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Abstract

The purpose of this review is to integrate available data on the effect of brain ischemia/reperfusion 

(I/R) on mitochondrial complex I. Complex I is a key component of the mitochondrial respiratory 

chain and it is the only enzyme responsible for regenerating NAD+ for the maintenance of energy 

metabolism. The vulnerability of brain complex I to I/R injury has been observed in multiple 

animal models, but the mechanisms of enzyme damage have not been studied. This review 

summarizes old and new data on the effect of cerebral I/R on mitochondrial complex I, focusing 

on a recently discovered mechanism of the enzyme impairment. We found that the loss of the 

natural cofactor flavin mononucleotide (FMN) by complex I takes place after brain I/R. Reduced 

FMN dissociates from the enzyme if complex I is maintained under conditions of reverse electron 

transfer when mitochondria oxidize succinate accumulated during ischemia. The potential role of 

this process in the development of mitochondrial I/R damage in the brain is discussed.
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1. Introduction

The emphasis of this minireview is on the analysis of the available data on the effect of brain 

ischemia/reperfusion (I/R) on mitochondrial complex I. Discussion of the entire spectrum 

of I/R-induced metabolic changes in mitochondria goes beyond the scope of the present 

manuscript, and various aspects of these have been covered elsewhere (Hertz, 2008; Siesjo 

et al., 1999; Sims and Anderson, 2002; Sims and Muyderman, 2010; Ten and Starkov, 2012; 

Vannucci et al., 2004). The long-term consequences of lack of oxygen occurring at the 

transcription/translation level will not be covered in this review, in which we focus only on 

acute changes taking place from minutes to several hours of I/R.

To better understand the role of mitochondrial complex I in brain ischemia/reperfusion 

(I/R) injury, it would be best to start with a brief description of metabolic changes in 

the energy metabolism during the arrest of circulation. Oxygen and substrate deprivation 

develops as a complex consecutive series of intracellular events gradually evolving and 
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finishing in infarction or lesion of the brain tissue. The brain is usually considered the 

most sensitive organ in relation to oxygen deficiency. Since mitochondria of neurons and 

glial cells contribute the most to overall cellular oxygen consumption, brain ischemia 

would affect these organelles first. Lack of substrates and oxygen immediately decelerates 

mitochondrial oxidative phosphorylation, which generates intracellular ATP via oxidation of 

substrates generated during glycolysis, the TCA cycle, and fatty acid degradation. Within 

seconds of ischemia, cessation of mitochondrial respiration significantly decreases the 

tissue content of creatine phosphate and ATP (Lowry et al., 1964; Siesjo et al., 1999; 

Vannucci and Hagberg, 2004). Energy crisis due to the lack of ATP regeneration, in 

turn, compromises ion transport in the cellular membrane. This leads to ion imbalance 

and an increase in intracellular and intramitochondrial calcium concentration (Hillered et 

al., 1984; Kristian, 2004). Suspension of electron transfer in the respiratory chain during 

ischemia results in a sharp increase of catabolism intermediates and reducing equivalent 

carriers (NAD(P)H, succinate, ubiquinol, free fatty acids, acyl-CoA). The ischemia-induced 

arrest of mitochondrial activity is described as a primary energy failure. However, an 

increase in ADP/ATP ratio activates anaerobic glycolysis, partially satisfying ATP demand 

via degradation of remaining carbohydrates to lactate which is associated with cellular 

acidification.

Permanent tissue ischemia results in the eventual death of cerebral tissue, so timely and 

adequate restoration of blood flow or reperfusion are required for cell recovery. Affected 

tissue can be formally divided into the “core” (supplied by the occluded artery), with 

a severe drop in the oxygen level, and to the surrounding “penumbra”, where collateral 

circulation provides partial oxygen delivery. It should be noted that when the blood supply 

is restored, the post-reperfused tissue develops a lesion with the “core” tissue in the center, 

while cells in the “penumbra” partially survive, depending on the severity and duration of 

the occlusion (Astrup et al., 1981). While the almost anoxic “core” area is predestined to 

cell death, it has been shown that low mitochondrial activity in the “penumbra” correlates 

well with tissue survival after blood flow restoration (Frykholm et al., 2000; Marchal 

et al., 1999). The time course of ATP decline, lactate rise, acidification and changes in 

calcium concentration in the core and penumbra area are different, reflecting an overall 

response of tissue to the oxygen deprivation. After reperfusion, the delivery of oxygen and 

substrates activates oxidative phosphorylation, leading to the recovery of ATP and creatine 

phosphate levels. Reperfusion is also associated with a transient burst of ROS-generation 

that may lead to the development of tissue oxidative stress and further tissue damage. In 

some in vivo models, a few hours later, production of ATP or respiratory activities of 

mitochondrial oxidative phosphorylation decline again, which is characteristic of secondary 

energy failure (Hertz, 2008; Siesjo et al., 1999; Vannucci et al., 2004). The present review 

offers a hypothesis on nature and the mechanism of impairment of respiratory chain complex 

I observed in the brain I/R injury.

2. Mitochondrial respiratory chain and mitochondrial complex I

The brain relies on mitochondria to produce energy via the combined activity of the 

respiratory chain and ATP synthase. The process begins with the passage of electrons 

derived from foodstuff through a series of membrane-bound complexes until they are reacted 
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with oxygen to form water (Fig. 1). The energy released in the redox reactions is converted 

to the difference in the concentration of protons across the membrane, when respiratory 

complexes I, III and IV actively pump protons from the matrix to the intermembrane space 

(Fig. 1). The formed proton gradient is used by complex V or the ATP synthase, and the 

flow of protons back to the matrix side drives the synthesis of ATP from ADP and inorganic 

phosphate.

Contrary to the scheme depicted in most textbooks, there are more than two points of 

electron entry into the respiratory chain. Glycerol 3-phosphate dehydrogenase, succinate 

dehydrogenase (complex II), and NADH dehydrogenase or complex I (NADH:ubiquinone 

oxidoreductase) are the most important electron entry points in brain mitochondria. The 

key enzyme of the respiratory chain complex I is solely responsible for the regeneration of 

matrix NAD+ required for the steady-state operation of catabolism.

Complex I from mammalian mitochondria is a giant L-shaped molecule composed of 45 

subunits, many with still unknown functions. Among 14 core catalytic subunits, 7 membrane 

subunits are encoded by the mitochondrial DNA. Complex I contains one molecule of 

tightly, but non-covalently bound flavin mononucleotide (FMN) and 8 different iron-sulfur 

clusters. Flavin serves as the primary electron acceptor from NADH while a series of 

iron-sulfur clusters provide a pathway for the electron transfer to the bulk ubiquinone. The 

energy released during the reduction of ubiquinone molecule most likely drives long-range 

conformational changes, resulting in proton pumping which takes place in the membrane 

domain (Cabrera-Orefice et al., 2018; Sazanov, 2014).

The catalytic properties of mitochondrial complex I are profoundly versatile (Vinogradov 

et al., 1999). The primary energy-generating physiological reaction of NADH oxidation by 

ubiquinone catalyzed by complex I is reversible. The enzyme is able to oxidize membrane 

ubiquinol and reduce NAD+ in the process of reverse electron transfer (RET), first 

characterized in vitro more than 60 years ago (Chance and Hollunger, 1960; Klingenberg 

and Slenczka, 1959). This process recently emerged as an important physiological reaction, 

since the level of succinate in various tissues is significantly elevated in some pathological 

conditions, including ischemia (Benzi et al., 1979; Chouchani et al., 2014; Folbergrova 

et al., 1974; Scialo et al., 2016; Solberg et al., 2010). During energy-consuming RET, 

electrons are pushed “uphill” against the difference of redox potential. This reaction requires 

a high degree of ubiquinone reduction and the presence of a proton gradient across the 

membrane. These conditions can be met, for example, during oxidation of succinate or 

glycerol 3-phosphate, which provide ubiquinol while the potential across the membrane 

is maintained through combined activity of complexes III-IV (Fig. 1). As shown in many 

studies, the highest rate of ROS-generation was found in conditions of RET (Grivennikova 

and Vinogradov, 2006; Hinkle et al., 1967; Niatsetskaya et al., 2012; Pryde and Hirst, 2011; 

Quinlan et al., 2013; Stepanova et al., 2019; Treberg et al., 2011; Turrens and Boveris, 1980; 

Votyakova and Reynolds, 2001). Most likely, reduced or semi-reduced flavin located at the 

nucleotide-binding site is the direct source of ROS in complex I during RET (Galkin and 

Brandt, 2005; Kudin et al., 2004; Kussmaul and Hirst, 2006; Liu et al., 2002; Stepanova 

et al., 2017; Turrens and Boveris, 1980; Vinogradov and Grivennikova, 2005), while ROS 

production from the semiquinone (IQ-site (Treberg et al., 2011)) is not significant.
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3. Effect of ischemia/reperfusion on mitochondrial complex I

Initial experiments in the field of brain ischemia have shown that the oxygen deprivation 

of the brain leads to the swelling of mitochondria and the fragmentation of the inner 

membrane within minutes to hours of ischemia as observed by electron microscopy and 

histochemical techniques (Becker, 1961; Def Webster and Ames, 1965). Interestingly, 

already in the very early studies, staining of the brain sections with the redox-active 

tetrazolium dye showed the impairment of NADH-dependent dehydrogenases after ischemia 

earlier then succinate-dependent activity (Becker, 1961; Zeman, 1963). The effect of brain 

ischemia on mitochondrial respiration was officially established in the mid-sixties by the 

work of Ozawa and colleagues (Ozawa et al., 1966a; Ozawa et al., 1967; Ozawa et al., 

1966b), illustrating dramatic effects of oxygen deprivation on mitochondrial metabolism 

in the brain. Mitochondrial fractions were isolated at different intervals from the brains of 

exsanguinated rats, and then respiration rates were assessed (i.e., ischemia only, no in vivo 

reperfusion applied). It was found that already after 2 min, glutamate-dependent respiration 

was significantly compromised. Authors attributed this inhibition to the rapid formation 

of fatty acid-like internal inhibitor during ischemia (Ozawa et al., 1966a). A similar 

decrease in malate/glutamate-supported respiration was further described using the model 

of compressive brain ischemia in rabbits (Schutz et al., 1973). No effect of ischemia on 

the ATPase activity of mitochondria was also demonstrated by the same authors (Ljunggren 

et al., 1974; Schutz et al., 1973). In the model of gerbils’ brain ischemia, it was shown 

that malate/glutamate-supported respiration (complexes I-III-IV) declines shortly after the 

onset of ischemia, while the activity of individual complex IV did not significantly change 

(Ginsberg et al., 1977).

A significant contribution to our understanding of the effect of ischemia and following 

reperfusion on brain mitochondria function was made by the laboratory of Bo Siesjö in 

Lund. In the initial publication (Rehncrona et al., 1979), it was shown that 30 min of 

brain ischemia in rats decreased respiration on malate/glutamate to a greater extent than 

succinate-supported oxygen consumption. Moreover, unlike complete ischemia, incomplete 

ischemia resulted in a greater decrease of malate and glutamate supported respiration 1 h 

after circulation was restored, indicating that not only ischemia alone, but also reperfusion 

augments damage to mitochondrial complex I-supported activity (Nordstrom et al., 1978; 

Rehncrona et al., 1979). The recurring decline of malate/pyruvate-supported respiration 

after I/R was demonstrated using homogenates obtained from the samples after 30 min of 

transient focal ischemia in rats (Sims and Pulsinelli, 1987). Treatment resulted in almost 

50% inhibition of respiration, with full restoration during the first hour after reperfusion. 

This initial recovery was followed by a secondary decline in respiration evident after 3 h, 

before any tissue degradation could occur. The analysis of intact mitochondria in a similar 

model (Sims, 1991) supported this finding, indicating the occurrence of an ischemia-induced 

decrease first, then reperfusion-induced recovery, and eventually the secondary decline of 

complex I-mediated mitochondrial respiration in the in vivo model of the brain I/R.

Based on what we know today, these finding above spoke for themselves: there were 

clear indications that I/R affects complex I in particular and the effect can be biphasic. 

The first direct experimental demonstration of the effect of the brain I/R on mitochondrial 
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complex I was performed using models of brain ischemia in gerbils (Allen et al., 1995; 

Almeida et al., 1995). Due to the absence of the circle of Willis, gerbils, unlike widely 

used rats and mice, have an advantage to the model of human global and focal cerebral 

ischemia. After establishing the relationships between cerebral blood flow and activities of 

mitochondrial complexes (Allen et al., 1995), authors used 30 min carotid artery occlusion 

to induce cerebral ischemia, isolated mitochondrial fraction and analyzed respiration and 

activity of individual respiratory chain enzymes. While citrate synthase activity was not 

affected by I/R, the activity of mitochondrial complex I decreased after ischemia and was 

gradually recovered during the first 2 h of reperfusion. These results were not confirmed 

in the model of transient focal ischemia in rats, where the activity of complex I did 

not change significantly during I/R while ischemia only induced a decline in complex 

IV activity (Canevari et al., 1997). However, in the later studies of the same model, a 

biphasic pattern of malate/glutamate oxidation was found, showing an initial recovery of 

mitochondrial respiration followed by a decline after 4 h of reperfusion (Yoshimoto et 

al., 2002). These results are extremely similar to the data obtained using a mouse hypoxia-

ischemia model of immature brain injury (Niatsetskaya et al., 2012). While oxidation of 

succinate was not affected by ischemia, the lack of oxygen significantly decreased malate/

glutamate-supported respiration, which recovered after reperfusion and then declined again 

after 4 h (Niatsetskaya et al., 2012). Recently, a decrease of complex I activity was assessed 

by positron emission tomography after 3 h of middle cerebral artery occlusion (MCAo) in 

monkey brain and the inactivation of this enzyme during I/R injury was confirmed in situ 

(Tsukada et al., 2014).

It can be concluded that a decrease in mitochondrial complex I activity has been shown in 

many brain I/R-related studies, but the mechanism of inhibition has not been established. 

Therefore we revisited the time course of enzyme damage by I/R in our recent studies 

using MCAo model in mice (Kahl et al., 2018). Using brain homogenates and preparation 

of intact mitochondria obtained from the affected area, we demonstrate that I/R caused a 

multiphasic pattern of mitochondrial respiration, which was found due to the complex I 

dysfunction. We observed an initial decline of complex I-mediated respiration after 35 min 

of ischemia, which agrees with previous studies (Almeida et al., 1995; Niatsetskaya et al., 

2012; Yoshimoto et al., 2002). This was followed by a rapid recovery of mitochondrial 

respiration after 10 min of reperfusion and then again by a decline at 30 min. At 60 min 

after reperfusion almost full recovery of respiration was found, which then followed by a 

slow decrease at later reperfusion time points (4–24 h). Importantly, physiological complex 

I NADH:ubiquinone reductase activity followed the same pattern as ADP-stimulated oxygen 

consumption. This was clear evidence that the alteration of respiration in homogenates was 

due to a dysfunction of mitochondrial complex I, and not by the impairments of complex 

II alone or complexes III–IV downstream (Kahl et al., 2018). More importantly, complex 

I impairment immediately after ischemia and at later time points after reperfusion was 

provided by a new mechanism, namely, RET-induced FMN released from mitochondrial 

complex I.

We found that the decrease of complex I activity observed in MCAo model before 

reperfusion (around 25% compared to sham animals) was due to the loss of natural flavin 

cofactor from the enzyme (Kahl et al., 2018). In these experiments, the decline of complex 
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I activity was also associated with around 20% decrease of the content of non-covalently 

bound FMN in the mitochondrial membranes of the same samples. This mechanism of 

the enzyme inactivation merits special attention. In various models of brain I/R in rodents, 

succinate level in the brain can rise up to 30 fold after an ischemic episode (Benzi et al., 

1979; Chouchani et al., 2014; Hamel et al., 2014; Sahni et al., 2017). The accumulated 

succinate will be metabolized by mitochondria, supporting RET-like conditions, when in 

the presence of proton-motive force, complex I is reduced by quinol formed via succinate 

oxidation at complex II. In our initial studies, we described a possible mechanism of 

complex I inactivation, which most likely takes place via RET-induced over-reduction of 

the enzyme (Stepanova et al., 2017). Complex I contains one molecule of non-covalently 

bound FMN that directly interacts with NAD+/NADH couple (Fiedorczuk et al., 2016; Rao 

et al., 1963; Zhu et al., 2016). Steady-state oxidation of succinate by brain mitochondria 

maintains a high level of reduction of complex I FMN and this stimulates dissociation of 

the reduced cofactor from its binding site. Reversible dissociation of the reduced flavin 

from mitochondrial complex I was shown in vitro for eukaryotic and bacterial complex I 

(Gostimskaya et al., 2007; Holt et al., 2016; Stepanova et al., 2017) and other enzymes 

(Grininger et al., 2008; Kanda et al., 1972). The FMN-deficient complex I is not able to 

carry out physiological NADH oxidation, and cannot contribute to energy production (Kahl 

et al., 2018). The spatiotemporal details and reversibility of the FMN release from complex I 

during brain I/R remains to be elucidated.

Along with dysfunction in complex I, the release of a reduced flavin into the mitochondrial 

matrix would have a strong prooxidative effect. In the aqueous solution, fully reduced flavin 

rapidly reacts with oxygen, leading to the generation of superoxide and hydrogen peroxide 

(Chaiyen et al., 2012; Massey, 1994). The rapid non-enzymatic autooxidation of the reduced 

flavin with ROS production after reintroduction of oxygen may contribute to the transient 

burst of ROS during the initial phases of reperfusion. Further metabolic fate of FMN is not 

clear but may include rebinding to complex I as well as dephosphorylation to riboflavin or 

inclusion to FAD (Barile et al., 2000).

Of note, the phenomenon of flavin loss by mitochondria in myocardial ischemia was 

reported in a canine model more than 35 years ago (Rouslin and Ranganathan, 1983), but 

the clinical relevance of this finding has not been fully appreciated. Interestingly, a high 

percentage of acute stroke patients displayed riboflavin deficiency after blood recirculation 

(Gariballa and Ullegaddi, 2007). These results along with ours provide a strong mechanistic 

explanation of clinical neuroprotective action of riboflavin administration in humans after 

ischemic stroke (da Silva-Candal et al., 2018).

Our proposed mechanisms explain the following sequence of events leading to complex 

I damage in I/R (Fig. 2). During regular blood flow and sufficient delivery of oxygen, 

the enzyme catalyzes mostly forward reaction of NADH oxidation by ubiquinone. Lack of 

oxygen leads to accumulation of succinate and glycerol 3-phosphate that can be metabolized 

either in not fully anoxic core areas or diffuse to the less ischemic penumbra areas. These 

substrates can be oxidized by mitochondria maintaining RET-like conditions when all the 

redox centers of complex I are fully reduced. Keeping of the enzyme’s flavin in the reduced 

state stimulates the production of ROS by complex I and also induces dissociation of the 
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FMNH2. Free cofactor can non-enzymatically react with oxygen (available in the ischemic 

area or after reperfusion), and generate ROS. Oxidized FMN can bind back to the complex 

I and, most likely, partially be dephosphorylated to riboflavin. It should be noted that FMN 

release from complex I could be also mediated by a disruption of the hydrophilic distal 

part of complex I and subunit dissociation close to FMN-binding site at the NDUFV1. 

It is known that in some conditions, the lifetime of subunits of the hydrophilic arm is 

shorter than membrane subunits, therefore in situ, these subunits are easily dissociated 

from the holoenzyme (Kim et al., 2012; Miwa et al., 2014). It is also possible that severe 

oxidative stress can modify residues in the vicinity of FMN-binding site of the enzyme, 

preventing recovery of the flavin. Thiols of FMN bearing subunit NDUFV1 are known 

to be reactive and can be affected in oxidative stress (Taylor et al., 2003). Sulfonation 

of conserved cysteine-206 of this subunit very near (~6 Å in the mouse enzyme) the FMN-

binding has been demonstrated for the heart enzyme after cardiac I/R (Kang et al., 2018) 

where increased ROS release in RET during reperfusion was demonstrated (Chouchani 

et al., 2013). It is possible that superoxide anion produced during RET at the FMN-site 

of complex I modifies amino acids within the NADH-binding cavity affecting the protein 

affinity to the flavin and, therefore, enzyme function (Chen et al., 2005). Cysteine oxidation 

of the NDUFV1 subunit may also negatively impact the integrity of hydrophilic domain of 

complex I where NADH binds, promoting dissociation of other subunits, leading to enzyme 

damage and mitochondrial dysfunction after I/R.

Most likely, depending on oxygen availability and length of ischemia, flavin release can 

be either detrimental or beneficial for tissue survival after I/R. On the one hand, FMN 

release from complex I decreases the production of enzymatic ROS during early stages 

of reoxygenation. On the other hand, free reduced flavin may react with oxygen non-

enzymatically, generating a transient burst of ROS while leaving complex I impaired (Fig. 

2). The degree and dynamics of FMN release will depend on the fine balance between 

oxygenation level, the content of RET-supporting substrates, the value of the mitochondrial 

membrane potential in an ischemia-affected tissue and the details of this process remain to 

be understood.

4. Conclusion

While there are multiple responses of brain mitochondria to ischemia and the following 

reoxygenation, the damage of the respiratory chain complex I during I/R is well-established. 

We suggested a previously undescribed mechanism of complex I dysfunction: over-

reduction-induced loss of natural flavin cofactor of the enzyme during reverse electron 

flow in the enzyme. It would be of great interest to characterize spatiotemporal dynamics 

and cell-specificity of flavin dissociation from mitochondrial complex I during brain I/R. 

Another important goal is to examine whether this process takes place during ischemic 

stroke or neonatal HI encephalopathy in human. Studying the functional implications of 

complex I dysfunction will greatly help gain a better insight into the still poorly understood 

molecular mechanism of the acute stages of I/R brain injury.
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Q ubiquinone

TCA three carboxylic acid cycle
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Fig. 1. 
Scheme of the concerted operation of oxidative phosphorylation enzymes in the inner 

mitochondria membrane. Electrons are supplied to the ubiquinone (Q) from oxidation 

of glycerol 3-phosphate (G3P) to dihydroxyacetone phosphate (DHAP) by glycerol 3-

phosphate dehydrogenase (GPDH), oxidation of succinate (Suc) to fumarate (Fum) by 

complex II or from oxidation of NADH by complex I. Respiratory chain complexes I, III and 

IV pump protons from matrix (M) to intermembrane space (IMS) to create proton-motive 

force (Δp) which drives ATP synthesis at complex V.
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Fig. 2. 
Brain I/R and the flavin of mitochondrial complex I. Under physiological conditions, in 

normoxia, when oxygen is present, the enzyme catalyzes a physiological forward reaction 

of NADH oxidation by ubiquinone supplying electrons to the rest of the respiratory chain 

(complexes III and IV, not shown). Succinate level is highly increased in ischemia, therefore 

some fraction of the enzyme is able to catalyze reversed reaction, when electrons are pushed 

uphill from ubiquinol towards flavin (FMN) at the nucleotide-binding site of complex I. 

RET results in reduction of flavin and increased generation of ROS, followed by a loss of 

the reduced cofactor (FMNH2) either during incomplete ischemia or at the early phase of 

reperfusion. FMN-deficient complex I is inactive. FMNH2 can non-enzymatically react with 

molecular oxygen producing ROS and oxidized flavin which can bind back to complex I and 

recover enzymatic activity at later reperfusion stage.
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