtDNA per cell.
Each copy of mtDNA (circular molecule) consists of 16,569 base pairs for 37 genes encoding
13 mitochondrial OXPHOS enzymes, 22 transfer RNA (tRNAs) and two ribosomal RNAs
(rRNAs) 7. The latter two are invovled in expressional regulations of the OXPHOS enzymes
in situ. These proteins/RNAs together constitute the core functional units of the mitochondria.
However, nucleus DNAs predominantly encodes enzymes that regulate replication, repair,
transcription and translation activities of mtDNA. Thus, the vast majority of proteins found in
the mitochondria are encoded by nuclear DNA. It is believed that those nuclear DNA are of
bacterial origin and were transferred to the nucleus during evolution 6.

When oxygen is present, glucose is metabolized into acetyl-CoA. It then enters the
mitochondrial matrix for citric acid cycle (Krebs cycle), where it gets oxidized to CO2 by
reducing NAD to NADH. NADH is utilized by the electron transport chain to creat further
ATP as part of the OXPHOS. When one glucose molecule is fully oxidized, two acetyl-CoA
is metabolized by the Krebs cycle to produce CO2 and H2O. Thirty molecules of ATP are
produced by one molecule of glucose if all the reduced coenzymes are oxidized by the electron
transport chain and used for OXPHOS 8.

mtDNA has two strands, a guanine-rich heavy (H) strand and a cytosine-rich light (L) strand.
The replication of mtDNA is bidirectional but asynchronous9. There are no introns in mtDNA
and all of the coding sequences are contiguous 10. The translation codes for mtDNA is slightly
different from nuclear DNA because mtDNA and nuclear DNA are translated separately 11.
In case of mitochondrion, AUA or AUU is sometimes used as an initiation codon instead of
AUG. AGA and AGG of mtDNA, rather than being translated into argine, is used as a ‘stop’
signal. AUA of mtDNA encodes isoleucine whereas the same genetic code of nuclear DNA
reads as methionine. UGA of mtDNA encodes tryptophan rather than a ‘stop’ signal for nuclear
DNA/RNA translation12.

The unique location of mtDNA and the high copy number contribute to the unique features of
mitochondria. First of all, mtDNA is maternally inherited. Secondly, mtDNA genes have a
much higher mutation rate than nuclear DNA genes. Third, the copy numbers of mtDNA
mutation are heteroplasmic and a certain threshold level of mutant mtDNA should be exceeding
to manifest a disease. Therefore, gradual accumulation of somatic mtDNA mutations can
finally cause mitochondrial dysfunction and loss of cellular energy production13. Reactive
oxygen species (ROS) generated by mitochondria or elsewhere can cause damage to mtDNA.
Indeed, mtDNA is highly susceptible to oxidative damage. This is because (1) mtDNA is in
close proximity to the site of ROS/RNS production for being inside mitochondria, and that
superoxide (O2

•−) generated inside mitochondria is not permeable to cytosol (although its
dismutation product hydrogen peroxide is); (2) mtDNA lacks histone proteins, which protects
nuclear DNA from oxidative damage; and (3) mitochondrial polymerases lack specificity for
base excision repair which is the major pathway eliminating oxidative DNA base lesions 14.
Many of these DNA damages are mutagenic, contributing to cancer, aging, cardiovascular and
neurodegenerative diseases 15.

1.3. Mitochondria and ROS production
Other than a major target for ROS-induced DNA damages, mitochondrion by itself can function
as a primary source of ROS “leakage” in most tissues and cells. It has been estimated that about
0.2%–2% of oxygen consumed are converted into O2

•− by eletronic transport chain (ETC)
16. The vast majority of basal cellular ROS (estimated at approximately 90%) are from
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mitochondria in healthy cells of high respiratory rates such as cardiomyocytes 17; although
recent studies have shown that pre-assembled vascular NAD(P)H oxidases are the primary
sources of ROS in vascular cells including endothelial cells and vascular smooth muscle cells
18–20. Mitochondrial electron transport generates O2

•− as an inevitable by-product at two
complexes, complex I and complex III 21, 22. Paradoxically, O2

•− generation is enhanced at
complex III during hypoxia via autoxidation of ubiquinone on both sides of mitochondrial
inner membrane. Superoxide within intermebrane space, or released to cytosol via unidentified
mechanisms, forms H2O2, which is responsible for the subsequent stabilization of the
transcriptional factor, hypoxia induced factor-1α (HIF-1α) 23. HIF-1α could trigger diverse
functional responses such as pulmonary vasoconstriction, induction of VEGF gene expression
and enhanced angiogenesis, which would increase the cellular tolerability to hypoxic
conditions 24. Therefore, mitochondria-derived ROS are involved in the oxygen sensing
process in the pulmonary. However, the mechanism of hypoxia induced O2

•− generation at
complex III remain incompletely understood. It is proposed that the half life of ubisemiquinone
is prolonged by the structural changes of complex III in response to hypoxia. This structural
change increases accessibility of O2 to single electron. However, besides the net increase of
O2

•− production in complex III, more O2
•− is directed to the intermembrane space over matrix

compartments 25.

There is no consensus about the site of ROS production in complex I so far 26. Superoxide
may be generated either by reverse electron transfer (RET) in the absence of NAD+-linked
substrates upon succinate oxidation at complex I (succinate dehydrogenase) 27, or in much
lower amounts in the forward electron transfer from the NAD+-linked substrates 28. However,
O2

•− generated at complex I can only be released to the matrix but not the cytosol 28. Moreover,
seven other sites were also suggested to generate O2

•− in the motochondria. They are
cytochrome b5 reductase, monoamine oxidase, dihydroorotate dehydrogenase, dehydrogenase
of α-glycerophosphate, succinate dehydrogenase, aconitase and α-ketoglutarate
dehydrogenase complex 28.

1.4. Mitochondrial ROS elimination or detoxification
Mammalian mitochondria possess a multi-leveled ROS defense network of enzymes and non-
enzymatic antioxidants. Even though a considerate amount of ROS is produced in
mitochondrion constantly, the intrinsic antioxidant defense network within mitochondrion is
so powerful that oxidative damage is almost completely abolished at baseline 26. One layer of
ROS defenses is formed by enzymes scavenging O2

•− and H2O2. Manganese containing
superoxide dismutase (MnSOD) protect cells from O2

•− attack by facilitating its dismutation
into H2O2. H2O2 per se can be toxic and is detoxified into O2 and H2O spontaneously or
catalyzed by enzymes including catalase and glutathione/glutathione peroxidases.
Homozygous MnSOD knockout mice (30–80% decrease in MnSOD activity compared to wild
type) do not survive longer than a few days after birth. The life span is shorter in these mice
and the rate of aging is markedly increased. These mice also have more accumulated DNA
damage, lower reduced glutathione (GSH) levels and more frequent cancer occurrence later in
life 26.

Glutathione is considered the major antioxdiant molecule inside the cell. Approximately ~90%
of glutathione is in its reduced form, GSH (γ-glutamylcysteinylglycine). GSH serves as a
scavenger of hydroxyl radical thereby preventing free radical chain reaction 29. Only a small
fraction of the total cellular pool of GSH is sequestered in mitochondria and the concentration
of glutathione within mitochondria is in the range from 2 to 14 mmol/L 26. GSH reduces
hydrogen- and organic-peroxides in the presence of glutathione peroxidase (GPx) and itself is
oxidized to GSSG. Five different isoforms of GPx have been recently identified 30. They are
GPx1, GPx2, GPx3, GPx4 and GPx6 (Table 1). GPx1 and GPx2 account for majority of the
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GPx activity in gastricintestin tract. Although GPx1 knockout mice appear normal in regular
housing condition, the progression of atherosclerosis in ApoE knockout mice is promoted by
GPx1 deficiency 31. Homozygotous double knockout mice deficient in both GPx1 and GPx2
showed symptoms of inflammtory bowel diseases, implicating oxidative stress-related damges
32. GPx-4 and α-tocopherol are effective in removing lipid peroxides. Among the five GPx,
GPx2 and GPx4 have the higher ranking in the suppliance of selenium when it is limited. GPx4
null mice is embryonically lethal while the heterozygots are also more sensitive to oxidants
compared to the WT 33. On the other hand, GSH could not be synthesized in mitochondria per
se. It is replenished either by transported from cytosol or regenerated from GSSG in a reaction
catalyzed by glutathione reductase (GR), utilizing NADPH as a cofactor. Although the GSH/
GSSG ratio is a significant determinant of the redox status in mitochondria, it does not
necessarily have an impact on H2O2 detoxification before GSH depletion exceeds ~50%. GSH
also serves as a consumable in conjugation reactions to protect cells from lipid peroxidation
products via an enzyme called glutathione-s transferase.

Thioredoxin (Trx), NADPH and thioredoxin reductase (TrxR) comprise a thioredoxin system
which share lots of similaries with GSH cycle. Trx2 is the major protein disulfide reductase in
the cell. Similar to GR to GSH recycle, TrxR reduces the oxidized Trx-2 using NADPH as a
cofactor. Similar to GPx, Peroxiredoxin (Prx) reduces H2O2 to molecular oxygen by using
reducing equivalents from Trx. Trx supports GSH system when glutathione reductase (GR) is
deficient. However they operate independently and have separate signaling roles. Mitochondria
contain unique versions of Trx2, TrxR2, and Prx (the peroxidase that is recycled by
thioredoxin-2 by consumption of NADPH). Trx2-knockout mice are embroyonically lethal
consequent to massive apoptosis when respiration first begins. Thus it would seem that Trx2
is critical in preventing apoptosis from mitochondrial O2

•− initated processes 34. However, it
is not yet clear whether apoptosis is simply a result of excesssive ROS productions or
alternatively, is partially attributed to the deficiencies in Trx2 function facilitating apoptosis.

Other antioxidants such as NAD(P)H and cytochrome c are also involved in the detoxification
of mitochondrial ROS. Among all of them, the glutathione peroxidase/glutathione reductase
cycle remains the main ROS removal system. Therefore, a loss of mitochondrial glutathione
via the permeability transition pore would inevitably result in an oxidative stress. The
mitochondrial antioxidant defense components are illustrated in Table 1.

1.5. Mitochondrial nitric oxide synthase (mtNOS), NO and Oxygen
Consumption

Nitric oxide (NO) is a signaling molecule carrying out numerous roles but most notably
regulation of local vascular tone and blood flow. By increasing vasodilation and blood flow,
NO increases oxygen delivery and local tissue oxygen consumption. However, It is recently
discovered that NO competes with oxygen for mitochondrial complex IV (cytochrome oxidase,
COX), which has a high affinity for NO at 10–20 mmHg of tissue oxygen tension, to inhibit
mitochondrial respiration. Oxygen may become available to the hydroxylases when NO is
inhibiting cytochrome c oxidase, promoting the HIF-1α degradation. Conversely, when oxygen
is not available, i.e., under hypoxic conditions or NO deficiencies, to block the complex IV
access of oxygen,35 several pathways became activated to promote the phosphorylation of
HIF-1α which would in turn result in HIF-1α dimerization and increased transcriptional activity
35.

On the other hand, NO has been well characterized to have anti-apoptotic effects on endothelial
cells, and shown to protect against cell death induced by multiple stimuli, including TNF-α,
serum starvation, hypoxia, and H2O2. The sensitivity to apoptosis is increased in eNOS
knockout endothelium, suggesting an important role of eNOS-derived NO in cytoprotection
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36. NO inhibits apoptosis is at least partially mediated via the downstream executioner
caspase-3. In addition, NO can modulate apoptosis via mitochondrion. In isolated
mitochondrion, NO effectively inhibits permeability transition and subsequent cytochrome c
release 36. NO can also inhibit cytochrome c release from the mitochondrion indirectly through
upregulation of Bcl-2 36. There is also emerging evidence that mitochondrial respiration is the
target of NO thus mediating its cytoprotective effects. It was recently reported that the
protective effect of endogenously produced NO against ROS is lost in cells deprived of
respiring mitochondria, implying that NO plays a critical role in defense against oxidative stress
through regulation of respiration.

More interestingly, several labs have recently reported that NO can be produced locally in
mitochondria by mitochondrion-specific nitric oxide synthase (mtNOS) 37, 38. It indicates
that mitochondrion per se can be a source of NO. It also means that the respiratory chain could
be modulated by NO generated locally. The consequences of NOS activity regarding
mitochondrial functions depend on the amount of NO that is produced. Low level of NO
partially inhibits respiratory chain. This partial inhibition increases mitochondrial ROS
production in short term which further leads to mitochondrial depolarization. This was
associated with a significant reduction in mitochondrial calcium accumulation which in turn,
increases cellular resistance to injury 39. However, if inhibition of cytochrome c oxidase is
sustained, then deleterious effects such as inhibition of ATP synthesis, release of cytochrome
c 37, increased oxygen radical production 40, and nitration of critical biomolecules may incur
41, 42. In addition, excessive NO generation may cause tissue damage. High concentrations
of NO in the presence of relatively low tissue oxygen tensions may cause total inhibition of
respiration. In this case, even if tissues are adequately supplied with oxygen, they are unable
to use it. Meanwhile, more O2

•− is generated which in turn interacts with NO to generate
peroxynitrite, a highly reactive radical species which would further impair mitochondrial
respiration, likely resulting in opening of the mitochondrial permeability transition pore and
cell death. A fascinating discovery about NO and mitochondria has emerged recently. Nisoli
et al. 43 showed that NO generation can stimulate the mitochondrial biogenesis and mice
deficient in eNOS have deficiencies of mitochondrial enzymes. These data suggest that NO
regulates mitochondrial function via genomic DNA 44.

1.6. Mitochondria and apoptosis
Two pathways have been characterized to mediate apoptosis: death receptor pathway and
mitochondrial pathway 45. Mitochondrial pathway is triggered by the release of cytochrome
c from mitochondria 45 (Figure 2). Both of these apoptotic pathways are mediated by cytosolic
aspartate specific proteases termed Caspases. Caspase-8 activates disassembly in response to
activation of death receptor pathway and caspase-9 activates disassembly in response to the
mitochondrial pathway46. Both caspase-8 and caspase-9 can activate caspase-3 through
proteolytic cleavage and caspase-3 is the one ultimately responsible for the most of apoptotic
effects. Death receptor and mitochondrial pathways are linked via Bcl-2 (B-cell
lymphocyticleukaemia proto-oncogene 2) family protein Bid. Once the mitochondrial
apoptotic pathway was activated, the mitochondrial permeability transition pore is open due
to elevated mitochondrial calcium levels and excessive ROS (generated at respiratory complex
I and III sites). This is followed by cytochrome c release from mitochondria to cytosol with
subsequent caspase activation initiating cell self-digestion and nuclear DNA fragmentation.
Evidence suggests a significant role of mitochondria in cardiomyocyte apoptosis. In
cardiomyocytes, the release of cytochrome c from mitochondria into cytosol has been reported
in association with normal structural appearance and without DNA degradation. It is possible
that myocytes require a certain threshold for cytochrome c release in the cytosol to start the
apoptotic machinery or an alternative protein released from the mitochondria, such as apoptosis
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inducing factor (AIF). The release of AIF from the mitochondria also activates caspase-3 for
the initiation of the apoptotic pathway 47.

2.1 Mitochondria and cardiovascular diseases
It has been suggested that patients with cardiovascular disease (CVD) have increased mtDNA
damage in both heart and aorta 48. In a mouse model of myocardial infarction (MI, created by
ligating of left coronary artery), increased ROS production was observed, which was
accompanied by decreases in mtDNA copy numbers, mitochondrial-encoded gene transcripts,
and related enzymatic activities (complexes I, III, and IV). Of note, nuclear-encoded genes
(complex II) was not affected 49. Decreased vascular SOD activities have been associated with
increased exposure to CVD risk factors and increased susceptibility to ischemia/reperfusion-
mediated cardiac damages. In contrast, overexpression of mitochondrial antioxidants prevents
these effects and increases cardiac tolerance to ischemia. Therefore oxidative stress caused by
mitochondrial dysfunction may serve as the convergent pathway 50, 51. An interesting example
is that mitochondrial specific overexpression of Prx-3 (an mitochondrial antioxidant protein)
improved post-MI LV functions by restoring mitochondrial function such as DNA copy
number and mitochondrial enzyme activity 52.

Numerous studies have reported that atherosclerosis is correlated with DNA damage.
Moreover, meta analysis reveals that DNA-adduct level is a significant predictor of stage of
atherogenesis after adjustment for CVD risk factors. Augmented DNA repair has been
observed in atherosclerotic plaques compared to control tissue 51. Mitochondrial oxidant
generation is increased in macrophage cells treated with oxLDL which further potentiates
oxLDL formation 53. Cholesterol administration in rabbits is associated with impaired
mitochondrial energetic function and decreased activity of mitochondrial dehydrogenases (e.g.,
SDH, etc.) 54. Moreover, mitochondrial membrane potential was decreased by free cholesterol
that ativates mitochondrial apoptotic pathway 55. 8-oxoG immunoreactivity, DNA strand
breaks and repair are increased in plaques of cholesterol-rich diet fed animals than in arteries
from controls 56. Lipid lowering of fat diet retrived 8-oxoG levels and normalized DNA strand
breaks. High-fat diets stimulate stress response (heat shock protein 70) and signal transduction
genes (Ras, MAPK1) by inhibition of SOD and GPx gene expression which are involved in
free radical scavenging 57. These effects could be prevented by scavengers of peroxides 53
and antioxidant supplementation of the high-fat diet and caloric restriction 57.

2.2 Heart failure
ROS is the integral signaling molecules in myocardial remodeling and failure 58. ROS induce
hypertrophy and apoptosis in isolated cardiac myocytes. It has also been shown that ROS
activates matrix metalloproteinase (MMP) in cardiac fibroblasts 59. Myocardial MMP activity
is increased in the failing hearts. Left ventricle (LV) remodeling is dependent on activation of
MMPs which is often secondary to increased ROS productions. It has been demonstrated that
ROS scavengers inhibit development of LV remodeling and failure via inhibition of MMP
activation, again implicating an important role of ROS in mediating development of heart
failure via MMPs.

Recently, Rosenberger et al. reported that a decline in mitochondrial enzymatic activities and
mtDNA copy numbers is associated with heart failure 59. Mitochondrial specific ROS
production likely underlies these changes, as intermediate steps and possibly, one of the causal
factors. Skeletal muscle-derived mitochondria in heart failure also produce more ROS
production although paradoxically the complex I and III activities are decreased. Nonetheless,
such defects in electron transfer function may lead to additional ROS production. The muscle
atrophy and contractile dysfunction in heart failure patients may be due to the induction of
apoptosis (Figure 2) 36. On the other hand, unlike nuclear DNA, the copy number of mtDNA
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has profound effects on the expression of mitochondrial-encoded genes, which is directly
associated with RNA transcription, protein synthesis and consequently regulations of
mitochondrial functions 58. Overexpression of mitochondrial transcription factor A (TFAM)
in mice restores the mtDNA copy number and mitochondrial encoded transcripts to normal
level, and at the same time attenuates post-MI LV remodeling and failure of the heart 60.
Attenuation of oxidative stress have also been shown to more or less improve the exercise
capacity of patient with heart failure 61.

2.3 Mitochondria, ischemia reperfusion and ischemia preconitioning
Ischemia reperfusion (I/R) is a serious heart problem due to death of cardiomyocytes. Exposure
of cardiomyocytes to I/R lead to excessive apoptosis 62. Supplementation with mito Q and
SOD inhibit apoptosis as well as associated ROS generation. Therefore, preserve of
mitochondrial function is important to avoid serious damage from I/R. However, it has been
well established that brief periods of ischemia provide protection for heart from prolonged
ischemic insult, resulting in reduction in MI size, serverity of stuning and incidence of cardiac
arrhythmias 63. This phenomenon is called ischemia preconditioning (IPC) and has been
demonstrated in many animal models and cultured cells. During IPC, the cells were exposed
to hypoxia and metabolic inhibition which affect the mitochondrial structure and function.
Early ischemic damage increased mitochondrial swelling and the uncoupling of respiration
and OXPHOS. Sustained ischemia leads to ATP depletion and subsequent de-energization of
the cell resulting in necrotic cell death. IPC prevents ischemia-driven myocardial necrosis as
well as myocardial apoptosis by inhibition of inflammatory cell activation and pro-apoptogenic
protein expression such as BAX and Bad 64. Meanwhile, expression of antiapoptotic proteins
that regulate both the mitochondria-mediated (Bcl-2 and Mcl-1) and the death-receptor-
mediated (c-FLIP(L) and c-FLIP(S)) pathway of apoptosis are increased. As a result of the
prosurvive signaling, the PT pore opening, Ca2+ influx to mitochondria and release of
cytochrome c are all inhibited 65. Mitochondrial KATP channel is opened to due to increased
ROS production, and mitogen-activated protein kinase (MAPK) or PKC activation which are
underlying the mechanism of early phage of IPC (lasting 2–3 h) to protect heart from
myocardial infarction but not stunning 66. In late phage of IPC (last 3–4 days), stress activated
genes are induced to program heart genetically which protects heart from infarction as well as
stunning. Antioxidant gene expression (etc, mitochondrial Mn-superoxide dismutase
(MnSOD), eNOS) was upregulated by ROS via protein kinase mediated activation of
antioxidant response element (ARE) which confers cytoprotection 67. It is also established that
NO production is increased during late phage of IPC to protect heart from post-ischemic
damage by interaction with electron transport chain and/or the mitochondrial permeability
transition pore 64.

2.4 Mitochondrial ROS and intermediate hypoxia
It is difficult to determine the oxygen levels available to cells in the body. It has been shown
that blood circulation has a partial pressure of oxygen (pO2) of 80–100 mmHg (1 mmHg = 133
Pa) which is equal to 10–12.5% O2 68. pO2 levels in the inner vascular retina are ~ 20mmHg
which is equal to 3–6% O2. Thus, we estimate that in standard culture conditions (ambient
20% oxygen), cells are exposed to 2–5 fold higher concentrations of oxygen than they would
likely encounter in vivo. Therefore, intermediate hypoxia is the oxygen tension defined as
greater than 0.1% but less than 2% 69.

Oxygen supply is crucial to cell metabolism and viability. It was recently reported that
mitochondrion is involved in oxygen sensing besides consuming oxygen as a major function.
It was proposed that low oxygen tension decreases the rate of mitochondrial ROS generation,
resulting in a decrease of oxidative stress. Of note, hypoxia was found to trigger a paradoxical
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increase of O2
•− production at complex III 70. More interestingly, recent reports indicate that

ROS regulate hypoxia-inducible transcription factor (HIF-1α) stability and transcriptional
activity in hypoxic conditions 71. At the cellular level, oxygen partial pressure (pO2) is sensed
by a family of protein hydroxylases (PH). It requires oxygen as a substrate which indicates it
serves as an oxygen sensor in regulating HIF-1α activity. These enzymes covalently attached
hydroxy groups to HIF-1α which regulates abundance and activity of the HIFs by degradation
under normoxia. During anoxia, PH activity is fully abolished in the absence of oxygen. In
addition to this highly specific and direct mechanism of oxygen sensing, mitochondria were
proposed to sense oxygen and to transmit the signal by ROS generation via the electron
transport chain at complex III as discussed in section 1.3. PH activity is partially inhibited by
mitochondrial ROS that is released into cytosol because cytosolic not matrix catalase abrogates
the HIF-1 stablization in hypoxia. Complex III but not complex I inhibitors abolished the effect
suggesting complex III is the oringial source of ROS. However, the exact correlation between
pO2 and ROS production, the precise downstream targets of ROS, and how ROS regulate these
targets at the molecular level, remained unanswered 72.

HIF has also been shown to respond to non-hypoxic stimuli 73. The HIF is a master regulator
of oxygen-sensitive gene expression. It not only plays a key role in adaptive response to hypoxia
via the transactivation of genes encoding glucose transporters, glycolytic enzymes, VEGF and
other key proteins, but also controls the establishment of essential physiologic systems during
embryogenesis and their subsequent utilization during fetal and postnatal life 74. It is suggested
that HIF regulation by oxygen tension may be involved in beneficial effect of IPC or contribute
to cell death during I/R.

2.5 Mitochondria and diabetes
Several mtDNA mutations and depletions were reported to be associated with certain type of
familiar diabetes such as mature onset diabetes of the young (MODY) which provides evidence
for a direct link of mitochnondrial dysfunction with diabetes. The entry of glucose into the islet
leads to flux through glycolysis which is used to generate ATP via mitochondrial ETC and
eventually stimulate the release of insulin following membrane depolarization and Ca2+ influx.
In diabetes, the glucose induced insulin secretion is impaired due to the disturbance of
mitochondrial function and OXPHOS integrity. On the other hand, there are numerous recent
reports that mitochondria are the main source of free radicals in the periphery tissues in diabetes
80. Brownlee et al 81 reported that hyperglycaemia is associated with a high mitochondrial
membrane potential and an increase of ATP/ADP ratio due to excess accumulation of electron
donors from the TCA cycle (e.g. NADH and FADH2). This could inhibit electron transport at
complex III, increasing the half-life of free-radical intermediates of coenzyme Q (ubiquinone)
which leads to reduction of O2 to superoxide anion. Excessive ROS production from
mitochondria would induce oxidant stress in heart via the depletion of mtGSH in short term
diabetes 82. This is associated with increased apoptosis via the increase in caspase-9 and -3
activity. More importantly, high glucose augments cellular oxidant stress by increasing flux
through the hexosamine and polyol pathways, advanced glycation end-product (AGE)
formation, and activation of protein kinase C (PKC) which damage the periphery tissues and
organs 83.

2.6 Mitochondria and aging
An increasing amount of mutations in mitochondrial DNA have been gradually observed
during aging 75. The levels of 8-OHDG mtDNA adducts and deletions increase exponentially
with age75. In human and primate muscle, liver, and brain tissue, complex IV and
mitochondrial OXPHOS enzyme activities decline with age. This is correlated with
accumulation of mtDNA mutations, including deletions and base substitutions. As mutations
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accumulate, they exacerbate inherited OXPHOS defects until combined defects result in
energetic failures 75.

It is also proposed that ROS governs the aging process. Oxidative damage to DNA causes
modification of the purine and pyrimidine bases, single and double-strand breaks, and cross-
links to other molecules. Many of these modifications in nuclear DNA and mtDNA of tissue
cells are increased with age in mammals 76. It is further established that animals with lower
metabolic rate which is accompanied with reduced oxidative damage have longer life span.
Telomeres are located in the end of chromosomes, that protect chromosomes from degradation,
fusion and recombination 76. A number of studies have shown that exposure to oxidant stress
leads to faster telomere shortening and low ROS improves the telomere length 77. Selective
targeting of antioxidants directly to the mitochondria counteracts telomere shortening and
increases lifespan in fibroblasts under mild oxidative stress of cells 77. De la Asuncion et al
78 found mitochondrial glutathione markedly oxidized with aging in rats and mice. The
oxidized to reduced glutathione ratio increases with age in the liver, kidney, and brain. Oral
antioxidants protected against glutathione oxidation and mtDNA damage in rats and mice.

2.7 Mitochondria and neuronal diseases
Neurons are highly susceptible to oxidant stress and oxidation of proteins, lipids, and DNA
have been found to be associated with neurodegeneration. Established mitochondrial disorders
with identified mutations have found to be causes of neurological dysfunction. Substantial
evidence implicates mitochondria in the pathogenesis of some neurodegenerative disorders,
including Alzheimer disease, Parkinson disease, and Huntington disease 79. Secondary
mitochondrial ETC dysfunction is also involved in the pathogenesis of other, more rare
neurological disorders, including Freidreich ataxia and amyotropic lateral sclerosis. The
common unifying theme is the production of ROS. The hypothesis is that damage to mtDNA
and/or nDNA by ROS, which, in turn, cause mitochondrial ETC dysfunction and further DNA
damage that could contribute to the onset of neoplasia.

Although regulations of mitochondrial respiratory chain and their contributions to human
diseases are still under intensive investigations, data accumulated in the past decades, as
discussed in the present review, have clearly established a critical role of mitochondrial
dysfunction in regulating cell metabolic disorders, cell death, initiation and development of
human pathologies including cardiovascular diseases, diabetes, aging and neurodegenerative
disorders. Mitochondrion likely serves as a primary source for reactive oxygen species (ROS)
productions in cells or organ systems with high respiratory rates such as cardiomyocytes. In
other cell systems such as vascular endothelium and smooth muscle, it may serve as secondary
system to help amplify ROS productions to result in sustained oxidant stress. By these related
yet distinctive mechanisms, mitochondrion can thus contribute to the oxidant stress-related
pathogenesis of heart diseases and atherosclerosis 18, 19. Antioxidants targeting different
systems at different stages of the diseases may therefore prove critical in attenuating oxidant
stress-related tissue injuries. Mitochondrial or cytosolic ROS may both be involved in causing
mtDNA damages, which uniquely would result in OXPHOS dysfunction and additional ROS
productions from mitochondria. Strategies specifically preserving mtDNA from oxidative
damage may thus prove of significant therapeutic potential in treating cardiovascular diseases.
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Figure 1. Mitochondrial ROS and antioxidant network
Electron leak to oxygen through complexes I and III can generate superoxide anion. The rate
of O2

− production is affected by mitochondrial metabolic state. Recent studies suggest that
complex I releases O2

− into the matrix while complex III can release O2
− into the matrix as

well as the intermembrane space. Superoxide anion can be converted to H2O2 by mitochondrial
matrix enzyme MnSOD or by CuZnSOD in the intermembrane space. H2O2 is more stable
than O2

− and can diffuse out of the mitochondrion and into the cytosol. O2
− can also react with

another free radical, nitric oxide (NO−), formed by mitochondrial nitric oxide synthase, to
generate the highly reactive peroxynitrite (ONOO−). However, mitochondria are normally
protected from oxidative damage by a multilayer network of mitochondrial antioxidant system.
H2O2 can be readily converted to water by mitochondrial glutathione peroxidase (GP), which
oxidizes reduced glutathione (GSH) to oxidized glutathione (GSSG). In addition to GSH,
mitochondria have other small thiols such as α-tocopherol and glutaredoxin which play
important roles in thiol redox control and scavenging lipid peroxyl radicals. Data from 22.
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Figure 2. Mitochondrial ROS and apoptosis
ETC generated ROS induces oxidative stress which leads to upregulation of p53 and FAS gene
expression. FAS activation will initiate death receptor pathway of apoptosis. However, p53
gene activation will trigger mitochondrial pathway of apoptosis by induction of cytochrome c
release. Both death receptor and mitochondrial pathways are integrated into caspase cascade
for apoptosis. Depending on the availability of intracellular ATP, the cell death pathway may
switch from apoptosis to necrosis. While apoptosis is the predominant cell death pathway in
the presence of adequate ATP 76.
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Table 1
Mitochondrial antioxidant defense system

Antioxidant system Function Significance Ref

Enzymes

MnSOD Facilitate dismutation of superoxide to H2O2 Efficient solely dependent on its own
activity not any cofactor

84

Catalase Detoxify H2O2 Less powerful than GSH 85

TrxR Reduce Trx2 to Prx by utilizing NADPH Similar to GR in GSH 26

Prx Reduce H2O2 to oxygen using reducing
equivalent from Trx

Similar to GPx in GSH system 86

γ-GST Detoxify lipid peroxidation by consumption of
GSH

Dependent on GSH availability 87

GR Regenerate GSH utilizing NADPH Catalyze the reaction to regenerate
GSH

88

GPx

GPx1 Cytosolic GPx, Reduce H2O2 to H2O by
utilizing GSH

Protect cells from acute oxidative
stress

89, 90

GPx2 Gastrointestinal GPx, is upregulated in cancer
cells and also a target of Nrf2

Part of adaptive response to cancer 91

GPx3

GPx4 Reduce phospholipids hydroperoxides, H2O2,
cholesterol peroxides

Interfere with NF-κB, reduces
leukotriene and prostanoid
biosynthesis, prevent COX-2
expression

92

GPx6 Restrict to olfactory system 30

Small molecules

Trx2 Reduce H2O2 and lipid hydroperoxides A supplement to GSH system 93

TP Remove membrane lipid peroxide, and could be
regenerated by CoQ or AA

It is the perimeter layer of ROS
defense for mitochondrial

94

Glutathione Detoxify H2O2, uptake from cytosol or
regenerated by GR

Most important intracellular
antioxidant

95

NADPH Protect against oxygen centered radicals Acting in accordance with other
antioxidant network

96

Cytochrome c Removal of superoxide Contribute to generation of ATP 97

MnSOD: Manganese superoxide dismutase; TrxR: Thioredoxin reductase; γ-Glutathione-s transferase; Prx: Peroxiredoxin; GSH: glutathione; GR:
glutathione reductase; GPx: glutathione peroxidase; Trx: Thioredoxin; TP: a-tocopherol ; NADPH: Nicotinamide Adenine Dinucleotide Phosphate
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