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Ischemic conditions

Reduced blood flow (by whatever causes)

Cardiovascular diseases

Ischemic stroke Cardiac infarction
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Mitochondrial oxidative phosphorylation and 
respiratory chain

90% ATP comes 
from oxidative 
phosphorylation

98% oxygen is 
consumed here!

µH
+

Myocardial infarction
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Myocardial infarction

Angina pectoris

SYMPTOMS: pain or discomfort in the middle of your chest

Myocardial infarction

Finegold et al., 2013, Int.J.Cardiology
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Myocardial infarction

Cannon, 2013, Nature

Myocardial infarction

DIAGNOSIS: 

• A physical examination
• Blood tests to check for any damage to your 

heart muscle – troponin in blood (takes time!)
• ECGs
• A chest X-ray
• A coronary angiogram 
• An echocardiogram - УЗИ
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Angiogramm

Cardiac infarction
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Cellular changes during Ischemia

• Altered membrane potential

• Altered ion distribution (++ intracellular Ca++/Na+)

• Cellular swelling

• Decreased phosphocreatine                                                                                                    

• Decreased ATP (and adenylates in general)

• Increased hypoxanthine

• Cellular acidosis – lactate from glycolysis

• Cytoskeletal disorgnization

Cardiac ischaemia/reperfusion

No oxidative phosphorylation   ATP/ADP¯

Glycolysis activation  lactate production  and 

acidification ([Н+])  activation of Na+/H+ antiporter 

 [Na+]in   activation of Na+/Са2+ antiporter + not 

enough ATP for Са2+-ATPase  [Са2+]in 

Increase in generation/emission of ROS

Depletion of GSH/thiol pool

Oxidative damage to many critical components 
(Respiratory chain, ANT, aconitase, cardiolipin)

[Са2+]in   activation of proteases and 

phospholipases

Loss of nucleotides

Energy failure

PTP-opening

Walters et al., 2012, Circ.Res
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Stone heart phenomenon

Ischemic myocardial contracture ("stone heart")



8

Reperfusion myocardial contracture ("stone heart")

Piper et al., 2004, Cardiovasc.Res.

Mitochondrial permeability transition  pore 
mPTP
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Cardiac ischaemia/reperfusion and mPTP opening

Gomez et al., 2005, Am.J.Physiol

mPTP – mitochondrial permeability transition  phenomenon

Cyclosporin A-sensitive – cyclophilin D (CypD) is involved

Size of a pore ~ 1.5 kDa  

After ~50 years of research – molecular identity of mPTP is not known

ANT – ADP/ATP transporter
VDAC – voltage-dependent anion channel
PiC –phosphate carrier
Bax/Bak protein - pro-apoptotic factors
ATPase – F1Fo ATPase (recent)

CypD – peptidyl-prolyl cys/trans isomerase

Elrod , et al., 2013, Circulation

Nature of mPTP
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Nature of mPTP - ATPase??

ATPase dimer  OR    distorted ATPase     OR     C-ring subunits barrel

Morciano et al, 2017, Cell.Death.Dis,Biasutto et al., 2016, Biochim.Biophys.Acta\
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Karch et al, 2019, Sci.Adv

Nature of mPTP – ANT?

Cardiac ischaemia/reperfusion and mPTP opening

Javadov et al., 2009, J.Pharm.Exp.Therap
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Respiratory chain

Cardiac ischaemia/reperfusion

Lesnefsky et al., 2001, J Mol Cell Cardiol

Complex I is the first one affected!
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Succinate accumulation during ischemia

Chouchani et al., 2015, Cell. Met

Forward and reverse electron transfer in 
mitochondria

Forward:
NADH:Q 

oxidoreduction
(oxidation of 

malate/pyruvate)

Reverse:
QH2:NAD+ oxidoreduction 

supported by potential
(oxidation of succinate)

µH+

µH+

FMN

FMN
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Pell et al., 2016, Cardiovasc.Res.

Reverse electron transfer after ischemia

Active/deactive transition of mitochondrial 
complex I

If the enzyme is idle at physiological temperatures (>30C) it spontaneously goes 

to the catalytically incompetent, deactive, dormant D-form. The D-form of the 

enzyme is able to convert back to the A-form as a result of slow turnover.

. 
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Complex I in ischemia

Sensitivity of the active and dormant form of 
complex I  to SH-reagents 

Galkin & Moncada, 2007, J.Biol.Chem

NEM
1mM
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De-activation in tissues
(cardiac arrest rat model, global ischemia)

Babot et al., 2013, Biochem.Soc.Trans.

Time-course of de-activation of mitochondrial complex I
in rat heart and brain tissue after cardiac arrest

HEART BRAIN

Fraction N2 reduced

Isolation and separation of conformation-specific
labelled Complex I

Complex I was isolated by
preparative Blue Native gel
electrophoresis and subunits
were separated by 10% PAAG

V

III

IV

I

10-12 candidates in the region
15-18 kDa

Galkin et al., 2008,  J.Biol.Chem.
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Fluorescent signal from a doubled SDS gel of 
complex I from active and de-active samples

Galkin et al., 2008,  J.Biol.Chem.

Differential labeling: DIGE-like approach

BN/2D-SDS PAGE

SDS-PAGE 10% + 6M Urea

S
D

S
-P

A
G

E
 1

6
%

• Reciprocal labelling of the A and the D-samples with

CyDye monoreactive NHS esters

• Combining samples 

• Separation of the subunits with doubled SDS-PAGE

• Identification of the subunits with MS/MS

Cy5 Cy3

Babot et al., 2013, BBA
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DIGE-analysis of the A- and D-forms of complex I

Babot et al.,  2014, Biochim.Biophys.Acta

Subunits involved into A/D transition of 
mitochondrial complex I

ND3, ND1 and 39kDa subunits become exposed or change 

conformation upon deactivation of complex I
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Subunits involved into A/D transition of 
mitochondrial complex I GRBA

A-D_Grba.mp4

Grba&Hirst, 2020, Nat.Stuct.Mol.Biol.

Complex I and NO-metabolites

S-Nitrosoglutathione

REVERSIBLE!

Peroxynitrite

ONOO-

Galkin & Moncada, 2007, J.Biol.Chem.

IRREVERSIBLE!
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Sensitivity of the A and the D-form to ROS 
(ex vivo)

Effect of hydrogen peroxide on the A- and the D-
form of complex I in mitochondrial membranes.

Dose dependence of the inhibition of NADH-
oxidase activity of the D-form by H2O2.

D-form

A-form

D-form

H2O2

IRREVERSIBLE!

Gorenkova et al., 2013, Antiox.Red.Signal. 

Babot et al., 2015. Biochim. Biophys.Acta

How to protect complex I from I/R 
damage
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Prime et al.,  2009, PNAS

How to target complex I modifieing agent 
into mitochondria?

Chouchani et al., 2013, Nature
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Other roles  of Reactive Oxygen Species

• Including (O2
–), (OH–), (HOCl), (H2O2), and nitric NO–derived 

peroxynitrite

• Directly damage cellular membranes by lipid peroxidation.

• Stimulate leukocyte activation and chemotaxis by activating plasma 
membrane phospholipase A2 to form arachidonic acid 
(thromboxane A2 and leukotriene B4)

• Increase leukocyte activation, chemotaxis, and leukocyte–
endothelial adherence after I-R

Ischemia at Endothelium

• Express certain proinflammatory gene 
products(leukocyte adhesion molecules, 
cytokines) bioactive agents (endothelin, 
thromboxane A2)

• Repressing other “protective” gene 
products (constitutive nitric oxide synthase, 
thrombomodulin) and bioactive agents 
( prostacyclin, nitric oxide).
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Role of Complement

• I/R results in complement activation and the 
formation of several proinflammatory 
mediators that alter vascular homeostasis

• C3a, C5a, iC3b, C5b9

• Most potent is C5a

• complement may compromise blood flow to 
an ischemic organ by altering vascular 
homeostasis and increasing leukocyte–

endothelial adherence.

Role of Leukocytes

• I/R results in leukocyte activation, 
chemotaxis, leukocyte–endothelial cell 
adhesion, and transmigration

– mechanical obstruction

– activated leukocytes release toxic ROS, 
proteases, and elastases, resulting in 
increased microvascular permeability, edema, 
thrombosis, and parenchymal cell death 
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Postconditioning

Postconditioning is the phenomenon whereby 
several brief coronary artery 
reperfusion/reocclusion cycles at the end of a 
long coronary artery occlusion (stuttering 
reperfusion) reduces infarct size

• Zhao, Z-Q et al. Am J Physiol 2003;285:1574

• Yang, X-M et al. JACC 2004;44:1103

How to treat?

• Blood thinning agents (aspirin =>platelets 
aggregation, heparin)

• Angioplasty – vessels widening

• Preconditioning

• Postconditioning
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Hamsten, 1990, Semin. Thromb.Hemostat.

Remove clogging

tPA = tissue plasminogen activator

Aspirin
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Angioplasty

Preconditioning

Postconditioning
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Preconditioning

Preconditioning
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Pathophysiology of preconditioning (remote)

Costa et al., 2013, J. Cardiol.

Costa et al., 2013, J. Cardiol.
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Postconditioning

Postconditioning
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Virus therapy

Mechanism??

Boengler et al., 2018, Heart.Circul.Physiol
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Brain ischemia/reperfusion

Stroke 

Brain lesion
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Ischemic stroke (infarct in the brain tissue)

Stroke symptoms
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Initial tissue injury in brain ischemia
Ischemia/reperfusion injury

Ischemia

• Energy failure (ATP ¯, phosphocreatine ¯)

• Impaired ion balance+excitotoxicity

Reperfusion or reoxygenation

• Burst of ROS / oxidative stress / MPTP

• Secondary energy failure (ATP¯ again, mitochondria

are affected)

Blockage of blood supply results in a decrease of

oxygen level in the brain (locally or globally)

• Neonatal stroke

• Neonatal hypoxia-ischemia encephalopathy

Neonatal hypoxic-ischemic encephalopathy (HIE) occurs in 1.5 per 1000 live full-term births. 

Birth asphyxia causes 23 %  of neonatal deaths worldwide.

HIE is the fifth leading cause of death worldwide in children under 5 years of age

Brain injury in ischemia/reperfusion

How does mitochondrial damage take place? (minutes 
and hours after insult)

Any connection between burst of ROS and
mitochondria impairments?

Primary energy 
failure

Burst of ROS 

Excitotoxicity

Secondary energy 
failure

Inflammation

Chronic 
inflammation

Deleyed development/maturation?

Minutes Hours Days Weeks Months Years

Risk factors

Tissue
damage

Cellular
damage 

Resolution of inflammation
clearing of dead cells

cellular regrowth

ATP¯ ATP¯

Mitochondrial
damage

Adaptive
immunity

Innate 
immunity

Ischemia
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Stroke mechanism

Glutamate excitotoxicity

Leighton P. Mark et al. AJNR Am J Neuroradiol 2001;22:1813-1824
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tPA, the Gold Standard

The only FDA approved treatment for ischemic strokes is tissue plasminogen activator (tPA, 
also known as IV rtPA, given through an IV in the arm). tPA works by dissolving the clot and 
improving blood flow to the part of the brain being deprived of blood flow. If administered 
within 3 hours (and up to 4.5 hours), tPA may improve the chances of recovering from a 
stroke. A significant number of stroke victims don’t get to the hospital in time for tPA
treatment; this is why it’s so important to identify a stroke immediately. 

Endovascular Procedures
Another treatment option is an endovascular procedure* called mechanical thrombectomy, 
strongly recommended, in which trained doctors try removing a large blood clot 
by sending a wired-caged device called a stent retriever, to the site of the blocked blood 
vessel in the brain. To remove the brain clot, doctors thread a catheter through an artery in 
the groin up to the blocked artery in the brain. The stent opens and grabs the clot, allowing 
doctors to remove the stent with the trapped clot. Special suction tubes may also be used. 
The procedure should be done within six hours of acute stroke symptoms, and only after a 
patient receives tPA.

*Note: Patients must meet certain criteria to be eligible for this procedure.

Treatment
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Respiratory chain

Neonatal hypoxia-ischemia(HI) brain injury
(Rice-Vanucci neonatal I/R model)

Permanent 
CCA 

occlusion

90 min recovery 15min 
hypoxia8% oxygen Ambient air

Reoxygenati
on

Hypoxia-
ischemia

Ambient air

10 day old 
mice

Samples  taken

Neurological deficit

Ten et al., 2003
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•Metabolomics (~300 
molecules)

In vivo model

Respiration, activity of individual 
mitochondrial enzymes, ROS 
production, Ca++-transport

•Mitochondrial complexes state 
(complexome profiling)

HI model

Neuromotor
tests (1-15 weeks)

•Redox-proteomics

Histology

Mitochondria isolation

Mitochondrial respiratory chain

p

ROS
ROS

ROS

ROS

~95% oxygen is 
consumed by 
mitochondria 

~90% ATP is 
generated in 
mitochondria by 
ATP-synthase (V)

OUT

IN
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Effect of HI/R on the activities of mitochondrial 
complexes

Mitochondrial Complex I is affected by ischemia/reperfusion

Structure of mitochondrial Complex I

NADH NAD+

N-domain

Q-domain

P-domain

Zhu et al., 2016,  Nature

Mammalian enzyme:

850 kDa

45 subunits, 

FMN non-covalently bound

8 FeS clusters

The only enzyme oxidizing all NADH 
generated in catabolism

Structure resolved only in 2016

NADH + H+ + Q  NAD+ + QH2 +p

FMN
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Effect of I/R on complex I non-covalently 
bound mitochondrial membrane FMN

**
***

***
***
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• 76 Flavoenzymes (FAD or FMN)

• Only 12 contain FMN

• Only two are mitochondrial membrane proteins with non-covalently bound FMN:

• Dihydroorotate dehydrogenase (very low content in brain mitochondria) 

+ no effect of I/R on activity

• Mitochondrial Complex I 

Flavoenzymes of mammalian proteome

Why is mitochondrial Complex I loosing its flavin?
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Neonatal hypoxia-ischemia(HI) brain injury
(I/R model)

Permanent 
CCA 

occlusion

90 min recovery 15min hypoxia

8% oxygen

Ambient air

Reoxygenation
Hypoxia-
ischemia

Ambient air

10 day old mice

At different time points after reperfusion we isolated mitochondrial 
membranes and perform the analysis

Infarct size
Complex I is affected

Targeted metabolomics after HI-
reoxygenation

Glycerol 3-phosphate

Sahni et al., 2018, 
Pediatrics.Res.
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NADH

Q                Cytochrome c O2
Succinate 

Glycerol 
3-phospahte

Complex IVComplex IIIComplex II

Substrates input into respiratory chain and 
directions of electron transfer

Forward and reverse electron transfer in 
mitochondria

Forward:
NADH:Q oxidoreduction

(oxidation of NADH)

Reverse:
QH2:NAD+

oxidoreduction
supported by potential
(oxidation of succinate 

or glycerol 3-
phosphate)

~5% of e—flow
=RET

p

p

FMN

FM
N

ROS
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What is hapening with mitochondria in RET?
H2O2 release from intact brain mitochondria 

oxidizing succinate at constant oxygen

H2O2 release

Mito +
succinate

Stepanova et al., 
2017

Decline in H2O2 release rate and flavin 
fluorescence in brain mitochondria

During succinate oxidation H2O2 release rate 
decline coincides with kinetics of flavin  

fluorescence emission

+H+

+2e-

FMNH2

FMN
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Decline in H2O2 release rate and Complex I 
activity

The decline in H2O2

release during RET is 
due to the inhibition of 

Complex I

Stepanova et al., 2019

Mito +
succinate

FMN dissociated during RET can be released to 
the outside of mitochondria

Flavin measurements in the 
supernatant and in the 

membrane

Flavin released from complex I can come out of mitochondria 
inner mitochondrial membrane is permeable for the FMN (or 

riboflavin) Stepanova et al., 2019
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Prevention of complex I inactivation during RET?

Exogenous FMN can only  partially
prevent Complex I activity decline

Succinate

What if FMN dissociation is due to the partial 

disintegration of complex I?

Migration profile of separate 
subunits

Molecular weight

S
ub

un
it 

co
nt

en
t

Complexome profiling

Heat map
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What if complex I head (N-module) is falling apart?
Complexome profiling.

Samples before and after 
incubation with succinate 

in RET conditions
No effect on 

supercomplexes stability or 

integrity of complex I

Stepanova et al., 2019

Redox proteomics – what is the state of amino acid 
residues around FMN-binding site?

Several cysteines of 51kDa FMN-
binding subunit are oxidized

Kang et al., 2018
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What is the rate of FMN release at various   
oxygen concentration

The oxygen concentration during RET does not affect the rate of 
FMN loss => RET can be active at very low oxygen (~10µM) 

FMN can dissociate during tissue ischemia!
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Vit B2
deficient

Links with clinical studies
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Analysis of the clinical improvement in the placebo 
and treated groups determined at discharge and at 
3 months([National Institutes of Health Stroke 
Scale (NIHSS)] 

da Silva-Candal et al., 2018 

Riboflavin administration is 
neuroprotective during I/R in vivo

5 mg/kg × Riboflavin injections before I/R

• Increase flavin content in the brain
• Decrease infarct size
• Improve reflex performance

• Increase complex I activity!

Stepanova et al., 
2019
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FMN release from complex I during liver 
transplantation

FMN release from complex I during kidney 
transplantation
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Brain injury in ischemia/reperfusion

In clinical settings – not only mitochondria are
affected – stroke is a complex pathology

Primary energy 
failure

Burst of ROS 

Excitotoxicity

Secondary energy 
failure

Inflammation

Chronic 
inflammation

Deleyed development/maturation?

Minutes Hours Days Weeks Months Years

Risk factors

Tissue
damage

Cellular
damage 

Resolution of inflammation
clearing of dead cells

cellular regrowth

ATP¯ ATP¯

Mitochondrial
damage

Adaptive
immunity

Innate 
immunity

Ischemia

Immune response in stroke - acute

Iadecola et al., J.Clin.Invest. 2020
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Immune response in stroke - chronic

Iadecola et al., J.Clin.Invest. 2020

MCAO model of stroke 
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Immune cells infiltrated into the brain

Idea is not new, but…
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Idea is not new, but…

Reviews to read

https://www.thelancet.com/journals/ebiom/article/PIIS2352-3964(20)30259-0/fulltext

https://academic.oup.com/cardiovascres/article/111/2/134/2237248

https://www.jci.org/articles/view/135530

https://https://www.sciencedirect.com/science/article/abs/pii/S1044743119301022


