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Summary
 

 

Myocardial ischemia-reperfusion injury is a major contributor to the 

mortality associated with coronary artery disease. Although mitochondria 

maintain normal heart function by providing virtually all of the heart´s ATP, 

is also implicated in the development of ischemic damage. While ischemic 

injury has long been considered to result in necrotic tissue damage, studies 

over the past decade have focused attention on apoptosis as a significant 

component of cell loss following myocardial infarction. Also a substantial 

body of evidence implicates reactive oxygen species and oxidative stress in 

the cellular injury induced by ischemia-reperfusion in the heart. Cell 

damage can occur through mechanism involving lipid peroxidation, 

covalent modification of protein and mitochondrial DNA oxidation. 

Reactive oxygen species contributes to irreversible damage of mitochondrial 

function and consequent, impaired recovery of physiological function and 

cell death. 
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Introduction 

 

Myocardial ischemia-reperfusion (IR) injury is a major contributor to the mortality 

associated with coronary artery disease (1). The level of IR-induced myocardial injury can 

range from a small insult resulted in limited myocardial damage to a large injury 

culminating in myocyte death. Importantly, major IR injury to the heart can result in 

permanent disability or death
 
(2).

 

Heart tissue is remarkably sensitive to oxygen deprivation. Although heart cells, like those 

of most tissues, rapidly adapt to anoxic conditions, relatively short periods of ischemia and 

subsequent reperfusion lead to extensive tissue death during cardiac infarction. Heart tissue 

is not readily regenerated, and permanent heart damage is the result
 
(3). Paradoxically, 

however, the major damage to ischemic cells comes on the re-introduction of oxygen 

(reperfusion). During reperfusion, the cells typically undergo further contractions and 

membrane damage, followed by cell death
 
(4,5).
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Although mitochondria maintain normal heart function by providing virtually all of the 

heart´s ATP, is also implicated in the development of ischemic damage. While 

mitochondria do provide some mechanisms that protect against ischemic damage (such as 

an endogenous inhibitor of the F1F0-ATPase and antioxidant enzymes), it also possesses a 

range of elements that exacerbate it, including reactive oxygen species (ROS) generators, 

the mitochondrial permeability transition pore (mPTP), and their ability to release apoptotic 

factors (3). 

While ischemic injury has long been considered to result in necrotic tissue damage, studies 

over the past decade have focused attention on apoptosis as a significant component of cell 

loss following myocardial infarction. Intense investigation in recent years has revealed the 

critical importance of mitochondria in the apoptotic cascade. Mitochondria plays a key role 

in cellular homeostasis, but also in responding to pathologic stresses, including extreme 

calcium influxes, oxidative stress, protein kinases, activation of pro-apoptotic Bcl-2 family 

members. Signaling between mitochondria serves to coordinate and integrate the overall 

cellular response (6). 

Mitochondria as an important organelle within cell 

Mitochondria are located in the cytoplasm of all eukaryotic cells and are involved in many 

processes essentials for cell survival and function, including energy production, redox 

control, calcium homeostasis and certain metabolic and biosynthetic pathways
 
(7). 

Mitochondria contain two compartments bounded by inner and outer membranes. The outer 

membrane is permeable to small metabolites, whereas the permeability of the inner 

membrane is controlled to maintain the high electrochemical gradient created by 

mitochondrial respiratory chain that is necessary for energy conservation and ATP 

synthesis (8). 

Amidst the many functions described for the mitochondria, the most significant is oxidative 

phosphorylation for the generation of cellular energy. Oxidative phosphorylation involves 

the coupling of electron transport, through the electron transfer chain (ETC), to the active 

pumping of protons across the inner mitochondrial membrane and ATP formation by the 

F1F0-ATP synthase
 (9). The mitochondrial electron transport chain is made up of > 80 

component proteins that constitute five complexes designed for cellular energy production: 

complex I (NADH dehydrogenase), complex II (succinate dehydrogenase), complex III 

(ubiquinone cytochrome c oxidoreductase), complex IV (cytochrome oxidase) and complex 

V (F1F0-ATP synthase)
  
(8). The latter one is a complex enzyme, comprising a 

transmembrane H
+ 
channel (F0) and a nucleotide-binding extrinsic sector (F1)

  
(10,11). 

Oxidation of reduced nutrient molecules, such as carbohydrates, lipids and proteins trough 

cellular metabolism yields electrons in the form of the reduced hydrogen carriers NADH 

and FADH2, which are referred to as reduced cofactors. These reduced cofactors donate 

electrons to the ETC. The movement of electrons between the components of the ETC is 

driven by a redox potential that is present across the chain. Complexes I, III and IV pump 

protons across the inner membrane as electrons pass down the respiratory chain. This 

produces an electrochemical potential difference across the mitochondrial inner membrane 

known as the proton motive force (∆p), consisting mostly of an electrical gradient 
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(membrane potential) and a small chemical gradient (pH difference). The energy that is 

conserved in the proton gradient across the mitochondrial inner membrane is used by 

complex IV to synthesize ATP from ADP and inorganic phosphate (Pi) while protons are 

transported back from the intermembrane space into the mitochondrial matrix. The ultimate 

destination for the electrons is molecular oxygen, which is reduced to water by complex IV 

in the last step of the ETC
 
(8).

 

However, not all of the energy available in the electrochemical gradient is coupled to ATP 

synthesis. Some is consumed by “proton leak” reactions, whereby protons pumped out of 

the matrix are able to pass back into the mitochondria through proton conductance 

pathways in the inner membrane which bypass the ATP-synthase
 
(9,12-14).

 

So the energy derived from the oxidation of metabolic fuels is dissipated and released as 

heat. These non-productive proton leak pathways are physiologically important and account 

for 20-25 % of basal metabolic rate. Several different functions have been suggested for 

proton leak. These include thermogenesis, regulation of energy metabolism or carbon 

fluxes, control of body mass, and attenuation of ROS production
 
(15). 

Normal cardiomyocyte metabolism 

Fatty acids provide the main energy source for the healthy heart, supplying 60-80 % of its 

energy requirements
 
(3). Over 90 % of heart metabolism is aerobic, and the heart is a highly 

oxidative tissue, with an oxygen utilization rate of 60-150 mmol/min in humans
 
(16). 

Because of this high oxidative metabolism, heart cells have a high oxidative capacity. It has 

been estimated that 25-35 % of total cardiomyocyte volume is occupied by mitochondria
 

(17). Two forms of mitochondria have been recognized in heart cells on the basis of 

position, and ease of extraction, and these are termed interfibrillar and subsarcolemmal
 

(18). It is thought that interfibrillar mitochondria provide most of the ATP for the 

contractile apparatus, although it is unclear whether there is a significant functional 

difference between these classes of mitochondria
 
(3).

 

Approximately two-thirds of the ATP hydrolyzed in the cardiomyocytes is used by the 

contractile apparatus while the remaining third is used by pumps which maintain ion 

balance, in particular by the sarcoplasmic reticulum Ca
2+
-ATPase and the sarcolemmal 

Na
+
/K

+
-ATPase

 
(19). The ATP used in these processes is regenerated by the mitochondrial 

F1F0-ATP synthase using the energy released by the respiratory chain
 
(3).

 

ATP in cardiac cells is in rapid equilibrium with creatine-phosphate, which acts a 

temporary store of “high-energy” phosphate bonds. The enzyme involved is creatine kinase 

which is present in the mitochondrial intermembrane space and the sarcoplasm. There have 

been some claims that, aside from store of energy, this system may also promote the 

apparent diffusion rate of ADP to the mitochondria and thus this organization is important 

for the efficient functioning of oxidative phosphorylation (20). 

In the short-term, the contractile mechanism of the cell is controlled by the concentration of 

free cytoplasmic Ca
2+ 
([Ca

2+
] c). Beats are characterized by [Ca

2+
] c transients, with [Ca

2+
] c 

rising from approximately 100 to 500 nM, due to release of Ca
2+ 
from the sarcoplasmic 

reticulum and uptake from outside the cell via the slow sarcolemmal Ca
2+
 channels (both 
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uniports). The low level of [Ca
2+
] c is then restored owing to the action of the sarcoplasmic 

Ca
2+
-ATPase and the sarcolemmal Na

+
/Ca

2+
 exchanger. These transients repeat whit a period 

of approximately 1second, depending on the organism
 
(21). 

The concentration of free intramitochondrial Ca
2+ 
([Ca

2+
] m) responds to [Ca

2+
] c via the 

inner membrane Ca
2+ 
uniport

 
(22), which mediates Ca

2+
 entry, and the mitochondrial 

Ca
2+
/Na

+
 exchanger, which mediates Ca

2+
 exit. However, these act slowly relative to the 

above-mentioned transients, and the rapids changes in [Ca
2+
] c are damped, leaving a [Ca

2+
] 

m that reflects the time-averaged level of [Ca
2+
] c. These changes in [Ca

2+
] m are known to 

regulate dehydrogenases of the tricarboxylic acids cycle, and certainly play a role in 

regulating heart metabolism
. 
However, the large Ca 

2+ 
capacity of the mitochondria in heart 

cells has permit to the suggestion that, in addition cardiac mitochondria might themselves 

be involved in controlling [Ca2+] c
 (23). 

Myocardial ischemia-reperfusion injury 

Ischemic heart disease (IHD) is associated with high morbidity and mortality and its 

prevalence is continuously increasing worldwide
 
(24). The most common cause of IHD is 

atherosclerosis of coronary artery along with artery thrombosis, spasm and coronary 

embolus
 
(25,26). Myocardial ischemia is a condition in which heart tissue is slowly or 

suddenly starved of oxygen and other nutrients leading to death of an affected cardiac 

muscle
 
(27,28).  

Myocardial reperfusion is the restoration of blood flows to an ischemic heart. Early 

reperfusion minimizes the extent of damage to heart muscle and preserves the pumping 

function of the heart. However, reperfusion after a prolonged period of ischemia produces a 

marked damage in myocardium rather than restoration of normal cardiac function. Thus, IR 

injury could be defined as the damage to heart when blood supply is restored after a 

prolonged period of ischemia resulting in oxidative damage, inflammation and cardiac 

dysfunction
 
(29). 

Depending upon the duration of ischemia, three levels of IR-induced cardiac injury have 

been described. The first detectable level of injury is the generation of reperfusion-induced 

cardiac arrhythmias. In general reperfusion after 1-5 min of ischemia can result in 

ventricular tachycardia or fibrillation without cell death, or a deficit in ventricular 

contractile performance. After an ischemic period of 5-20 min, reperfusion results in the 

second level of myocardial injury, known as “myocardial stunning” (30). Myocardial 

stunning is characterized by a deficit in myocardial contractility that occurs without 

myocardial cell death. Typically, IR-induced myocardial stunning results in ventricular 

contractile deficits lasting 24-72 h after the IR event. The third and highest level of IR 

injury occurs when ischemia is extended beyond 20 min. In these circumstances, cardiac 

myocytes become irreversibly damaged, resulting in cell death (i.e., myocardial infarction)
 

(2). 

Despite the complexity in the mechanisms responsible for the IR-induced myocardial 

damage, essential factors leading to IR-induced cellular injury have been delineated. It is 

now clear that IR-induced cardiac myocyte death occurs due to both apoptosis and necrosis, 
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and that mitochondrial injury plays a major role in both forms of cell death
 
(31,32). 

Evidences indicate that several interrelated factors, including a decrease in cellular ATP 

levels, productions of ROS, accumulation of hydrogen ions, calcium overload, calpain 

activation, and leukocyte activation, contribute to IR injury
 
(33,34). 

Myocardial ischemia leads to various cellular events like altered membrane potential, 

altered ion distribution, cellular swelling and cytoskeleton disorganization
 
(29). Ischemia is 

also associated with proteolytic conversion of xanthine dehydrogenase to xanthine oxidase 

(XO), which at the time of reperfusion metabolizes hypoxanthine and xanthine to uric acid 

resulting in large amount of generation of ROS such as: superoxide anion (O2
.-
), hydrogen 

peroxide (H2O2) and hydroxyl radical (
.
OH)

 
(35). These ROS by causing membrane injury 

and activating intracellular signaling pathways ultimately lead to myocardial cell injury and 

death (29)( Figure 1). It has been well documented that increased ROS generation occurs in 

ischemic myocardium exposed to reoxygenation upon reperfusion and the maximal release 

or ROS occurs during the first 15 min of reperfusion (36). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure1. Role of ROS in mechanisms of cellular signaling that take place during episodes 

of myocardial IR. XD: xanthine dehydrogenase, XO: xanthine oxidase, O2
·-
: radical anion 

superoxide, iNOS: nitric oxide sintase inducible, TNFα: tumoral necrosis factor α, HIF1: 

Hypoxic inducible factor 1, NFκB: nuclear transcription factor κ B, MPTP: mitochondrial 

permeability transition pore, NO
·
: nitric oxide, ONOO

-
: peroxynitrite, PARP: poli (ADP-

ribose) polimerase, AIF: apoptosis inductor factor, (+): activation.   

IR cascade include various events such as micro-vascular damage, myocardial hibernation 

and no-reflow phenomenon
 
(37). Myocardial hibernation is a reversible reduction in 

contractile function due to reduced coronary perfusion
 
(38). Hibernation is an endogenous 

adaptative event in which the myocardium reduces its own contractility and metabolic 

needs in order to survive with minimal requirements due to diminished oxygen supply. 

However, on chronic hibernation, the normalization and recovery of myocardial function 
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could be delayed even the coronary blood flow gets normal
 
(39). After re-opening of an 

occluded artery, reperfusion of the previously ischemic tissue depends on microvascular 

integrity. The no-reflow phenomenon may be defined as an incomplete and non-uniform 

reperfusion at the microvascular level despite the adequate re-opening of the proximal 

artery after a period of transient ischemia
 
(40). 

In addition the signaling pathways such as caspase-3, caspase-8
 
(41), interleukin-6 (IL-6)

 

(42), and tumor necrosis factor-alpha (TNF-α)
 
(43,44) have been implicated in IR-induced 

myocardial injury. Also, p38 α mitogen-activated protein kinase (p38α MAPK)
 
(45), poly 

(ADP-rybose) polymerase (PARP)
 
(46,47), janus kinase/signal transducer and activator of 

transcription (JAK/STAT)
 
(48), mitogen-activated protein kinase (MEK 1/2)

 
(49), c-jun-N-

terminal kinase (JNK1/2)
 
(50), poly (ADP-rybose) glycohydrolase (PARG), second 

mitochondrial-derived activator of caspases/direct inhibitor of apoptosis-binding protein 

with low pi (Smac/DIABLO) (51), and Rho kinase (52,53) have been shown to be 

implicated in the pathogenesis of myocardial IR injury and cardiac dysfunction.  

ROS production contributes with ischemia-reperfusion injury 

A substantial body of evidence implicates ROS and oxidative stress in the cellular injury 

induced by IR in the heart
 
(54-57). Cell damage can occur through mechanism involving 

lipid peroxidation, covalent modification of protein (particularly on -SH groups) and 

mitochondrial DNA oxidation (3). 

ROS production in the heart during both ischemia and reperfusion has been confirmed 

using electron paramagnetic resonance
 
(58), and the quantity of ROS production in 

reoxygenated cells depends upon the duration of both anoxia and reoxygenation (2). 

Experimental evidence for the involvement of ROS in myocardial IR injury includes 

detection of lipid peroxides, protein oxidation, and protein nitration products in reperfused 

heart
 
(2). The importance of ROS-mediated damage to the heart after an IR insult has been 

confirmed by studies indicating that antioxidants can provide myocardial protection against 

IR-induced injury. Identifying the primary sources of ROS during both ischemia and 

reperfusion continues to be an active area of research. Existing evidence indicates that ROS 

are produced in both ischemic and reperfused cardiomyocytes from a variety of sources, 

including NADPH oxidase, XO, and mitochondria
 
(58,59). Also, neutrophil infiltration 

during reperfusion can contributes to ROS production in the heart, but activated neutrophils 

are not required for reoxygenation injury (2). More specifically, it is likely that 

mitochondrial production of ROS plays a dominant role in IR-mediated injury (58,59). 
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 Redox components of the ETC, particularly impaired complexes I and III in their reduced 

state, have been shown to produce ROS (Figure 2). Complex I, in particular, is impaired 

during IR, and may be considered as the source of damaging radicals, although experiments 

using the electron transfer inhibitors amytal and myxathiazole, suggest complex III as a 

major site of ROS production during ischemia (3). Other studies indicate that complex II 

may also produces ROS
 
(60), particularly if certain mutations are present in regions of the 

CoQ (ubiquinone) or the FAD-binding sites (61). 

Figure 2. Generation of ROS during oxidative phosphorylation due to complexes I and III 

from the electron transfer chain. Complex I (NADH-ubiquinone oxide-reductase) catalyzes 

the first electronic transfer. After that, the ubiquinone Q10 (UQ) from complex III, 

catalyzes the conversion of molecular oxygen to superoxide anion (O2
·-
). Other ROS can be 

generated from this radical, such as hydrogen peroxide (H2O2) and hydroxyl radical (
·
OH). 

GPx: glutathione peroxidase, GRd: glutathione reductase, GSH: reduced glutathione, 

GSSG: oxidized glutathione, NO
·
: nitric oxide, ONOO

-
: peroxynitrite, Cyt c: cytochrome c, 

TRd: thiorredoxin reductase, Trx: reduced thiorredoxin, Trx-H2: oxidized thiorredoxin, 

NADPH: nicotinamide adenin dinucleotide phosphate (reduced form), NADP+: 

nicotinamide adenin dinucleotide phosphate (oxidized form). 

Several lines of evidence suggest that cross talk between ROS and calcium contributes to 

IR-induced cellular injury. First, increased cytosolic Ca
2+ 
levels can contribute to cellular 

damage by activation of proteases, by promotion of mitochondrial damage, and by 

facilitating ROS production (2). Further, oxidative stress can contributes to Ca2+ overload in 

cells in several ways (62). For example, oxidant-generated formation of reactive aldehydes 

such as 4-hydroxyl-2,3-trans-nonenal has been reported to reduce plasma membrane Ca
2+
- 

ATPase activity
 
(63). It follows that an oxidative stress-induced decrease in membrane Ca

2+
- 

ATPase activity would retard Ca
2+
 removal from the cell and therefore contributes to Ca

2+ 
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accumulation. Accumulated Ca
2+ 
is subsequently released from the mitochondria along 

with other matrix solutes, especially when Ca
2+ 
sequestration is accompanied by oxidative 

stress and depletion of adenine nucleotides. This potentially deleterious effect of ROS 

production in mitochondria, known as Ca
2+
- dependent mitochondrial permeability 

transition (MPT), which plays a key role in certain modes of cell death. This phenomenon 

is characterized by drastic changes in mitochondrial morphology and functional activity 

owing to the opening of a nonspecific pore in the mitochondrial inner membrane, 

commonly known as the MPT pore (MPTP) (64-66). 

The basic unit of the MPTP is the VDAC-ANT-CyP-D (voltage dependent anion channel-

adenine nucleotide translocase-cyclophilin D) complex located at contact sites between 

mitochondrial inner and outer membrane. Recent studies identified the ANT as one 

important target for ROS induced by anticancer drugs, such as doxorubicin and arsenic 

trioxide. The role of VDAC as target for ROS is less clear, although it has been 

demonstrated recently that O2
.- modulates the opening of VDC reconstituted into liposomes 

(67).  

Hence, oxidative stress and impaired Ca
2+
 homeostasis both contribute to mitochondrially 

mediated cellular damage. MTP is a mechanism causing mitochondrial failure, which can 

lead to necrosis owing to ATP depletion or to caspase-dependent apoptosis if MTP 

induction occurs in a subpopulation of mitochondria and remaining organelles are still able 

to maintain the mitochondrial membrane potential and produce ATP (68).  

Anyway mitochondria itself has become a sensitive target for the damaging effects of 

oxygen radicals. One of these targets is mitochondrial DNA (mDNA), which encodes 13 

polypeptides, 22 transfer RNA (tRNAs), and 2 ribosomal RNAs (rRNAs), all of which are 

essential for electron transport and ATP generation by oxidative phosphorylation (69). 

mDNA, therefore, represents a critical cellular target for oxidative damage that could lead to 

lethal cell injury through the loss of electron transport, mitochondrial membrane potential, 

and ATP generation. mDNA is especially susceptible to attack by ROS owing to its close 

proximity to the ETC, the major locus for free-radical  production, and the lack of 

protective histones
 
(68). 

Notably, cardiac ischemia induces increased generation of ROS, and subsequent 

reperfusion can result in toxic ROS overproduction that possibly contributes to irreversible 

damage of mitochondrial function and consequent, impaired recovery of physiological 

function and cell death. 

Role of nitric oxide during ischemic-reperfusion injury 

Nitric oxide (NO
.-
) has been associated with protection against ischemic cell death in a 

large number of studies
 
(70), although the mechanism and site of action are not known. 

NO.-  is required for the cytoprotective effect induced by ischemic preconditioning in the 

heart (71), but it is not clear whether NO.- acts before the ischemia, during the ischemia or 

during reperfusion (72). 

Moreover, other studies suggest that NO
.- 
may potentiate apoptosis in response to IR

 

(73,74) and that it can induce cell death in a dose-dependent manner
 
(75). The abundance of 
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potential targets and the dose dependence of the responses may explain the diversity of 

effects that have been observed under different experimental conditions
 
(72). 

Physiologically low levels of NO
.-
 during ischemia, either through exogenous application 

or through the activity of nitric oxide synthase (NOS), confer significant protection against 

cell death during reperfusion. NO
.- 
seems to protect cell by attenuating the oxidation stress 

that occurs during ischemia, and this effect further attenuates reperfusion oxidative stress 

after the NO
.- 
is removed. NO

.-
 during ischemia can protect cells by inhibiting an oxidase 

system that is initiated during ischemia and that becomes amplified during the reperfusion 

phase or by lessing oxidative injury by scavenging ROS
 
(72). 

On the other hand, although NO
.-
 plays a prominent role in regulating many biological 

functions, extensive evidence exists which indicates that a high concentration it can be also 

be cytotoxic and mutagenic
 
(76). Mitochondria are considered a prime target for this NO

.-
-

induced damage. NO
.-
 or its derivate secondary oxidants can have at least three types of 

actions on mitochondria: (a) reversible inhibition of mitochondrial respiration at 

cytochrome oxidase by NO, and irreversible inhibition at multiple sites by other nitrogen 

species; (b) stimulation of mitochondrial production of O2
.-
, H2O2 and peroxynitrite 

(ONOO-) by NO.- ; and (c) induction of the MPT by its secondary oxidant agents (77). 

It is becoming increasingly clear that NO
.- 
under certain circumstances can be genotoxic. It 

can cause both DNA damage and mutations. Moreover, it has been shown that NO
.- 

damages mDNA to a greater extent that nuclear DNA
 
(78). NO

.- 
can be generated within 

mitochondria
 
(79), although the identity of mitochondrial NOS still remains uncertain, NO

.- 

produced by mitochondrial NOS has been suggested to play important roles in oxidative 

stress and apoptosis (80), regulation of mitochondrial respiration (81) and modulation of 

intracellular Ca2+  homeostasis (82). 

Two basic signaling pathways leading to NO
.- 
-induced apoptosis have been identified. One 

is mitochondria-dependent (intrinsic), initiated by the release of cytochrome c from 

mitochondria, and leads to caspase dependent and/or –independent apoptosis. The other 

(extrinsic) is death receptor/caspase 8 dependent, and involves the interaction of death 

receptors with receptor-associated death proteases with the subsequent activation of 

downstream effector caspases (83,84). NO.-, depending upon the concentration, cell type, 

presence of glucose, and its donor, has been shown to either induce or protect from 

apoptosis through the mitochondrial pathways
 
(85-87). Several mechanisms have been 

purposed to explain NO-mediated apoptosis including increased p53 levels, ROS 

production, and/or opening of the MPTP
 
(88,89). Opening of the MPTP quickly leads to 

cytochrome c release, which activates several well-established downstream signaling 

events, including formation of the apoptosome and activation of caspases
 
(90). 

Mutations in mDNA could be partially the result of either increased damage to mDNA or 

decreased repair of this damage, or combination of both factors. Because almost all of the 

mDNA encodes for specific proteins of the ETC, any mutations or deletions in mDNA could 

readily result in a loss of one or several protein essential for electron transport or 

mitochondrial ATP synthesis. This would in turn lead to decreased energy production, 

which is a hall mark of many mitochondrial disorders. Moreover, dysfunction of ETC could 
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cause additional production of ROS, and in this way enhance the cellular signals to initiate 

apoptosis, necrosis or a combination of both
 
(77). 

Metabolic changes in ischemia and reperfusion in cardiac muscle 

Cardiac muscle obtains virtually all its energy from oxidative metabolism. Consequently, 

restriction of the blood supply to cardiac muscle has serious pathological consequences, 

leading to cell death in the oxygen-depleted region (infarct) (3). During hypoxia or 

ischemia, the supply of oxygen to the respiratory chain fails. Non-esterified fatty acids 

levels rise, although probably as a result of lipid breakdown rather than the concomitant 

cessation of fatty acid oxidation (91,92). The tricarboxylic acid cycle is blocked, and no 

energy is available from oxidative phosphorylation. This leads to an accumulation of 

cytoplasmic NADH, with the NADH/NAD
+
 ratio increasing severalfold. In anoxia, ATP 

levels can still be maintained by glycolysis (93), but in ischemia this is accompanied by an 

accumulation of lactate and a decrease in cytoplasmic pH (5,5-6 after 30 min of ischemia) 

(94-96), and glycolysis is also inhibited (3). 

On a simple model, it is expected that, during ischemia (as mitochondrial electron transfer 

is abolished) the electrochemical gradient of H
+ 
(∆µH+) will fall rapidly. It should then rise 

during reperfusion, when electron transfer is restored. While this seems in principle to be 

the case, investigations reveal a greater complexity. First, in ischemia, a mitochondrial 

electrical potential is maintained for some minutes (97) due to the hydrolysis of 

cytoplasmic ATP by the F1Fo-ATP synthase acting in reverse as an ATP driven pump 

(98,99). Conversely, during reperfusion, we should expect ∆µH+ to recover rapidly. A 

number of researchers have reported that, after reperfusion, mitochondrial electrical 

potential is depressed from its control value, and that mitochondria have an increased 

proton leak. This was originally demonstrated by analysis of flow force relationships in 

isolated heart mitochondria after ischemia (and/or reperfusion) (100-103). 

It is possible, again, that this change represents either unavoidable mitochondrial damage 

during IR or the preferential use of oxidative energy to restore ion concentrations. 

However, a number of researchers have suggested that the depression of the electrical 

potential may play a protective role during early reperfusion, limiting the electrophoretic 

influx of Ca2+ and/or decreasing the production of ROS by facilitating electron transfer. 

Agents that promote the leakage of protons into mitochondria, such as uncouplers 

(104,105), or transfection with uncoupling proteins (UCPs) (106,107) have been shown to 

protect against IR injury. 

Also during ischemia, creatine phosphate concentrations falls precipitately (to less than 

10% after 10 min of ischemia), reflecting a sharp increase in free ADP levels. ATP levels 

fall rather more slowly, with 40-50 % of ATP levels remaining after 30 min of ischemia 

(108). During ischemia, the levels of total pyridine nucleotides seem to be roughly 

maintained, although there have been reports of significant loss (up to 30 %) of total 

nucleotides from the cell (109-111). This redox state, however, changes markedly, with 

[NADH] increasing sharply (112,113). The cytoplasmic [NADPH], in contrast, declines by 

approximately 30 %, resulting in a significant decrease in the NADPH/NADP
+ 
ratio. While 

at first this may appear surprising, the fall in [NADPH] could be due to the action of 
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glutathione reductase, which is particularly active under conditions of oxidative stress. In 

addition a contributory effect may come from the activation of aldose reductase, a member 

of the aldo-keto reductase family that utilize NADPH to reduce carbonyl compounds, 

including glucose, in the metabolism of the polyols (114). 

Over long periods of ischemia, DNA and protein synthesis are suppressed (115), although 

some specific proteins e.g. HSP (heat-shock protein) 70, PKC (protein kinase C) and iNOS 

(inducible nitric oxide synthase) may be induced (116,117) or repressed, e.g. ATPase.(118) 
On reperfusion, electron transfer and ATP synthesis are restarted, and the internal 

cytoplasmic pH is restored to 7.0 (119,120). However, this leads in some way to a further 

deterioration of cell function. While ATP and creatine phosphate levels recover to some 

extent, the myocytes undergo further shortening (hypercontracture) and membrane damage, 

followed by cell death (5). 

Mitochondrial oxidation 

It is widely accepted that during prolonged ischemia, the maximum capacity for respiratory 

chain oxidation is decreased, with the severity of damage depending on the length of 

exposure (121). In accordance with the decreased respiratory capacity, oxidative 

phosphorylation was also found to be depressed in experimental models of ischemia and 

reperfusion (122-124). 

Ischemia/reperfusion does cause some damage to respiratory chain complexes, but as these 

complexes are normally present in excess (having a low flux control coefficient), this 

damage has little effect on normal respiratory rates. Indeed, respiration rates may be 

observed to rise owing to an increased proton permeability of the inner-mitochondrial 

membrane (decreased respiratory control). This rise, however, will be dependent on an 

ample supply of oxidizable substrate, which may, in some conditions, be restricted and 

itself limit the respiratory rate observed (3). 

Many researchers have identified complex I as major site of damage to the respiratory chain 

in ischemia (99,100,124,125). They observed a reduction in oxidation rate for NADH-

linked substrates by up to 60 % (126). The cause of complex I inhibition is unknown (3). 

Paradies et al. (127) associated the decreased in complex I activity under conditions of 

oxidative stress with the destruction of mitochondrial cardiolipin by ROS. Others 

researchers have suggested that NO may be the causative agent, possibly via peroxynitrite 

intermediates (128,129), since inhibitors of iNOS prevent the inactivation. This view is 

supported by Jekabsone et al. (89), who showed that complex I activity declines in isolated 

mitochondria exposed to NO, and that this decline is prevented by SOD. Thus either ROS 

or NO (or both) at the concentrations reachable during ischemia and reperfusion could 

inactivate the enzyme directly, or via an effect on cardiolipin.  

Both complex II and III seem to be relatively resistant to ischemia and reperfusion. Rouslin 

(99) found that complex III activity did decline in ischemic dog heart, but more slowly than 

complex I activity. Its decrease paralleled that of succinate-supported oxygen uptake, 

implying that complex II was not affected by either ischemia or reperfusion.  
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The situation regarding complex IV is more complicated. Several reports indicate it to be 

virtually unchanged by ischemia (99,125,130-132). However, there did appear to be 

reduced electron flow through complex IV both in permeabilized ischemic tissue and 

mitochondria isolated from ischemic heart (133,134). This may be attributable to the loss of 

cytochrome c, which mediates electron transfer between complexes III and IV, from the 

intermembrana space in subsarcolemmal mitochondria during ischemia (3). Some authors 

claimed that cytochrome c oxidase activity decreased by nearly 30 % during ischemia 

(from 0.156 to 0.111 nmol/mg of protein) and that full respiration rates are restored by 

external addition of cytochrome c. These authors also showed that cytochrome c is found in 

the perfusate of hearts, following ischemia /reperfusion, suggesting it can indeed be lost 

from mitochondria in pathological situations (133). In contrast some other researchers 

claim that cytochrome c content of mitochondria is not significantly changed after ischemia 

(125). The effect of inhibition of cytochrome oxidase, either by direct damage or by loss of 

cytochrome c, might not be expected to have a major effect on respiratory rates in vivo 

(135,136).  

The tendency of the F1F0-ATP synthase (also called complex V), to reverse during ischemia 

thus appears to be an inescapable consequence of the thermodynamics of the system, and in 

the absence of energy-yielding reactions of electron transfer, ATP synthesis is unfavorable 

and hydrolysis is favored (137-140). 

Inhibition of wasteful ATP hydrolysis during ischemia might be assumed to have a 

beneficial effect on the heart. During reperfusion, when the ATP synthase should be 

working to synthesize ATP, however, inhibition of this enzyme would presumably delay 

recovery. This is explicable in terms of the properties of IF1 (natural inhibitor protein of the 

mitochondrial F1F0-ATPase), which is known to bind to F1F0 at low pH and low electrical 

potential (such as occur in ischemia), but to be released at high pH and high electrical 

potential (such as occur in during electron transfer) (141), acting, effectively, as one way 

valve. 

Despite of different viewpoints regarding the effect of ischemia and reperfusion on the 

respiratory chain, researchers have reached a consensus indicating that exposing hearts to 

15-60 min of ischemia leads to a modestly impaired ETC, with rates reduced by 

approximately 30 % relative to the control value. Complex I appears to be damaged, and 

there is some restriction of electron flow through complex IV, possibly because of loss of 

cytochrome c. During reperfusion, further damage to electron transfer components occurs, 

in particular to complex IV, possibly due to the action of ROS (as described below), and a 

“vicious cycle” in which further inhibition leads to further ROS production, and so on, is a 

possible cause of irreversible damage to mitochondria (3). 

Anyway, it is very important to take into account all the elements given, and to focus in 

new investigations regarding specially, the ROS production and its modulation in the 

ischemic environment. This fact should be handled carefully, because of the effect of the 

oxidative damage to mitochondria and its implication in many other degenerative disorders. 

 



Pharmacologyonline 2: 850-872 (2009)                          Delgado Roche et al. 

 

 

862

References 

1. Reeve JL, Duffy AM, O´Brien T, Samali A. Don´t lose heart – therapeutic value of 

apoptosis prevention in the treatment of cardiovascular disease. J Cell Mol Med 2005; 

9:609-22. 

2. Powers SK, Quindry JC, Kavaziz AN. Exercise-induced cardioprotection against 

myocardial ischemia-reperfusion injury. Free Radic Biol Med 2008; 44:193-201. 

3. Solaini G, Harris DA. Biochemical dysfunction in heart mitochondria exposed to 

ischaemia-reperfusion. Biochem J 2005; 390:377-94. 

4. Schlüter KD, Jakob G, Ruiz MM, García DD, Piper HM. Protection of reoxygenated 

cardiomyocytes against osmotic fragility by NO donors. Am J Physiol 1996; 

271:H428-34. 

5. Piper HM, Abdallah Y, Schaefer C. The first minutes of reperfusion: a window of 

opportunity for cardioprotection. Cardiovasc Res 2004; 61:365-71. 

6. Gottlieb RA. Mitochondrial signalling in apoptosis: mitochondrial daggers to the 

breaking heart. Basic Res Cardiol 2003; 98:242-9. 

7. Halliwell B, Gutteridge JM. Free radicals in biology and medicine, 3
rd
 ed. Oxford 

University Press, New York, 1999. 

8. Echtay KS. Mitochondrial uncoupling proteins – What is their physiological role? 

Free Radic Biol Med, 2007; 43:1351-71. 

9. Brand MD, Brindle KM, Buckingham JA, Harper JA, Rolfe DF, Stuart JA. The 

significance and mechanism of mitochondrial proton conductance. Int J Obes Relat 

Metab Disord 1999; 24:S4-11. 

10. Harris DA, Das AM. Control of mitochondrial ATP synthesis in the heart. Biochem J 

1991; 280:561–73. 

11. Green DW, Grover GJ. The IF1 inhibitor protein of the mitochondrial F1Fo-ATPase. 

Biochim Biophys Acta 2000; 1458:343–55. 

12. Brand MD. The proton leak across the mitochondrial inner membrane. Biochem 

Biophys Acta 1990; 1018:128-33. 

13. Brown GC, Brand MD. On the nature of the mitochondrial proton leak. Biochem 

Biophys Acta 1991; 1059:55-62. 

14. Brand MD, Chien LF, Ainscow EK, Rolfe DF, Porter RK. The causes and functions 

of mitochondrial proton leak. Biochem Biophys Acta 1994; 30:132-9. 



Pharmacologyonline 2: 850-872 (2009)                          Delgado Roche et al. 

 

 

863

15. Brand MD, Couture P, Else PL, Withers KW, Hulbert AJ. Evolution of energy 

metabolism. Proton permeability of the inner membrane of liver mitochondria is 

greater in a mammal than in a reptile. Biochem J 1991; 275:81-6. 

16. Sun KT, Yeatman LA, Buxton DB, et al. Simultaneous measurement of myocardial 

oxygen consumption and blood flow using (1-C
11
) acetate. J Nucl Med 1988; 39:272-

80. 

17. Dobson GP, Himmelreich U. Heart design: free ADP scales with absolute 

mitochondrial and myofibrillar volumes from mouse to human. Biochem Biophys 

Acta, 2002; 1553:261-7. 

18. Palmer JV, Tandler B, Hoppel CL. Biochemical properties of subsarcolemal and 

interfibrillar mitochondria isolated from rat cardiac muscle. J Biol Chem 1977; 

252:8731-9. 

19. Opie LH. The heart: physiology and metabolism, 1st ed. Raven Press, New York, 

1991. 

20. Saks VA, Kongas O, Vendelin M, Kay L. Role of creatine/phosphocreatine system in 

the regulation of mitochondrial respiration. Acta Physiol Scand 2000; 168:635-41. 

21. Varadarajan SG, An J, Novalija E, Smart SC, Stowe DF. Changes in [Na
1+
] (i), 

compartimental [Ca
2+
], and NADPH with dysfunction after global ischemia in intact 

hearts. Am J Physiol Heart Circ Physiol 2001; 280:H280-93. 

22. Miyata H, Silverman HS, Solott SJ, Lakatta EG, Stern MD, Hansford RG. 

Measurement of mitochondrial free Ca
2+
 concentration in living single rat cardiac 

myocytes. Am J Physiol 1991; 261:H1123-34. 

23. Denton RM, Mc Cormack JG. Ca
2+
 transport by mammalian mitochondria and its role 

in hormone action. Am J Physiol 1985; 249:E543-54. 

24. Azfer A, Niu J, Rogers LM, Adamski FM, Kolattukudy PE. Activation of 

endoplasmic reticulum stress response during the development of ischemic heart 

disease. Am J Physiol Heart Circ Physiol 2006; 291:H1411-20. 

25. Libby P, Thersoux P. Pathophysiology of coronary artery disease. Circulation 2005; 

III:3481-88. 

26. Pepine CJ, Nichols WW. The pathophysiology of chronic ischemic heart disease. Clin 

Cardiol 2007; 30:4-9. 

27. Collard CD, Gelmn S. Pathophysiology, clinical manifestations, and prevention of 

ischemia-reperfusion injury. Anesthesiology 2001; 94:1133-8.  



Pharmacologyonline 2: 850-872 (2009)                          Delgado Roche et al. 

 

 

864

28. Grunenfelder J, Miniati DN, Murata S, et al. Upregulation of bcl-2 through caspase-3 

inhibition ameliorates ischemia/reperfusion injury in rat cardiac allografts. Circulation 

2001; 104:202-6. 

29. Balakumar P, Rohilla A, Singh M. Pre-conditioning and post-conditioning to limit 

ischemia-reperfusion-induced myocardial injury: what could be the next footstep?  

Pharmacol Res 2008; 57:403-12. 

30. Bolli R, Marban E. Molecular and cellular mechanisms of myocardial stunning. 

Physiol Rev 1999; 79:609-34. 

31. Honda HM, Korge P, Weiss JN. Mitochondria and ischemia/reperfusion injury. Ann 

NY Acad Sci 2005; 1047:248-58. 

32. Nakagawa T, Shimizu S, Watanabe T, et al. Cyclophilin D-dependent mitochondrial 

permeability transition regulates some necrotic but not apoptotic cell death. Nature 

2005; 434:652-58. 

33. French JP, Quindry JC, Falk DJ, et al. Ischemia-reperfusion-induced calpain 

activation and SERCA2a degradation are attenuated by exercise training and calpain 

inhibition. Am J Physiol 2006; 290:H128-H136. 

34. Zweier JL, Talukder MA. The role of oxidants and free radicals in reperfusion injury. 

Cardiovasc Res 2006; 70:181-90. 

35. Szocs K. Endothelial dysfunction and reactive oxygen species production in ischemia-

reperfusion and nitrate tolerance. Gen Physiol Biophys 2004; 23:265-95. 

36. Bertuglia S, Giusti A, Del Soldato P. Antioxidant activity of a nitro derivative of 

aspirin against ischemia-reperfusion in hamster cheek pouch microcirculation. Am J 

Physiol Gastrointest Liver Physiol 2004; 286:G437-43. 

37. Napoli PD, Taccardi AA, De Caterina R, Barsotti A. Pathophysiology of ischemia-

reperfusion injury: experimental data. Ital Heart J 2002; 3:S24-8. 

38. Hesse B, Kjaer A. Myocardial hibernation-land of ignorance. Scand Cardiovasc J 

2001; 35:228-9. 

39. Ytrehus K. Models of myocardial ischemia. Drug Discov Today Dis Models 2006; 

3:263-71. 

40. Reffelmann T and Kloner RA. The no-reflow phenomenon: A basic mechanism of 

myocardial ischemia and reperfusion. Basic Res Cardiol 2006; 101:359-72. 

41. Contreras JL, Vilatoba M, Eckstein C, Bilbao G, Thompson J, Eckhoff DE. Caspase-8 

and caspases-3 small interfering RNA decreases ischemia reperfusion injury to the 

liver in mice. Surgery 2004; 136:390-400. 



Pharmacologyonline 2: 850-872 (2009)                          Delgado Roche et al. 

 

 

865

42. Aktan AO, Yalcin AS. Ischemia–reperfusion injury, reactive oxygen metabolites and 

the surgeon. Turk J Med Sci 1998; 28:1–5. 

43. Zhang M, Xu YJ, Saini HK, Turan B, Lin PP, Dhalla NS. Pentoxifilline attenuates 

cardiac dysfunction and reduces TNF-α level in ischemic-reperfused heart. Am J 

Physiol Heart Circ Physiol 2005; 289:H832-9. 

44. Balakumar P, Singh M. Anti- TNF-α therapy in heart failure: future directions. Basic 

Clin Pharmacol Toxicol 2006; 99:391-7. 

45. Irving EA, Bamford M. Role of mitogen-and stress-activated kinases in ischemic 

injury. J Cereb Blood Flow Metab 2002; 22:631-47. 

46. Balakumar P, Singh M. Possible role of poly (ADP-ribose) polymerase in pathological 

and physiological cardiac hypertrophy. Methods Find Exp Clin Pharmacol 2006; 

28:683-9.  

47. Balakumar P, Singh M. Effect of 3-aminobenzamide, an inhibitor of poly (ADP-

ribose) polymerase in experimental cardiac hypertrophy. Int J Pharmacol 2006; 2:543-

48. 

48. Mascareno E, El-Shafei M, Maulik N, et al. JAK/STAT signaling is associated with 

cardiac dysfunction during ischemia and reperfusion. Circulation 2001; 104:325-9. 

49. Rafiee P, Shi Y, Su J, Pritchard Jr KA, Tweddell JS, Baker JE. Erythropoietin protects 

the infant heart against ischemia-reperfusion injury by triggering multiple signaling 

pathways. Basic Res Cardiol 2005; 100:187-97. 

50. Armstrong SC. Protein kinase activation and myocardial ischemia/reperfusion injury. 

Cardiovasc Res 2004; 61:427-36. 

51. Van Empel VP, Bertrand AT, Hofstra L, Crijns HL, Doevendans PA, De Windt LJ. 

Myocyte apoptosis in heart failure. Cardiovasc Res 2005; 67:21-9. 

52. Hu E, Bao W, Tao L, Boyce R, Mirabile R, Thudium DT, et al. Inhibition of Rho-

kinase protects the heart against ischemia/reperfusion injury. Cardiovasc Res 2004; 

61:548-58. 

53. Balakumar P, Singh M. Differential role of Rho-Kinase in pathological and 

physiological cardiac hypertrophy in rats. Pharmacology 2006; 78:91-7. 

54. McCord JM. Oxygen-derived free radicals in postischemic tissue injury. N Engl J 

Med 1985; 3:159-163. 

55. Zweier JL, Flaherty JT, Weifeldt ML. Direct measurement of free radical generation 

following reperfusion of ischemic myocardium. Proc Natl Acad Sci USA 1987; 1404-

1407. 



Pharmacologyonline 2: 850-872 (2009)                          Delgado Roche et al. 

 

 

866

56. Das DK. Cellular, biochemical, and molecular aspects of reperfusion injury. Ann NY 

Acad Sci 1994; 723: xiii-xvi. 

57. Vanden Hoek TL, Shao Z, Li C, Zak R, Schumacker PT, Becker LB. Reperfusion 

injury in cardiac myocytes after simulated ischemia. Am J Physiol 1996; 270:H1334-

H1341. 

58. Angelos MG, Kutala VK, Torres CA, He G, Stoner JD, Mohammad M, et al. Hypoxic 

reperfusion of the ischemic heart and oxygen radical generation. Am J Physiol Heart 

Circ Physiol 2006; 290:H341-H347. 

59. Adlam VJ, Harrison JC, Porteous CM, et al. Targeting an antioxidant to mitochondria 

decreases cardiac ischemia-reperfusion injury. FASEB J 2005; 19:1088-1095. 

60. Paddenberg R, Ishaq B, Goldenberg A, et al. Essential role of complex II of the 

respiratory chain in hypoxia-induced ROS generation in the pulmonary vasculature. 

Am J Physiol Ling Cell Mol Physiol 2003; 284:L710-9. 

61. Yankovskaya V, Horsefield R, Tornroth S, et al. Architecture of succinate 

dehydrogenase and reactive oxygen species generation. Science 2003; 299:671-2. 

62. Kang SM, Lim S, Song H, et al. Allopurinol modulates reactive oxygen species 

generation and Ca
2+
 overload in ischemia-reperfused heart and hypoxia-reoxygenated 

cardiomyocytes. Eur J Pharmacol 2006; 535:212-219. 

63. Siems W, Capuozzo E, Lucano A, Salerno C, Crifo C. High sensitivity of plasma 

membrane ion transport ATPases from human neutrophils towards 4-hydroxi-2,3-

trans-nonenal. Life Sci 2003; 73:2583-2590. 

64. Hunter DR, Haworth RA. The Ca
2+
-induced membrane transition in mitochondria. I. 

The protective mechanisms. Arch Biochem Biophys 1979; 195:453-9. 

65. Haworth RA, Hunter DR. The Ca2+-induced membrane transition in mitochondria. II. 

Nature of the Ca2+ trigger site.  Arch Biochem Biophys, 195:460-7, 1979. 

66. Hunter DR, Haworth RA. The Ca
2+
-induced membrane transition in mitochondria. III. 

Transitional Ca2+ release. Arch Biochem Biophys 1979; 195:468-77. 

67. Madesh M, Hajnoczky G. VDAC-dependent permeabilization of the outer 

mitochondria membrane by superoxide induces rapid and massive cytochrome c 

release. J Cell Biol 2001; 155:1003-15. 

68. Orrenius S, Gogvadze V, Zhivotovsky B. Mitochondrial oxidative stress: Implications 

for cell death. Annu Rev Pharmacol Toxicol 2007; 47:143-83. 

69. Anderson S, Bankier AT, Barrell BG, de Brujin MH, Coulson AR. Sequence and 

organization of the human mitochondrial genome. Nature 1981; 290:457-65. 



Pharmacologyonline 2: 850-872 (2009)                          Delgado Roche et al. 

 

 

867

70. Bolli R. Cardioprotective function of inducible nitric oxide synthase and role of nitric 

oxide in myocardial ischemia and preconditioning: and overview of a decade of 

research. J MolCell Cardiol 2001; 33:1897-1918. 

71. Lebuffe G, Schumacker PT, Shao ZH, Anderson T, Iwase H, Vanden Hoek TL. ROS 

and NO trigger early preconditioning: relationship to mitochondrial KATP channel. 

Am J Physiol Heart Circ Physiol 2003; 284:H299-H308.  

72. Iwase H, Robin E, Guzy RD, Mungai PT, Vanden Hoek TL,Chandel NS, et al. Nitric 

oxide during ischemia attenuates oxidant stress and cell death during ischemia and 

reperfusion in cardiomyocytes. Free Radic Biol Med 2007; 43:590-599. 

73. Ing DJ, Zang J, Dzau VJ, Webster KA, Bishopric NH. Modulation of cytokine-

induced cardiac myocyte apoptosis by nitric oxide, Bak and Bcl-x. Circ Res 1999; 

84:21-33. 

74. Pinsky DJ, Aji W, Szabolcs M, et al. Nitric oxide triggers programmed cell death 

(apoptosis) of adult rat ventricular myocytes in culture. Am J Physiol 1999; 

277:H1189-H1199. 

75. Andreka P,Tran T, Webster KA, Bishopric NH. Nitric oxide and promotion of cardiac 

myocyte apoptosis. Mol Cell Biochem 2004; 263:35-53. 

76. Joshi MS, Ponthier JL, Lancaster JR Jr. Cellular antioxidant and pro-oxidant actions 

of nitric oxide. Free Radic Biol Med 1999; 27:1357-1366. 

77. Rachek LI, Grishko VI, LeDoux SP, Wilson GL. Role of nitric oxide-induced mtDNA 

damage in mitochondrial dysfunction and apoptosis. Free Radic Biol Med, 2006; 

40:754-762. 

78. Wilson GL, Patton NJ, LeDoux SP. Mitochondrial DNA in beta-cells is a sensitive 

target for damage by nitric oxide. Diabetes 1997; 46:1291-1295. 

79. Sarkela TM, Berthiaume J, Elfering S, Gybina AA, Giulivi C. The modulation of 

oxygen radical production by nitric oxide in mitochondria. J Biol Chem 2001; 

276:6945-6949. 

80. Ghafourifar P, Bringold U, Klein SD, Richter C. Mitochondrial nitric-oxide synthase 

stimulation causes cytochrome c release from isolated mitochondria. Evidence for 

intramitochondrial peroxynitrite formation. J Biol Chem 1999; 274:31185-31188.  

81. Ghafourifar P, Richter C. Mitochondrial nitric oxide synthase regulates mitochondrial 

matrix pH. Biol Chem 1999; 380:1025-1028. 

82. Bringold U, Ghafourifar P, Richter C. Peroxynitrite formed by mitochondrial NO 

synthase promotes mitochondrial Ca
2+ 
release. Free Radic Biol Med 2000; 29:343-

348. 



Pharmacologyonline 2: 850-872 (2009)                          Delgado Roche et al. 

 

 

868

83. Joza N, Kroemer G, Penninger JM. Genetic analysis of the mammalian cell death 

machinery. Trends Genet 2002; 18:142-149. 

84. Muller M, Wilder S, Bannasch D, et al. p53 activates the CD95 (APO-1/Fas) gene in 

response to DNA damage by anticancer drugs. J Exp Med 1998; 188:2033-2045. 

85. Yabuki M, Tsutsui K, Horton AA, Yoshioka T, Utsumi K. Caspase activation and 

cytochrome c release during HL-60 cell apoptosis induced by a nitric oxide donor. 

Free Radic Res 2000; 32:507-514. 

86. Li J, Bombeck CA, Yang S, Kim YM, Billiar TR. Nitric oxide supresses apoptosis via 

interrupting caspase activation and mitochondrial dysfunction in cultured hepatocytes. 

J Biol Chem 1999; 274:17325-17333. 

87. Zeigler MM, Doseff AI, Galloway MF, et al. Presentation of nitric oxide regulates 

monocyte survival through effects on caspase-9 and caspase-3 activation. J Biol Chem 

2003; 278:12894-12902. 

88. Marshall HE, Stamler JS. Nitrosative stress-induced apoptosis through inhibition of 

NF-kappa B. J Biol Chem 2002; 277:34223-34228. 

89. Jekabsone A, Ivanoviene L, Brown GC, Borutaite V. Nitric oxide and calcium 

together inactivate mitochondrial complex I and induce cytochrome c release. J Mol 

Cell Cardiol 2003; 35:803-809. 

90. Hengartner MO. The biochemistry of apoptosis. Nature 2000; 407:770-776. 

91. Neely JR, Rovetto MJ, Whitmer JT, Morgan HE. Effects of ischemia on function and 

metabolism of the isolated working rat heart. Am J Physiol 1973; 225:651-58. 

92. Lopaschuk GD, Belke DD, Gamble J, Itoi T, Schonekness BO. Regulation of fatty 

acid oxidation in the mammalian heart and disease. Biochim Biophys Acta 1994; 

1213:263–276. 

93. Das AM and Harris DA. Regulation of the mitochondrial ATP synthase in intact rat 

cardiomyocytes. Biochem J 1990; 266:355–361. 

94. Vuorinen K, Ylitalo K, Peuhkurinen K, Raatikainen P, Ala Rami A, Hassinen IE. 

Mechanisms of ischemic preconditioning in rat myocardium. Roles of adenosine, 

cellular energy state, and mitochondrial F1Fo-ATPase. Circulation 1995; 91:2810–

2818. 

95. Smith DR, Stone D, Darley-Usmar VM. Stimulation of mitochondrial oxygen 

consumption in isolated cardiomyocytes after hypoxia-reoxygenation. Free Radical 

Res 1996; 24:159–166. 



Pharmacologyonline 2: 850-872 (2009)                          Delgado Roche et al. 

 

 

869

96. Trueblood NA, Ramasamy R, Wang LF, Scaefer S. Niacin protects the isolated heart 

from ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol 2000; 279:H764–

H771. 

97. Levraut J, Iwase H, Shao ZH, Vanden Hoek TL, Schumacker PT. Cell death during 

ischemia; relationship to mitochondrial depolarization and ROS generation. Am J 

Physiol 2003; 284:H549–H558. 

98. Jennings RB, Reimer KA, Steenbergen C. Effect of inhibition of the mitochondrial 

ATPase on net myocardial ATP in total ischemia. J Mol Cell Cardiol 1991; 23:1383–

1395. 

99. Rouslin W. Mitochondrial complexes I, II, III, IV, and V in myocardial ischemia and 

autolysis. Am J Physiol 1983; 244:H743–H748. 

100. Hardy L, Clark JB, Darley-Usmar VM, Smith DR, Stone D. Reoxygenation-

dependent decrease in mitochondrial NADH: CoQ reductase (Complex I) activity in 

the hypoxic/reoxygenated rat heart. Biochem J 1991; 274:133–137. 

101. Borutaite V, Morkuniene R, Budriunaite A, et al. Kinetic analysis of changes in 

activity of heart mitochondrial oxidative phosphorylation system induced by ischemia. 

J Mol Cell Cardiol 1996; 28:2195–2201. 

102. Taniguchi M, Wilson C, Hunter CA, Pehowich DJ, Clanachan AS, Lopaschuk GD. 

Dichloroacetate improves cardiac efficiency after ischemia independent of changes in 

mitochondrial proton leak. Am J Physiol 2001; 280:H1762–H1769. 

103. Yamamoto S, Matsui K, Ohashi N. Protective effect of Na+/H+ exchange inhibitor, 

SM-20550, on impaired mitochondrial respiratory function and mitochondrial Ca
2+
 

overload in ischemic/reperfused rat hearts. J Cardiovasc Pharmacol 2002; 39:569–

575. 

104. Minners J, Van Den Bos EJ, Yellon DM, Schwalb H, Opie LH, Sack MN. 

Dinitrophenol, cyclosporin A, and trimetazidine modulate preconditioning in the 

isolated rat heart: support for a mitochondrial role in cardioprotection. Cardiovasc Res 

2000; 47:68–73. 

105. Rodrigo GC, Lawrence C and Standen, NB. Dinitrophenol pretreatment of rat 

ventricular myocytes protects against damage by metabolic inhibition and reperfusion. 

J Mol Cell Cardiol 2002; 34:555–569. 

106.  Bienengraeber M, Ozcan C and Terzic A. Stable transfection of UCP1 confers 

resistance to hypoxia/reoxygenation in a heart-derived cell line. J Mol Cell Cardiol 

2003; 35:861–865. 

107. Hoerter J, Gonzalez BM, Couplan E, et al. Mitochondrial UCP1 expressed in the 

heart of transgenic mice protects against ischemic-reperfusion damage. Circulation 

2004; 110:528–533. 



Pharmacologyonline 2: 850-872 (2009)                          Delgado Roche et al. 

 

 

870

108. Ambrosio G, Zweier JL, Duilio C, et al. Evidence that mitochondrial respiration is a 

source of potentially toxic oxygen free radicals in intact rabbit hearts subjected to 

ischemia and reflow. J Biol Chem 1993; 268:18532–18541. 

109. Schaper J, Schaper W. Reperfusion of ischemic myocardium: ultrastructural and 

histochemical aspects. J Am Coll Cardiol 1983; 1:1037–1046. 

110. Di Lisa F, Menabo R, Canton M, Petronilli V. The role of mitochondria in the 

salvage and the injury of the ischaemic myocardium. Biochim Biophys Acta 1998; 

1366:69–78. 

111.  Nuñez R, Calva E, Marsch M, Briones E, Lopez SF. NAD glycohydrolase activity 

in hearts with acute experimental infarction. Am J Physiol 1976; 231:1173–77. 

112. Ziegler DM. Role of reversible oxidation-reduction enzyme thiols-disulfides in 

metabolic regulation. Annu Rev Biochem 1985; 54:305–329. 

113.  Ceconi C, Bernocchi P, Borsano A, et al. New insights on myocardial pyridine 

nucleotides and thiol redox state in ischemia and reperfusion damage. Cardiovasc Res 

2000; 47:586–594. 

114. Hwang YC, Sato S, Tsai JY, Yan S, Bakr S, Zhang H, Oates PJ, Ramasamy R. 

Aldose reductase activation is a key component of myocardial response to ischaemia. 

FASEB J 2002; 16:243–245. 

115. Casey TM, Pakay JL, Guppy M, Arthur PG. Hypoxia causes downregulation of 

protein and RNA synthesis in noncontracting mammalian cardiomyocytes. Circ Res 

2002; 90:777–783. 

116. Damy T, Ratajczak P, Robidel E, et al. Up-regulation of cardiac nitric oxide 

synthase 1-derived nitric oxide after myocardial infarction in senescent rats. FASEB J 

2003; 13:1934–1936. 

117.  Ping P, Song C, Zhang J, et al. Formation of protein kinase Cε–Lck signaling 

modules confers cardioprotection. J Clin Invest 2002; 109:499–507. 

118. Levy FH, Kelly DP. Regulation of ATP synthase subunit e gene expression by 

hypoxia: cell differentiation stage-specific control. Am J Physiol 1997; 272:457–65. 

119. Dennis SC, Gevers W, Opie LH. Protons in ischemia: where do they come from; 

where do they go? J Mol Cell Cardiol 1991; 23:1077–1086. 

120. Ladilov YV, Siegmund B, Piper HM. Protection of reoxygenated cardiomyocytes 

against hypercontracture by inhibition of Na+/H+ exchange. Am J Physiol 1995; 

268:H1531–H1539. 

121. Jennings RB, Herdson PB, Sommer HM. Structural and functional abnormalities in 

mitochondria isolated from ischemic dog myocardium. Lab Invest 1969; 20:548–557. 



Pharmacologyonline 2: 850-872 (2009)                          Delgado Roche et al. 

 

 

871

122. Toleikis A, Dzja P, Praskevicius A,  Jasaitis A. Mitochondrial functions in ischemic 

myocardium. I. Proton electrochemical gradient, inner membrane permeability, 

calcium transport and oxidative phosphorylation in isolated mitochondria. J Mol Cell 

Cardiol 1979; 11:57–76. 

123.  Di Lisa F, Menab`o R, Barbato R, Siliprandi N. Contrasting effects of propionate 

and propionyl-L-carnitine on energy-linked processes in ischemic hearts. Am J 

Physiol 1994; 267:H455–H461. 

124. Cairns CB, Ferroggiaro AA, Walther JM, Harken AH, Banerjee A. Postischemic 

administration of succinate reverses the impairment of oxidative phosphorylation after 

cardiac ischemia and reperfusion injury. Circulation 1997; 96:260–265. 

125. Veitch K, Hombroeckx A, Caucheteux D, Pouleur H,  Hue L. Global ischaemia 

induces a biphasic response of the mitochondrial respiratory chain. Anoxic pre-

perfusion protects against ischaemic damage. Biochem J 1992; 281:709–715. 

126. Paradies G, Pedrosillo G, Pistolese M, Di Venosa N, Federici A, Ruggiero FM. 

Decrease in mitochondrial complex I activity in ischaemic/reperfused rat heart: 

involvement of reactive oxygen species and cardiolipin. Circ Res 2004; 94:53–59. 

127. Paradies G, Pedrosillo G, Pistolese M, Ruggiero FM. Reactive oxygen species affect 

mitochondrial electron transport complex I activity through oxidative cardiolipin 

damage. Gene 2002; 286:135–141. 

128. Abe K, Hayashi N, Terada H. Effect of endogenous nitric oxide on energy 

metabolism of rat heart mitochondria during ischemia and reperfusion. Free Radical 

Biol Med 1999; 26:779–787. 

129. Riob`o NA, Clementi E, Melani M, et al. Nitric oxide inhibits mitochondrial 

NADH: ubiquinone reductase activity through peroxynitrite formation. Biochem J 

2001; 359:139–145. 

130. Bosetti F, Baracca A, Lenaz G, Solaini G. Increased state 4 mitochondrial 

respiration and swelling in early-post ischemic reperfusion of rat heart. FEBS Lett 

2004; 563:161–164. 

131. Geshi E, Konno N, Yanagishita T, Katagiri T. Impairment of mitochondrial 

respiratory activity in the early ischemic myocardium with special reference to 

electron transport system. Jpn Circ J 1988; 52:535–542. 

132. Piper HM, Sezer O, Schleyer M, Schwartz P, Hutter JF, Spieckermann PG. 

Development of ischemia-induced damage in defined mitochondrial subpopulations. J 

Mol Cell Cardiol 1985; 17:885–896. 

133. Borutaite V, Morkuniene R, Budriunaite A, et al. Kinetic analysis of changes in 

activity of heart mitochondrial oxidative phosphorylation system induced by ischemia. 

J Mol Cell Cardiol 1996; 28:2195–2201. 



Pharmacologyonline 2: 850-872 (2009)                          Delgado Roche et al. 

 

 

872

134.  Lesnefsky EJ, Tandler B, Ye J, Slabe TJ, Turkaly J, Hoppel CL. Myocardial 

ischemia decreases oxidative phosphorylation through cytochrome oxidase in 

subsarcolemmal mitochondria. Am J Physiol 1997; 273:H1544–H1554. 

135. Moreno SR, Devars S, Lopez GF, Uribe A, Corona N. Distribution of the control of 

oxidative phosphorylation in mitochondria oxidizing NAD-linked substrates. Biochim 

Biophys Acta 1991; 1060:284–292 

136. Rossignol R, Letellier T, Malgat M, Rocher C, Mazat JP. Tissue variation in the 

control of oxidative phosphorylation; implication for mitochondrial diseases. Biochem 

J 2000; 347:45–53 

137. Rouslin W. The mitochondrial adenosine 5_-triphosphatase in slow and fast heart 

rate hearts. Am J Physiol 1987; 252:H622–H627. 

138. Rouslin W, Broge CW. Mechanisms of ATP conservation during ischemia in slow 

and fast heart rate hearts. Am J Physiol 1993; 264:C209–C216. 

139. Vander Heide RS, Hill ML, Reimer KA, Jennings RB. Effect of reversible ischemia 

on the activity of the mitochondrial ATPase: relationship to ischemic preconditioning. 

J Mol Cell Cardiol 1996; 28:103–112. 

140. Scholz TD, Balaban RS. Mitochondrial F1-ATPase activity of canine myocardium: 

effects of hypoxia and stimulation. Am J Physiol 1994; 266:H2396–H2403. 

141. Power J, Cross RL, Harris DA. Interaction of F1-ATPase, from ox heart 

mitochondria with its naturally occurring inhibitor protein. Studies using radio-

iodinated inhibitor protein. Biochim Biophys Acta 1983; 724:128–141. 

 

 

 

 

 

 

 

 

 

 

 

 


