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Reactive oxygen species and mitochondria

Reactive oxygen intermediates

Reactive oxygen species

Free radicals

Superoxide radical     O2 -

Hydrogen peroxide     H2O2 

Hydroxyl radical         OH 

Peroxynitrite               ONOO-

Hypoclorite HClO

Singlet oxygen           1O2

Reactive oxygen intermediates

Oxyradicals

not a radical
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Redox reactions
(reduction-oxidation reactions)

Ared  Aox + 2e-

Box + 2e- Bred

---------------------------
Ared + Box Aox + Bred

Electrons transferred from A to B if 

Eo
Aox/Ared < Eo

Box/Bred

Reduction of oxygen

CO2 + H2O    {CH2O} + O2

Photosynthetic organisms

Capture of solar energy to use it for reduction

of carbon compounds

+h
{CH2O}+ O2  CO2 + H2O + energy

Animals

Oxidation of food to obtain energy

O2 +4e- +4H+  2H2O

Animals

Plants
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Free radical – molecule containing unpaired electron(s)

What is radical?

Oxygen is diradical – contains two unpaired electrons

Fast reactions of

A + A  A2

A + Box  Bred +  A

A + Cred  Сox +  Ared

Reactive oxygen intermediates

O2 Oxygen

Energy transfer
O2 + energy  1O2 Singlet oxygen

One electron reduction of molecular oxygen
O2 + 1e-  O2

- Superoxide radical

SOD - Dismutation of superoxide radical
O2

- + O2
- + 2H+  H2O2 Hydrogen peroxide

Transition metal catalysed reactions
(Fenton reaction)
Fe2+ + H2O2  Fe3+ + OH- + OH Hydroxyl radicals

Reaction with nitric oxide (k~ 6.7109)
O2

- + NO  ONOO- Peroxynitrite

Myeloperoxidase reaction
H2O2 + Cl- + H+ H2O + HClO Hypochlorite



3/16/2021

4

Enzymatic reaction

O2 +4e- +4H+  2H2O     four electron reduction      E0
H2O/O2 ~ +800mV

Non enzymatic "leak“

O2 + 1e-  O2
.- one electron reduction      E0

O2.-/O2 ~-160mV 

Reduction of oxygen and superoxide

More than 90% of oxygen in our body is metabolised by
cytochrome c oxidase = mitochondrial Complex IV

LIFE

POLL:

Mitochondria are the main source of ROS.

True or false?
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Outer membrane: 
Cytochrome b5 reductase
Monoamine oxidases (MAOs)

Inner membrane: 
Complexes I, II, III 
Dihydroorotate dehydrogenase (DHOH)
α-Ketoglutarate dehydrogenase complex (KGDHC) 
Glycerol 3-phosphate DH (αGDH)

Matrix: Aconitase (Aco)

Sites of ROS production in mitochondria

Andreev et al., 2005, Biokhimia
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What is the damage?

O2
.-

Aconitase
Dihydroxy acid dehydratase
6-phosphogluconate dehydratase
Fumarases

H2O2

Fast oxidation of FeS centres

Loss of Fe

Fenton reaction
Fe2+ + H2O2  Fe3+ + OH- + • OH

Fe 3+ + O2 
•-  Fe 2+ + O2

Production of •OH

DNA damage

Initiation of lipid peroxidation chains 
Membrane damage

Generation of cytotoxic aldehydes 

Inactivation  of enzymes
Catalase
Glyceraldehyde-3-phosphate DH 
Ornithine decarboxylase
Glutathione peroxidase 
Myofibrillar ATPase
Adenylate cyclase 
Creatine phosphokinase 
Glutamine synthase

ONOO-

Oxidises Cys and Met in proteins

ClO-

Myeloperoxidase

Reaction with Phe, Tyr, Lys  and fragmentation of proteins

guanine modification

single/double-
strand 

DNA breaks

modification 
cytosine and 

guanine 

O2
.-

+ 
NO

+indirect effects => opening of MPTP, activation of gene expression, etc

Reactive oxygen intermediates

Consecutive reduction of dioxygen yields reactive oxygen species. The 
conversion of dioxygen to superoxide requires energy. The following steps are 

exothermic. 

Non-enzymatic
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Stability of reactive intermediates

Singlet oxygen  1O2 microseconds

Superoxide  O2
- seconds 

Hydrogen Peroxide H2O2 days

Hydroxyl radicals .OH nanoseconds

Peroxynitrite ONOO- ~0.1 sec at pH 7

Superoxide is not membrane-permeable unless specific anion  transport systems are 
present

Hydrogen peroxide is a membrane-permeable molecule

ROS production  by mitochondria
Biochemical Journal, Vol. 38, 1944FIRST OBSERVATION:
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It began with the observation that inhibition of reduction of cytochrome c in xanthine 
oxidase reaction by a tissue extract is dependent on oxygen. 

Discovery of superoxide radical and SOD 

A blue copper protein was isolated in 1938 by Mann and Keilin from erythrocytes and liver.

Ubiquitous in animal tissues: hemocuprein, erythrocuprein, cerbrocuprein, hepatocuprein and cytocuprein

cyt c3+ + hypoxanthine  cyt c2+ + xanthine

_____________________________________

O2 + hypoxanthine  O2
- + xanthine

O2
- + cyt cFe3+  cyt cFe2+ +O2

Superoxide dismutase: O2
- + O2

- + 2H+  H2O2  inhibition of cytochrome c reduction 

Liver tissue – estimated relative contribution of different organells

Total production H2O2 - 90 nmol/min per g w/w
Mitochondrial fraction – 12 nmol/min per g w/w ~13% only!
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Mitohormesis

Ristow, 2014, Nat.Med.

ROS detoxification
Enzymatic:

Superoxide dismutase (MnSOD)
Catalase (Cat)

Glutathione-based
(GSH/GS-SG)
+Glutathione reductase (GR)
+Glutathione peroxidase (GPx)
+Phospholipid hydroperoxide
glutathione peroxidase (PGPx) 

Glutaredoxin2 (Grx2)

Peroxiredoxins (Prx3)
and other oxins.

Thioredoxin2 (Trx2)

Thioredoxin2 reductase (TrxR2)

Non enzymatic:
-tocopherol
ascorbic acid
uric acid
cytochrome c Andreyev et al., 2005, Biokhimia
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Glutathione system

Mitochondria contain ~10% of total GSH in a cell
but, due to the relatively small volume of the
matrix, the concentration of GSH in
mitochondrial matrix is higher than in the
cytoplasm

Glutathione in matrix ~ 2-14 mM 

GSH/GSSG~10 

If GSH/GSSG ratio falls it is indication of oxidative 
stress

Mari et al., 2009, Aniox.Red.Signal.

ROS metabolism in the matrix

Spot a mistake here!
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ROS metabolism in the matrix – NADPH (role of NNT)

H+
out + NADP+ + NADH ↔H+

in + NADPH + NAD+

Kampjut&Sazanov, 2019, Nature

Proton-translocating transhydrogenase =
Nicotinamide nucleotide transhydrogenase (NNT)
Use p to drive the reaction

M

IMS

Absent in C57BL/6 mice

Rydstyrom, 2006, BBA

Maintenance of matrix NADPH 
and thiol redox homeostasis 

Superoxide dismutase

Fridovich & McCord 1969

Reaction:

O2
- + O2

- + 2H+  H2O2 
Rate - 109 M-1 s-1

SOD1=Cu-Zn-SOD  cytoplasmic - dimer 2x16 kDa 
SOD2=Mn-SOD       mitochondrial - tetramer 4x22.2 kDa
SOD3=Cu-Zn SOD   extracellular - tetramer 4x33.8kDa

Redox centres - metal atoms

Knock outs:

SOD2 ¯ - neonatal death
SOD1 ¯ or SOD3 ¯ - no acute phenotype
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Catalase

Reaction:

2H2O2 2H2O +  O2

Louis Jacques Thénard 1811

Discovery of H2O2 'eau oxygene' 

Tetramer 4x500kDa
Redox centres – haem group

Acatalasemia - total loss of catalase activity in RBC – only lesions in oral cavities!!!

Rate - 109 M-1 s-1

Story of HIF1



3/16/2021

13

Prolyne hydroxylases are the main players

Iommarini et al., 2017, Front.Oncol.
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Somehow ROS are involved

Chandel et al., 1998, PNAS

Time, min
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Hypoxia-stimulated ROS in HIF-1 stabilization?

Nathan et al., 2013, Nat.Immun.Guzy et al., 2005, Cell.Met
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Mitochondria are the first to be affected by 

the lack of oxygen during hypoxia or tissue 

ischemia.

How does ROS generation by mitochondria 

depend on concentration of oxygen in a 

physiologically relevant range?
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What is the dependence of the H2O2

release rate on oxygen concentration?

Rat brain mitochondria 
Oxidation of succinate

Hyperbaric oxygen Hyperoxic oxygen

Pigeon heart mitochondria 
Endogenous substrates 

What is the dependence of the H2O2

release rate on oxygen concentration?

Liver mitochondria
Hyperbolic 

dependence in ALL 
conditions
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Detection of ROS in intact mitochondria 
with Amplex UltraRed assay

Excitation 525 nm
Emission 580 nm 

Enzymatic 
sources


O2

.-


H2O2

Matrix

IMS

Medium 
outside

Matrix ROS 
metabolism

What we measure in intact
mitochondria is not «generation» of
ROS, but «release» of H2O2

Argon/Air 
mixture

Stepanova et al., 2020, Meth.Mol.Biol

Dependence of H2O2 release rate on oxygen 
concentration
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H2O2 release rate on oxygen concentration
No inhibitors

Malate/Pyruvate Succinate/Glutamate Glycerol 3-phosphate

NADH

NAD+

Q
QH2

Q
QH2

Succ Fum

H O2

I III IVII

c

O2

GPDH
G3P

DHAP

Q QH2

State 3

-ADP

Malate/Pyruvate

NAD+-DH

Stepanova et al., 2019, J.Neurochem

The highest rate of H2O2 release is when 
succinate is oxidized in conditions of so-called 

reverse electron transfer  

Stepanova et al., 2020, Metho.Mol.Biol
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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

Reverse electon transfer

Potential-driven reduction of  NAD+ by succinate
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In the absence of inhibitors H2O2 release by brain   

mitochondria is linearly dependent on oxygen 

concentration during both non–phosphorylating  

and  phosphorylating  (State 3) respiration with 

any substrate 
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Malate/Pyruvate Succinate/Glutamate Glycerol 3-phosphate

H2O2 release rate on oxygen concentration
Effect of rotenone and antimycin A

+AntiA

+Rot

State 3

+AntiA

+Rot
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What is the reason for hyperbolic dependence of 
ROS generation at complex III in the presence of 

antimycin A?

H2O2 release rate and glycerol 3-phosphate oxidation 
in the presence of rotenone

Effect of complex II inhibition

Complex II contribution
~20%

GPDH
Complex III
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G3P
Rotenone

G3P
Rotenone
Atpenin

G3P
Rotenone
Malonate
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H2O2 release rate and glycerol 3-phosphate oxidation 
in the presence of rotenone

Effect of complex II inhibition

non-phosphorylating + uncoupler (SF6847) + myxothiazol

+atpenin

When the quinone pool is reduced, complex II contributes to ROS 
production even in the absence of its substrate succinate

4. When the quinone pool is reduced, complex II can contribute to ROS generation
even in the absence of its substrate succinate

1. In the absence of inhibitors with any substrate used H2O2 release by brain
mitochondria is linearly dependent on oxygen concentration.

3. Complex III contribution to overall H2O2 release is significant only in the
presence of antimycin A. In this case, the oxygen dependence manifests mixed
(hyperbolic+ linear) kinetics

2. The dependence is still linear in the presence of rotenone or myxothiazol

no ADP
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Source or sink?

No substrates

Glu/Mal

Succ

8 nmol
H2O2

~20%~80%

Drechel&Patel, 2010, JBC
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ROS detection

1. In vitro absorbance/fluorescence probes – for homogenates, isolated
mitochondria or purified/reconstituted enzymes

2. EPR probes
3. Absorbance/fluorescence cellular probes
4. Fluorescent-based proteins
5. Exomarkers (endpoint MS detection)
6. Footprints of ROS

Detection of H2O2 in intact mitochondria with 
Amplex UltraRed/Red assay (in vitro)

Excitation 525 nm
Emission 580 nm 

Affected by NADH Resorufin is Complex I inhibtitor
SOD should be present Autooxidation of Amplex Red 
Light sensitivity [Amplex Red] <10mM
Calibration by stadnard H2O2 Check for PMSF sensitivity
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Liver mitochondria and Amplex Red Assay

Stepanova, unpublished data

Unlike brain mitochondria, preparation of liver
mitochondria catalyse H2O2-independent
conversion of Amplex Ultra Red to resorufin by
matrix carboxylesterase sensitive to
phenylmethylsulfonyl fluoride (PMSF).

Most of the studies with Amplex Red were performed on liver mitochondria 
without PMSF = useless!
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Detection of superoxide in intact mitochondria 
with (acetylated) cytochrome c (in vitro)

Original Fridovich method Specific for superoxide  Large amount of O2
.- required

Can be oxidized/reduced by the respiratory chain => SOD-sensitivity should be checked

Acetylated Cyt c is less cross reactive with RC

Affected by oxypurinol, L-NAME, apocynin….

Absorbance 550-539nm

Grivennikova et al., 2005, BBA

Detection of ROS by spin probes  by EPR

Very sensitive to O2
.- and peroxynitrite Can be membrane-permeable or targeted

Requires expensive equipment and highly skilled staff 

Painful samples preparation SOD-sensitivity should be checked

Trapping can be slower than scavenging Transition metals  increase oxidation

Many molecules with 
different hydrophobicity
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Fluorescent probes: dichlorodihydrofluorescein

Dikalov et al., Ant.Red.Signal,  2014

The editorial board of Free Radicals in the Biology and Medicine journal
stated that DCFH should not be used as a reliable measure of H2O2

Fluorescent probes: dihydroethidium (DHE) and 
mitoSOX.

MitoSOX < 2µM
Fluorescent detection (~400/560 nm) should be confirmed by HPLC
Complex chemistry, light sensitivity, autooxidation

Dikalov et al., Ant.Red.Signal, 2014
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Fluorescent proteins

Bilan et al., Free Rad.Med.Biol.,  2018

Genetically encoded – can be specifically targeted
Redox state rather than H2O2

Careful controls are needed
pH sensitive

Fluorescent proteins

Val Laurel&Dick, Mol.Cell,  20186

Do not react with H2O2 only!
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A story of one artefact – mitochondrial flashes

A story of one artefact – mitochondrial flashes
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A story of one artefact – mitochondrial flashes
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Exomarkers for ROS
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Andreyev AY, Kushnareva YE, Starkov AA. Mitochondrial metabolism of reactive oxygen
species. Biochemistry (Mosc). 2005 Feb;70(2):200-14.
doi: 10.1007/s10541-005-0102-7.

Andreyev AY, Kushnareva YE, Murphy AN, Starkov AA. Mitochondrial ROS Metabolism:
10 Years Later. Biochemistry (Mosc). 2015 May;80(5):517-31.
doi: 10.1134/S0006297915050028.

Michael P Murphy. 2009, How mitochondria produce reactive oxygen species
Biochem J . 2009 Jan 1;417(1):1-13. doi: 10.1042/BJ20081386.

Ristow, 2014, Mitohormesis explains ROS-induced health benefits. Nature Medicine

Reviews to read
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Respiration burst 

Am. J. Physiol. 1932, 103: 235-236 

Superoxide production during respiration burst 

Superoxide is the initial product during
respiratory burst

In the consideration of the various factors that may
operate in bringing about bactericidal action
during phagocytosis, the possibility that hydrogen
peroxide is formed during this process must be
taken into account.
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NADPH oxidase (phox)

Six subunits

Km
NADPH ~ 40 mM

Km
NADH ~ 2.5 mM

OUT 

IN

NADPH + 2O2  NADP+ + H+ + 2O2
.-

Highest production in polymorphonuclear leukocytes
½ in macrophages 

gp91phox (NOX2)

gp91phox = NOX2

FAD 

Two haem cytochrome b558 ~ -245mV

4-6 transmembrane domains

N and C-terminus are facing cytoplasm

Mature protein ~70-90kDa

 Highly glycosylated

After glycosidase ~55kDa

Carbohydrates attached to Asn residue

gp91phox  is unstable in absence of p22phox 

Localised in specific granules
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Activation of NADPH oxidase
Wilkinson et al. Journal of Neuroinflammation 2006 3:30 

Activation of the phagocytic NADPH oxidase complex. Stimulation of the phagocyte induces the parallel
activation of oxidase components within the cytoplasmic vesicles. This activation causes the conversion
of Rac into an active GTP-bound form and the phosphorylation of p47phox and p67phox. These subunits
then translocate to the membrane where they interact with p22phox and gp91phox to initiate reactive
oxygen production. During activation vesicles fuse with the membrane.

Myeloperoxidase

Produced as a single chain precursor and 
subsequently cleaved into a light and 
heavy chain. 

1-5 % of dry weight of the cells

Very basic protein pI~10 – coat pyogenic 
bacteria

Tetramer (150 kDa) composed of 2 light 
chains and 2 heavy chains. 

Haem-containing protein

Stored in azurophilic granules

H2O2 + Cl- + H+ H2O +  HClO

HClO  H+ + OCl- (pK~7.53)

at low pH:
Cl- + HClO  OH + Cl2
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Nitric oxide synthase (iNOS)

L-Arginine +2O2 +3/2NADPH + 3/2H+  Citrulline +2H2O + 3/2NADP+NO

Redox centres:
FAD and  two FMN 
Haem
Tetrahydrobiopterin

Induction by interferon-

In macrophages more than in 
neutrophils

NO is membrane-permeable

De novo transcription-biosynthesis

Location in neutrophil

Azurophil granules

(primary)

Specific granules

(secondary)

0.5 mm

1500 per cell

0.2 mm

3000 per cell

Lysozyme – breaks cell wall

Myeloperoxidase - hypoclorite

Defensins – pore forming

Serporocidins - protease

BPI – increases permeability

Lysozyme - breaks cell wall

NADPH-oxidase - superoxide

Alkaline phosphatase

Lactoferrin – iron binding

Transcobalamin - binds Vit B12

At least two types of granules

Work inside 
phagocytosis of particles

Work outside 
exocytosis 



3/16/2021

39

pH in the phagosome

Intraphagosomal pH monitored with 
pH-sensitive fluorescent  pHRODO dye 

Rise (7.5-7.8, minutes) and fall (5.0-7.0, hours)

What could be the mechanisms and purpose for 
acidification?

H2O2

O2
-

NADPH

NADP+

NADPH
oxidase

O2

Myelo
Peroxidase

Myelo
Peroxidase

HClO

iNOS

L-Arg

NO

Citrl

NO
ONOO-

Cl-

Cytoplasm Intraphagosomal or 
extracellular space

Neutrophil antimicrobal system

Oxidation
Chlorination
NH2Cl chloramine/aldehydes
formation

1O2 and  •OH production
Tyrosyl radicals

CO2 ONOOCO2
-

nitrosoperoxycarbonate 

Oxidation
Nitration

CO3
-

carbonate radical

Cl2

1O2-?


