
Brain tissue ischemia/reperfusion (I/R) injury

occurs under pathological conditions, such as ischemic

stroke, cardiac arrest, head trauma or perinatal hypoxic�

ischemic injury. Stroke is the fifth leading cause of death

in the world, and one in six people worldwide will have a

stroke in their lifetime. Due to the increase in the average

population age, the frequency of stroke is predicted to

rise rapidly in the near future. Another clinical manifes�

tation of I/R is a perinatal hypoxic�ischemic (HI) injury

and the worldwide mortality in infants had reached 1.15

million in 2010 [1]. In survivors, the estimated cost for

clinical and lifetime care is projected to be trillions of

dollars [2]. Despite the prevalence and devastating costs

of brain ischemia, the major effective treatment in the

clinic for stroke cases is still mechanical or pharmacolog�

ical reinstatement of blood supply or reperfusion. The

intracellular mechanisms of acute brain injury in I/R are

far from being completely understood. Development of

therapeutic interventions ameliorating the tissue damage

is an area of active research. The present review summa�

rizes recent advances in the studies of impairment of

mitochondrial complex I during acute primary and sec�

ondary energy failure in the brain I/R. I have limited this

review to only acute changes that take place within the

first hours of tissue injury, as various aspects of the I/R

effect on mitochondrial metabolism have been covered

elsewhere [3�6].

MITOCHONDRIAL RESPIRATORY CHAIN AND

MITOCHONDRIAL COMPLEX I

Our brain relies mostly on mitochondria to produce

energy via the combined activity of metabolic enzymes,

respiratory chain, and ATP synthase (Fig. 1).

Carbohydrates, fats, and amino acids are eventually

degraded to simpler, universal intermediates that can be

oxidized releasing energy to be captured. The oxidation

process begins with the transfer of electrons derived from

substrates through a system of carriers of the respiratory

chain located in the inner mitochondrial membrane.
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Respiratory chain complexes transfer electrons in a series

of steps to oxygen, the terminal electron acceptor (Fig.

1). The free energy of the redox reactions is used by com�

plexes I, III, and IV to translocate protons and form the

proton motive force (Δp) across the membrane (Fig. 1).

The back�flow of protons from the intermembrane space

to the matrix drives the synthesis of ATP from ADP and

inorganic phosphate at complex V. The energy demand of

the brain is provided by the process above and most of this

energy in form of ATP is required for ion transport during

neuronal action potential propagation.

Contrary to the biochemical textbook scheme

depicting complexes I and II as the only points of elec�

tron entry into the respiratory chain, there are other

dehydrogenases involved in this process. In the brain, two

other major dehydrogenases are located at the inner

mitochondrial membrane and transfer electrons from

their substrates to ubiquinone. These are glycerol 3�phos�

phate dehydrogenase (GPDH) on the outer side [7] and

electron transfer flavoprotein (ETF) of fatty acids oxida�

tion (ETF:ubiquinone oxidoreductase system) at the

inner side of the mitochondrial membrane [8] (Fig. 1).

Complex I, or proton�pumping NADH dehydroge�

nase (NADH:ubiquinone oxidoreductase), is solely

responsible for the oxidation of matrix NADH and regen�

eration of NAD+ required for the steady�state operation

of catabolism (e.g., TCA cycle, β�oxidation of fatty acids,

and glycolysis). Complex I also pumps 4 protons per 2

electrons passed from NADH to ubiquinone and, there�

fore, has the highest efficiency output in the respiratory

chain [9] (Fig. 1).

Mitochondrial complex I is a membrane�bound L�

shaped enzyme with a membrane arm and a hydrophilic

peripheral arm that extends into the matrix. The mam�

malian enzyme is composed of 45 subunits and the func�

tion of many of them is still not clear. Among 14 con�

served core subunits that are sufficient for catalysis in the

bacterial enzyme, seven membrane ND subunits are

encoded by the mitochondrial DNA [10]. The enzyme

molecule can be divided into three functional modules:

peripheral N module where NADH binds, central Q

module that reduces ubiquinone, and membrane P mod�

ule which pumps protons across the membrane [11]. All

redox centers of the enzyme are located in the N and Q

modules. Complex I contains one molecule of tightly, but

non�covalently bound flavin mononucleotide (FMN)

and eight iron�sulfur clusters. Flavin directly accepts

electrons from NADH and transfers them towards a series

of iron�sulfur clusters that provide an electron pathway to

the membrane ubiquinone. The final step of ubiquinone

reduction most likely involves the formation of semi�

quinone intermediate(s) involved in energy transforma�

tion [12, 13]. The energy released at this final step drives

long�range conformational changes, driving proton

pumping by ND subunits in the membrane P module

[14].

Complex I oxidizes NADH by membrane

ubiquinone during physiological forward electron trans�

fer, which involves probably all redox centers of complex

I, but the enzyme is also able to catalyze other reactions

(see [15] for the review). NADH:ubiquinone reductase

reaction is sensitive to classical quinone�like inhibitors of

Fig. 1. Mitochondrial oxidative phosphorylation in the inner mitochondria membrane. Electrons from substrates are supplied to at the

ubiquinone (Q) level from various dehydrogenases. ETF:ubiquinone oxidoreductase (ETF:Q) transfers electrons from the dehydrogenation

step of various acyl�CoA to enoyl�CoA in fatty acids oxidation in the matrix. Glycerol 3�phosphate dehydrogenase (GPDH) at the outer side

of the inner membrane oxidizes glycolytic glycerol 3�phosphate (G3P) to dihydroxyacetone phosphate (DHAP). Complex II or succinate

dehydrogenase of the tricarboxylic (TCA) cycle oxidizes succinate (Suc) to fumarate (Fum). NADH dehydrogenase (NADH:ubiquinone oxi�

doreductase) or complex I is depicted as structural model (PDB 6G2J) with atoms shown as spheres. Complex I oxidizes NADH generated in

fatty acids oxidation, TCA cycle, and malate/aspartate shuttle (Mal/Asp shuttle). Respiratory chain complexes I, III, and IV pump protons

(H+) across the membrane (white arrows) to create proton motive force (Δp) to drive ATP synthesis at complex V.
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the enzyme (rotenone, piericidin A). NADH can be also

oxidized by so�called artificial acceptors (ferricyanide,

hexaammineruthenium), which react with the enzyme at

the level of FMN or first iron�sulfur clusters. This reac�

tion occurs in the N module and it is not sensitive to spe�

cific hydrophobic inhibitors or genetic modifications in

the subunits of the Q or P modules. Complex I can also

reduce molecular oxygen and generate reactive oxygen

species (ROS) in the form of superoxide or H2O2. Under

physiological conditions, complex I is probably a major

contributor to ROS production by the mitochondrial res�

piratory chain.

Importantly, the physiological forward reaction of

NADH oxidation by ubiquinone is reversible. Complex I

can oxidize membrane ubiquinol and reduce NAD+ dur�

ing in the process called reverse electron transfer (RET).

During energy�consuming RET reaction, electrons are

pushed “uphill” against the difference of redox potential,

and this process requires a high QH2/Q ratio and the

presence of a proton motive force across the membrane.

These conditions are fulfilled during oxidation of succi�

nate, glycerol 3�phosphate, or fatty acids. Corresponding

dehydrogenases generate ubiquinol, while the proton

motive force is created through combined operation of

complexes III and IV downstream. Succinate�supported

RET reaction was first characterized in vitro more than 60

years ago [16, 17], but recently gained interest in in vivo

studies, since the level of succinate can be significantly

elevated under some pathological conditions including

tissue ischemia [18�22]. The highest rate of ROS produc�

tion in intact mitochondria or submitochondrial particles

was found during RET [23�29]. It should be noted that

after reduction of all available matrix NAD+, mitochon�

dria come into the steady�state conditions of RET, in

which all redox centres of complex I are reduced and the

rate of the transfer via complex I probably represents a

one�electron leak to oxygen. Most likely, reduced or

semireduced flavin of complex I is the direct reductant for

oxygen in ROS generation under these conditions [24,

30�34].

Complex I from mammals can undergo slow confor�

mational active/deactive (A/D) transition, which was ini�

tially characterized by the Vinogradov’s group [35�38].

Two distinct catalytic forms of the enzyme were described

in mitochondrial preparations in vitro [39�45] and in var�

ious tissues ex vivo [46�52], indicating the significance of

A/D transition in the regulation of the enzyme in situ.

The difference in the kinetic and structural properties

between the A and the D forms, as well as diagnostic tests

for both forms, are covered in several comprehensive

reviews [53�55] and I only briefly describe them here.

In situ or in vitro complex I is represented by an

equilibrating mixture of the A and the D forms of the

enzyme [53, 55]. In the absence of substrates at physio�

logical temperatures, the equilibrium is shifted towards

the catalytically dormant D�form. If both substrates

(NADH and ubiquinone) are available, the D�form can

perform a very slow (1 min–1) turnover resulting in the

conformational D to A transition and formation of the

catalytically active (104 min–1) A�form [53, 55]. Interest�

ingly, turnover�dependent activation can take place only

during forward reaction and D to A conversion cannot

take place during RET, since the transfer of electrons

from ubiquinol to the last iron�sulfur cluster is blocked in

the D�form [31, 56]. Physiologically, deactivation of the

enzyme occurs during tissue ischemia or metabolic

hypoxia, when electron transfer is halted at the level of

complex IV, mitochondrial respiration suspended so that

the entire quinone pool is reduced [46�51]. In the absence

of substrate quinone, complex I is idle and A to D con�

version takes place. Intriguingly, following arrest of blood

circulation, deactivation occurs at a faster rate in brain

than in cardiac tissue [57]. Upon reoxygenation and

increase in the level of oxidized quinone, the dormant D�

form of complex I is converted to the A�form within min�

utes, but the time course of activation is not completely

defined yet. Natural effectors, such as free fatty acids [58]

and calcium [56], can significantly decrease the rate of D

to A conversion, while sodium slightly increases this rate

[59].

Structural differences between the A� and D�form

identified in our labelling and crosslinking studies were

found to all be located close to the Q�binding site near the

junction of Q and P modules [40, 44, 60]. Critical thiol

residue (cysteine 39) of the flexible hydrophilic loop in

the membrane ND3 subunit was found to be exposed to

the outside only in the D�form, but not in the A�form

[37, 40]. We also found that deactivation led to a higher

exposure of several other subunits, such as membrane�

bound ND1 and NADPH�binding subunit NDUFA9

[44, 60]. Surprisingly, no subunits were found to be more

exposed in the A�form [55], suggesting that the D�form

corresponds to a “relaxed” conformation, while the A�

form corresponds to a “tense” conformation of the

enzyme. This was further confirmed by cryoelectron

microscopy studies of the mammalian [61] and yeast [62]

enzymes. Both catalytic forms of complex I were

described for the enzyme from mouse heart [63], where it

was revealed that significant changes occur in the trans�

membrane helical structures of mitochondrial�encoded

ND subunits. Several catalytically important amino acids

rotate upon deactivation around the α�helical axis within

the lipid bilayer. Structures of both catalytic forms are

available in PDB format (PDB 6G2J and 6G72) [63].

Although complex I has been extensively studied for

over half a century, its structure has been resolved only

recently [64�66], and the regulation of the enzyme in situ

is not completely understood. Impairment of this enzyme

is the most frequently found cause of inherited mitochon�

drial disorders [67], affected in aging [68], and neurode�

generation [69]. Complex I is also a major source, as well

as a target, of deleterious ROS [55].
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PHYSIOLOGICAL CHANGES IN RESPONSE

TO BRAIN ISCHEMIA/REPERFUSION

Before discussing the details of the I/R effect on

mitochondrial complex I, it would be best to briefly

describe changes in the energy metabolism after arrest of

blood circulation in the brain. The amounts of glucose

and alternative substrates, such as glycogen, lactate, and

fatty acids, are significantly higher than tissue oxygen

available for their oxidation [5]. At any given moment,

the amount of oxygen present in a human brain in the

hemoglobin�bound and dissolved forms is estimated

around 250 μmol per brain [70]. This would be enough to

support metabolism at the average oxygen consumption

rate during resting wakefulness of 1.88 mmol/min per

brain [71] for around 10 s, which is about the time of con�

sciousness after the complete arrest of brain circulation.

In mice, brain oxygen is completely depleted within only

a few seconds following cardiac arrest [72]. Mitochondria

of neurons and astrocytes consume more than 75% of

oxygen delivered to the brain [5] and therefore these cells

are the most sensitive to oxygen deprivation. Oxygen

deficit strongly affects mitochondrial metabolism which

provides most intracellular ATP by oxidation of substrates

generated during glycolysis, Krebs cycle, and fatty acids

degradation (Fig. 1). In mice and rats, a rapid fall in the

ATP level occurs within 2�5 s of brain ischemia [3, 73].

Ischemia�induced arrest of mitochondrial respiration and

ATP generation is defined as a primary energy failure.

Without oxygen, electron transfer at complex IV is

stopped, leading to a complete reduction of mobile elec�

tron carriers (NAD(P)H and quinone) and all compo�

nents of the respiratory chain. Since metabolic substrates

are still available, rapid accumulation of catabolic inter�

mediates (lactate, succinate, free fatty acids, acyl�CoA,

and glycerol) takes place. Energy crisis due to the low

ATP production, in turn, has a deleterious effect on ion

homeostasis. Under physiological conditions, ion trans�

port machinery maintains a 30�fold higher concentration

of intracellular potassium ions, 7�fold lower concentra�

tion of intracellular sodium, and a five orders�of�magni�

tude lower intracellular calcium concentration in com�

parison to the extracellular fluid. The lack of ATP leads to

the arrest of energy�dependent ion pumps and therefore,

ion imbalance. Eventually, this results in a drop of plasma

membrane potential and dramatic increase in the intra�

cellular sodium concentration. The activity of the

Na+/Ca2+ exchanger in the plasma membrane leads to a

significant rise of cytoplasmic as well as intramitochondr�

ial calcium concentrations and development of tissue

edema [74, 75]. At the same time, residual carbohydrates

are metabolized to lactate in the process of anaerobic gly�

colysis, which is linked to the acidification of the cyto�

plasm. The magnitude of acidification depends on the

initial brain glucose and glycogen content prior to

ischemia and further influences the ionic imbalance of

excitable brain cells. Neurons are also extremely sensitive

to the so�called glutamate excitotoxicity. Due to the rise

of the intracellular calcium level, the neurotransmitter

glutamate is released from synaptic vesicles; glutamate

activation of ionotropic receptors results in increased

energy�consuming electrical activity, especially under

conditions of reduced glutamate uptake by astrocytes in

ischemia. This causes more calcium imbalance and fur�

ther decreases energy supplies of the cell, augmenting the

neuronal damage [5].

Permanent ischemia results in the eventual death of

cerebral tissue, specifically damaging neurons and oligo�

dendrocytes in the area supplied by the occluded artery

[76]. Restoration of oxygen is a prerequisite for cell sur�

vival after ischemia; therefore, adequate reestablishment

of blood flow (reperfusion) is required within 15�30 min.

Ischemia�affected tissue can be formally divided into the

“core” with a severe drop in the oxygen level and sur�

rounding “penumbra”, where collateral circulation pro�

vides partial oxygen delivery. The time course of ATP

decline, lactate rise, acidification, and changes in the

intracellular calcium concentration in the core and

penumbra areas are different, reflecting different levels of

metabolism. When the blood supply is restored, the

dynamics of oxygen delivery and consumption is also dif�

ferent in the core and the penumbra, indicating differ�

ences in the cell damage and microvasculature state.

Irreversibly damaged cells in the core area eventually

undergo degradation and within weeks, this area becomes

a lesion. Cells in the penumbra with partial energy metab�

olism may survive, depending on the duration of the

occlusion and regiment of reoxygenation [77]. Redelivery

of oxygen initiates mitochondria respiration leading to

the recovery of ATP to satisfy cellular energy demands.

The early stage of reperfusion is also associated with a

transient rise of the level of ROS probably produced via

several enzymatic systems, including mitochondria. This

leads to the development of oxidative stress and further

tissue injury. In several in vivo models of brain I/R, ATP

levels and intensity of mitochondrial oxidative phospho�

rylation decline again a few hours later, manifesting the

so�called secondary energy failure mediated by still

unknown mechanism [3�5].

EFFECT OF BRAIN ISCHEMIA/REPERFUSION

ON MITOCHONDRIAL COMPLEX I

Brain I/R and mitochondrial respiration. Swelling of

mitochondria and disruption of the inner membrane after

prolonged ischemia were observed by electron

microscopy and after histochemical analysis in early stud�

ies [78, 79]. The impairment of NADH�dependent dehy�

drogenases activity after ischemia takes place earlier than

the decline of succinate�dependent activity, detected by

staining with cell viability tetrazolium�based dyes [78,
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80]. Today, this can be interpreted as direct evidence for a

higher vulnerability of complex I to ischemia in compar�

ison with the rest of the respiratory chain. The inhibitory

effect of the absence of oxygen on mitochondrial respira�

tion was first demonstrated in a model of global ischemia

in exsanguinated rats [81, 82]. With glutamate as a sub�

strate, respiration of intact mitochondria isolated follow�

ing as short as 2 min of ischemia was only 25% when

compared to the naпve animals. Using a model of com�

pressive brain ischemia in rabbits, a significant decrease

in ADP�stimulated respiration on malate and glutamate

was found after 20�40 min of increased intracranial pres�

sure, but no effect of ischemia on the ATPase activity was

observed [83, 84]. Similar results were obtained using

bilateral brain ischemia in gerbils, where a twofold

decline in respiration following 60 min of oxygen depri�

vation was demonstrated [85]. It can be concluded, that

ischemia only inhibits mitochondrial respiration when

substrates of NAD+�dependent dehydrogenases of the

TCA cycle are used to provide NADH for complex I.

The pathophysiology of the primary energy failure

due to the absence of oxygen demonstrated in early stud�

ies is complicated by the fact that the severity of initial tis�

sue injury is further affected by the recirculation.

Redelivery of oxygen is essential for tissue survival, but at

the same time, reperfusion leads to multiple indirect or

secondary consequences for cell recovery in this area. The

results obtained using complete brain ischemia model in

rats showed almost full recovery of respiration with

malate and glutamate or succinate after 30 min of recir�

culation, even when a significant inhibition of respiratory

function occurred during the ischemic event [86]. In this

work, respiration on malate and glutamate was affected

more than succinate�supported oxygen consumption in

complete as well as incomplete models of ischemia.

However, 30 min reperfusion after incomplete ischemia

led to a further decrease of respiration, indicating that the

severity of ischemia and intensity of reperfusion define

I/R damage to the tissue [86, 87]. The possible scenario

of I/R injury development is further complicated by a

phenomenon of secondary energy failure. Thus, transient

focal ischemia in rats resulted in a twofold decline of

ADP�stimulated oxygen uptake in brain homogenates

supplied with malate and pyruvate, which was followed by

a complete recovery after 1 h of recirculation and then a

secondary gradual decrease (3�24 h) [88]. This effect was

also dependent on a brain subregion taken for sampling.

The assessment of isolated intact mitochondria in a simi�

lar model [89] confirmed changes of respiration after I/R,

describing ischemia�induced decline first, then recovery

shortly after reoxygenation, and a secondary decline of

complex I�supported oxygen consumption.

Practical aspects. There are several practical consid�

erations that should be taken into account when dis�

cussing the available data on the measurements of mito�

chondrial respiration in brain samples following I/R. A

problem in interpreting the results produced in earlier

works is that few comparable studies used the same in vivo

models of ischemia, applied the same anesthetics, or even

used the same brain subregions for sampling. These

parameters affect the outcome of these models, as well as

biochemical characteristics of the obtained samples. The

measurements of oxygen consumption by a preparation

of intact mitochondria isolated from the affected brain

area after I/R can indeed provide a convenient and phys�

iologically relevant marker of mitochondrial function.

However, respiration measurements must be interpreted

with caution. Brain tissue is composed of different cell

types, e.g., there is almost an equal number of neurons

and glial cells in the mouse cortex, while in the cerebel�

lum, the glia/neurons ratio is 1 : 6 [90]. Therefore, prepa�

rations of intact brain mitochondria obtained by standard

homogenization/differential centrifugation techniques of

cerebral tissue are most likely represented by fractions of

mitochondria from various cell types, and contribution of

each fraction depends on the brain area taken for isola�

tion. Since the absolute content of mitochondria and

intensity of oxidative phosphorylation in neurons and

glial astrocytes are not the same and these cell types are

affected differently in I/R, the resulting respiration data is

hard to attribute to mitochondria of “neurons only”.

In practice, for characterization of oxygen consump�

tion by isolated mitochondria, several combinations of

substrates are used to initiate respiration at various entry

points. For example, palmitoyl carnitine can be used to

reduce quinone, which is a substrate for the membrane

ETF:ubiquinone oxidoreductase system of fatty acids oxi�

dation [91]. Glycerol 3�phosphate is a substrate of mito�

chondrial glycerol 3�phosphate dehydrogenase that pass�

es electrons to the quinone pool which then feeds them to

complexes III�IV [92]. The succinate/glutamate combi�

nation provides respiration via complexes II�III�IV, while

malate and pyruvate or malate and glutamate are used to

reduce matrix NAD+ to support respiration from complex

I to complexes III�IV. The effect of I/R on mitochondria,

detected as a change in respiration when mitochondria

oxidize various substrates, may not solely reflect the effect

on respiratory chain enzymes (i.e., complexes I�IV).

Mitochondrial respiration is a product of several factors,

including membrane integrity and composition, transport

of substrates, and activities of NAD+�dependent dehy�

drogenases of the TCA cycle, ATP synthase, and eventu�

ally respiratory chain complexes. Therefore, the assess�

ment of activity of individual complexes in permeabilized

mitochondria or mitochondrial fragments is essential for

pinpointing impairments in individual complexes. It can

be assumed that at the early stages of reperfusion (up to 3�

4 h), the mitochondrial content in the sample does not

change significantly [27, 74, 93]. At longer time intervals,

however, necrotic or apoptotic degradation of tissue could

lead to a decrease in the number of live cells and there�

fore, the apparent decline of respiratory complexes activ�
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ity is due to a decrease in mitochondrial content.

Mitochondrial content is usually assessed as specific cit�

rate synthase activity or by the quantification of

cytochrome content per milligram of protein in the

preparation. Most likely, in some early studies, a drop in

respiration after reperfusion�induced recovery could be

attributed to the tissue lysis�induced decrease in mito�

chondrial content, i.e., decrease in the number of live

cells in the affected area. It is very likely, that a decline in

mitochondrial respiration within 12�56 h of recirculation

in the model of complete cerebral ischemia in cats can be

explained by tissue degradation as well as the relatively

harsh proteolysis used for isolating mitochondrial frac�

tions [94].

Brain I/R and mitochondrial complex I. Early finding

showing the direct effect of I/R on mitochondrial respira�

tion supported by the substrates of NAD+�dependent

dehydrogenases (malate/pyruvate or malate/glutamate)

can now be interpreted as clear indications of complex I

involvement. To the author’s knowledge, the first demon�

strations of the I/R�induced injury of mitochondrial

complex I was carried out using a model of brain ischemia

in gerbils who possess the circle of Willis. This is a better

model of human global or focal brain ischemia than com�

monly used rats and mice. Cerebral ischemia was applied

via carotid artery occlusion for 30 min and then mito�

chondria isolated from the fresh tissue at different time

intervals following reperfusion were analyzed [95, 96].

Ischemia resulted in the decline of mitochondrial com�

plex I�mediated respiration (malate and pyruvate or

malate and glutamate) by ~ 25%, but it recovered gradu�

ally during the first 30 min of reperfusion and declined

again at 2 h. Analysis of individual respiratory chain com�

ponents showed that ischemic inhibition of respiration

was due to the decline of complex I NADH:ubiquinone

reductase activity. Succinate oxidation or citrate synthase

activity were not significantly affected. Initial recovery of

malate and glutamate mitochondrial respiration upon

reperfusion followed by a decline after 4 h was demon�

strated later using the model of transient focal ischemia in

rats [97]. Results obtained on the models of I/R injury in

adult animals are comparable to the data acquired using

the neonatal model of hypoxia�ischemia (HI) [27].

Oxygen deprivation decreased malate and glutamate�sup�

ported respiration by twofold, however reoxygenation

recovered respiration almost fully until 4 h when respira�

tion declined again. Oxidation of succinate was not

affected by the I/R [27]. Suppression of mitochondrial

activity through the ischemic inhibition of complex I was

recently shown by positron emission tomography in situ

after 3 h of middle cerebral artery occlusion (MCAO) in

nonhuman primate brain [98].

While a decrease in the mitochondrial complex I

activity has been shown in several brain I/R�related stud�

ies, the mechanism of enzyme impairment has not been

identified. Therefore, we reexamined the temporal

dynamics of enzyme impairment due to I/R in our recent

studies using the MCAO model in mice [93] and neona�

tal model of brain HI [49, 50, 99]. We found that brain

I/R caused inhibition of mitochondrial respiration via

inactivation of complex I. The time course of complex I

dysfunction was either multiphasic in the model of

MCAO in adult mice [93] but was biphasic in the neona�

tal HI model of I/R [99]. In both models, we observed

strong inhibition of complex I immediately after ischemia

and before reperfusion. This finding is in agreement with

previous studies [27, 95, 97]. Rapid and almost full recov�

ery of complex I activity after 10�15 min of reoxygenation

was followed by a respiratory decline at times longer than

4 h. We identified at least two novel distinct mechanisms

of complex I impairment at different time points. One is

the dissociation of FMN [34, 93, 99] and another is A/D

conformational change of the enzyme resulting in the

exposure of critical cysteine residue [49, 50, 53, 55]. I will

discuss them in more detail below.

Flavin release. Using in vivo models of neonatal HI

[99] and the MCAO model of ischemic stroke in adult

mice [93] we found that I/R induced inactivation of com�

plex I. Enzyme activity decline was associated with a loss

of complex I flavin mononucleotide (FMN). One mole�

cule of non�covalently bound FMN is attached at the 51

kDa subunit (NDUFV1) of complex I N�module and

directly interacts with the substrates NADH or NAD+

[64, 65, 100]. We identified the mechanism of FMN loss

from complex I following brain I/R injury. Accordingly,

in our studies [34, 93, 99], tissue ischemia�induced FMN

dissociation due to the stimulation of RET through the

enzyme. It has been shown in various in vivo models that

brain ischemia leads to a significant increase in the succi�

nate content in the tissue [18, 20�22]. In our neonatal

model of I/R [22], we found a 30�fold increase in the suc�

cinate level and it took at least 30 min of reperfusion to

bring it back to the basal level. β�Oxidation of fatty acids

is strongly inhibited with the onset of ischemia, which

leads to rapid accumulation of total unesterified fatty

acids and acyl�CoA in the brain [101, 102]. In addition,

another RET�supporting substrate, glycerol 3�phosphate,

is increased after brain ischemia [103]. Along with succi�

nate, these substrates will be oxidized by ubiquinone dur�

ing ischemia when tissue oxygen level is very low (but not

zero) or after reperfusion, supporting RET�like condi�

tions when electrons from ubiquinol are pushed uphill

towards complex I nucleotide�binding site. In the steady�

state, this would maintain high reduction of complex I

FMN, which induces dissociation of the reduced cofactor

[29, 34]. The FMN�deficient enzyme is not able to cat�

alyze physiological NADH oxidation, restricting the effi�

ciency of the respiratory chain and ATP production.

The detrimental effects of FMN dissociation may

not be limited to complex I dysfunction only. The release

of FMNH2 into the mitochondrial matrix would be

strongly prooxidative. Reduced flavin rapidly reacts with
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oxygen in the aqueous phase (rate constant, 250 M−1·s−1),

leading to the generation of superoxide and hydrogen

peroxide [104, 105]. The content of complex I in the

preparation of mouse brain mitochondria is ~20�50

pmol/mg protein (Stepanova and Galkin, unpublished

results) and the degree of complex I inactivation is 25�

35% [93, 99]. Therefore, after ischemia�induced release,

the concentration of the free flavin in the matrix could

reach 15�30 μM. At such a high level, the FMN/FMNH2

couple could be involved in a dismutation reaction pro�

ducing semi�reduced species [105], as well as serve as a

redox mediator between electron donors, such as NADH,

and available electron acceptors in the matrix.

Production of superoxide and hydrogen peroxide during

the fast non�enzymatic reaction of reduced flavin with

oxygen immediately after reoxygenation may contribute

to the transient burst of ROS generation during the initial

phases of reperfusion. The metabolic fate of oxidized free

flavin is hard to predict. Some fraction of free FMN is

going to bind to the apo�form of complex I, and another

fraction might be dephosphorylated to riboflavin or con�

verted to FAD by the ATP�dependent FAD pyrophos�

phatase [106].

Since the first attempts of complex I purification, it

has been recognized that FMN can be easily lost during

purification or dialysis of the mitochondrial NADH

dehydrogenase preparations [100]. Reduction�induced

reversible dissociation of FMN has been shown previous�

ly for the fragmented [107] and membrane�bound [108]

preparations of mammalian complex I in vitro and recent�

ly for the bacterial enzyme [109]. Enzyme reduced by

NADH quickly loses FMN; exogenously added flavin

prevents the dissociation and also reactivates the FMN�

deficient enzyme. In our in vitro studies, FMN added

during incubation of intact brain mitochondria under the

RET�like conditions partially prevented complex I inac�

tivation [99]. More importantly, administration of the

FMN precursor riboflavin (vitamin B2) before in vivo I/R

of the neonatal brain decreased the infarct size by half,

lessened the neurological deficit, and preserved complex

I activity when compared to vehicle�treated mice [99].

Interestingly, a significant fraction of acute stroke patients

was deficient of riboflavin immediately post�infarct, but

the clinical significance of these findings is not clear

[110]. Our results [34, 93, 99] provide a mechanistic

explanation behind clinical neuroprotective action of

riboflavin supplement for patients with ischemic stroke

[111]. Prophylactic administration of riboflavin to preg�

nant women may be potentially used as a supplement to

therapeutic interventions against ischemia�induced

injury under pathological conditions of fetal distress.

Thiol oxidation. Multiple studies showed reoxygena�

tion�induced oxidative stress after reperfusion as one of

the main contributors to tissue damage in brain I/R injury

[112, 113] and that endogenous glutathione is a major

component in the mitochondrial maintenance of redox

balance. Reduced glutathione, as well as other thiol

reductases, prevent or repair oxidation injury induced by

oxidative stress in I/R [6, 114]. Both glutathione content

and its redox state are strongly affected following I/R,

therefore making cysteine residues of mitochondrial pro�

teins a major target of oxidative stress [114, 115]. Various

antioxidant�based intervention strategies were proven to

be neuroprotective in in vivo models [116�118], but the

mechanism of their action is not completely understood.

Using the MCAO model of stroke [93], we found

that after reoxygenation�induced recovery, however, an

additional 30 min of recirculation led to a secondary

decrease in the mitochondrial complex I activity. Ex vivo

treatment of mitochondrial membranes obtained from

these samples with reduced glutathione partially recov�

ered complex I activity. Consequently, we hypothesized

that the enzyme impairment was likely to occur via oxida�

tive modification of the critical thiol(s) of complex I [93].

We found that 20 min of focal ischemia led to a decrease

in the total glutathione content in the affected brain area

[93]. The administration of cell�permeable glutathione

ethyl ester at the beginning of reoxygenation phase

restored glutathione content, prevented the decline of

complex I activity, and was associated with smaller infarct

size and improved neurological outcome [93]. This is in

agreement with previous studies using a rat model of

stroke, but the mechanism of neuroprotection was not

identified [118].

What residues are involved in the enzyme sensitivity

towards ROS? Based on our early studies [41, 47] and the

work of Murphy’s group [48, 119], it was reasonable to

expect that modification of the critical thiol of complex I

involved in the A/D conformational change may con�

tribute to the oxidative damage in brain I/R. The lack of

oxygen induced the change in the conformation of com�

plex I converting it to the dormant D�form in various in

vivo studies [45�48, 51]. It should be emphasized, that the

D�form is a dormant state of complex I, not inactive or

covalently modified enzyme; the D�form can be quickly

“reactivated” given access to the substrates [41, 54].

Historically, the term “deactivation” was used to indicate

the difference in kinetic behavior between the two forms

in vitro, but the D�form of the enzyme can be considered

in situ as “resting” or “dormant”. Unless specifically stat�

ed, when assessing the complex I activity ex vivo, the

enzyme was activated in the assay and both forms con�

tributed to the measured enzymatic rate [54].

The A to D conformational change leads to the

exposure of Cys39 residue of the ND3 subunit to the out�

side [40, 55]. Modification of this critical thiol arrests

reactivation of the enzyme. Oxidizing agents, such as

ROS and peroxynitrite, induced an irreversible modifica�

tion of the cysteine, while modification by low molecular

weight nitrosothiols was reversible [41, 47]. The A�form is

not sensitive to the same treatment. Therefore, the sensi�

tivity of mitochondrial complex I to the reperfusion�
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induced oxidative stress can be determined by the expo�

sure of the thiol residue involved in the ischemia�induced

A/D transition.

Recently, we confirmed the presence of reversible

ischemia�induced A/D conformational change of com�

plex I in the brain mitochondria. Combining ischemia

and hypoxia in the Rice–Vannucci neonatal brain I/R

model resulted in the increase in the D�form content

from the basal level of 10 to 35% in rats [49] and from 5 to

40% in mice [50]. Only partial deactivation of the enzyme

was found, which is not surprising, due to the inaccuracy

in the excision of the ischemic area in the focal ischemia

models before the demarcation of infarction in the brain

was developed. This is why 15�min global brain ischemia

after cardiac arrest in mice increased the fraction of the

D�form almost to 90% [120].

Therefore, prior to reperfusion, a significant fraction

of the enzyme is in the D�form with the cysteine residue

of the ND3 subunit exposed and susceptible to modifica�

tion. Reperfusion reactivates the D�form into the A�

form, but also induces oxidative stress resulting in the

irreversible inhibition of the enzyme. We found that the

reversible protective modification of the critical cysteine

of the D�form via administration of mitochondria�target�

ed nitrosating agent MitoSNO [48, 119] before reperfu�

sion attenuated oxidative stress and significantly

improved neurological recovery in I/R of the neonatal

brain [50]. The beneficial action of MitoSNO can be

explained via two mechanisms: one is the above�men�

tioned protection of the critical thiol of the enzyme pre�

venting its irreversible oxidative modification and inacti�

vation of complex I. Another mechanism is a delay of

reperfusion�induced D to A transition confining complex

I�originated ROS release by the A�form [49, 50].

Based on our recent studies, we propose the follow�

ing scenario to describe the nature of complex I damage

and its role in neuroprotection in I/R (Fig. 2). During

normoxia, the enzyme is mostly in the A�form and cat�

alyzes physiological oxidation of NADH by ubiquinone,

contributing to the formation of the potential across the

membrane. The critical Cys39 of the ND3 subunit is not

exposed, and the reduction of the enzyme is not maximal

Fig. 2. Schematic diagram illustrating proposed effects of I/R on the mitochondrial complex I. a) When oxygen is present, the enzyme cat�

alyzes a physiological forward reaction of NADH oxidation by ubiquinone (Q) supplying electrons to the rest of the respiratory chain. A large

fraction of complex I is in the catalytically active A�form with the critical Cys39 of the ND3 inaccessible. b) Succinate level is increased when

oxygen is lacking, and therefore, the active fraction of the active enzyme is able to catalyze reversed reaction (RET), when electrons are trans�

ferred from ubiquinol towards flavin (FMN) at the nucleotide�binding site of complex I. RET supports the highest rate of enzymatic ROS gen�

eration by complex I. Reduction of flavin (FMNH2) under RET conditions causes its dissociation and inactivation of complex I. c) FMNH2

can nonenzymatically react with molecular oxygen producing ROS and oxidized flavin, which can bind back to complex I. d) Prolonged

ischemia results in the conformational change of complex I to the D�form and exposure of the ND3 Cys39 residue to the outside. e) Cys39 is

irreversibly modified by ROS during reoxygenation phase but can be protected by transient nitrosation by the mitochondria�targeted S�

nitrosothiol MitoSNO.

a

b c

d e
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(Fig. 2a). The lack of oxygen induces accumulation of

succinate and glycerol 3�phosphate that can potentially

diffuse from the anoxic core and become available for the

mitochondria in the more oxygenated penumbra area.

Succinate can be oxidized by mitochondria supporting

RET�like conditions, which dramatically increases the

reduction state of complex I. This may also stimulate the

production of ROS from the enzyme; however, the main�

tenance of the enzyme’s flavin in the reduced state

induces dissociation of FMNH2 (Fig. 2b). Free cofactor

can be auto�oxidized upon reperfusion, generating non�

enzymatic ROS, and probably can bind back to the apo�

enzyme (Fig. 2c). At the same time, the low flux of elec�

trons via the enzyme during tissue ischemia may induce

the A to D conformational change of complex I, exposing

the critical Cys39 residue of the ND3 subunit (Fig. 2d).

Deactivation of complex I blocks the process of RET via

the enzyme [35], preventing ROS generation and FMN

dissociation. Most likely, the intensity of the reduction�

induced FMN�dissociation and the A/D conversion

depends on the time and depth of ischemia (i.e., core and

penumbra) and cell enzymatic status.

Reperfusion of the ischemic tissue reactivates com�

plex I (D→A transition) within seconds to minutes time

interval. Such delayed activation of the enzyme may hin�

der the burst of respiration from the pool of accumulated

NADH or succinate at the early reperfusion stage and

may serve as an intrinsic protective mechanism (Fig. 2d).

At the same time, reperfusion�induced oxidative stress

may cause thiol modification of the D�form of complex I,

leading to the enzyme impairment. If MitoSNO is pres�

ent during reperfusion, some fraction of the D�form

becomes nitrosated at the exposed critical Cys39 of the

ND3 subunit (Fig. 2e). This temporarily locks complex I

in the D�form, decreasing ROS production during early

reoxygenation. Moreover, nitrosation protects this critical

thiol from irreversible oxidative modification during

reperfusion�driven oxidative stress. The S�nitrosated

complex I is subsequently reduced by matrix thiol reduc�

tases [48], gradually recovering the D�form and eventual�

ly being converted to the catalytically competent A�form

of the enzyme.

Ultimately, determining whether A/D transition and

FMN loss protect brain tissue in vivo or contribute to the

damage will require further direct experimental testing.

Depending on the oxygen availability and length of

ischemia, flavin release and A/D transition can be either

detrimental or beneficial for the tissue survival after I/R.

On one hand, FMN release from complex I and reversible

A to D transition lowers production of enzymatic ROS

during early stages of reoxygenation. On the other hand,

free reduced flavin may be non�enzymatically auto�oxi�

dized, generating a transient burst of ROS while leaving

complex I impaired. The same stands for the A/D transi�

tion: reversible deactivation delays ROS generation dur�

ing reoxygenation but makes the enzyme vulnerable to

the oxidative damage and may result in the modification

of Cys39 residue by ROS or peroxynitrite, leaving the

enzyme in the inactive state.

SUMMARY AND PERSPECTIVES

The impairment of complex I during brain ischemia

and the following reoxygenation is well�established,

although mitochondrial damage in I/R is clearly not

caused by a single mechanism. We proposed two distinct

mechanisms of complex I impairment: RET�induced dis�

sociation of flavin cofactor and specific modifications of

the critical thiols of the enzyme. It is therefore of great

importance to characterize cell type specificity of these

mechanisms and identify to what extent neuronal and

astrocytic mitochondria are affected using established

animal models of the brain I/R. The proteomics assess�

ment of post�translational modification of mitochondrial

complex I amino acids in the brain after I/R [121] is

required in order to identify specific residues involved

into the oxidative functional damage of the enzyme.

From a more global perspective, examining whether these

processes occur in humans during ischemic stroke or

neonatal HI encephalopathies is needed to warrant a sus�

tained effort for translational research.
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