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Abstract
Mortality from perinatal hypoxic–ischemic (HI) brain injury reached 1.15 million worldwide in 2010 and is also a major
factor for neurological disability in infants. HI directly influences the oxidative phosphorylation enzyme complexes in
mitochondria, but the exact mechanism of HI-reoxygenation response in brain remains largely unresolved. After induction of HI-reoxygenation in postnatal day 10 rats, activities of mitochondrial respiratory chain enzymes were analysed
and complexome profiling was performed. The effect of conformational state (active/deactive (A/D) transition) of
mitochondrial complex I on H2O2 release was measured simultaneously with mitochondrial oxygen consumption. In
contrast to cytochrome c oxidase and succinate dehydrogenase, HI-reoxygenation resulted in inhibition of mitochondrial
complex I at 4 h after reoxygenation. Immediately after HI, we observed a robust increase in the content of deactive (D)
form of complex I. The D-form is less active in reactive oxygen species (ROS) production via reversed electron transfer,
indicating the key role of the deactivation of complex I in ischemia/reoxygenation. We describe a novel mechanism of
mitochondrial response to ischemia in the immature brain. HI induced a deactivation of complex I in order to reduce
ROS production following reoxygenation. Delayed activation of complex I represents a novel mitochondrial target for
pathological-activated therapy.
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Introduction
Perinatal hypoxic–ischemic (HI) brain injury causes
neurological disability and morbidity in infants. The
incidence of systemic asphyxia is 3–10 per 1000 births
and occurs in approximately 60% of low-birth-weight
premature newborns.1–3 The worldwide mortality from
perinatal HI injury reached 1.15 million in 2010.4 One
of the animal models mimicking HI encephalopathy in
at-term human infants is the experimental HI model in
brains from postnatal days 10 (P10) rats developed by
Rice et al.5 This HI brain injury model synergistically
combines the ischemic eﬀects induced by unilateral
common carotid artery (CCA) occlusion with additional eﬀects of hypoxia applied systemically. HI triggers a complex molecular pathophysiological response
in the neonatal brain that also aﬀects energy

metabolism, in particular, mitochondrial oxidative
phosphorylation (OXPHOS).6–11
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When applied after HI, tissue reoxygenation
partially restores mitochondrial respiration, activates
oxidative phosphorylation, and increases the level
of high-energy phosphates, such as ATP and
phosphocreatine.12 However, several hours after
reoxygenation, mitochondria exhibit a profound
decline in their ability to generate ATP, referred to as
secondary energy failure.10,12,13 Although reoxygenation
is essential for neuronal survival, it also initiates mechanisms leading to post-ischemic brain injury. Studies
applying HI or ischemia-reperfusion to adult rodent
brains addressed various mitochondrial functions. They
revealed that HI directly inﬂuences the respiratory chain
or OXPHOS enzyme complexes, such as complex I,14–18
complex IV,19 and complex II.20 For instance, a
decreased ADP-stimulated respiration on complex I substrates (malate/glutamate) was observed following HI.7
However, further mechanistic insights into the exact
target of HI remained largely unresolved.
Mitochondrial complex I is a key component of the
respiratory chain. It oxidizes NADH produced in catabolism through glycolysis, the Krebs cycle and b-oxidation of fatty acids, and reduces ubiquinone, while
forming a proton gradient across the inner mitochondrial membrane. This energy-generating redox process
catalyzed by complex I can be reversed. The opposite
catalytic reaction consisting of NADþ reduction by ubiquinol at the expense of the mitochondrial proton gradient represents the reverse electron transfer (RET).21–23
Several studies on the isolated, reconstituted, or
mitochondria-localized mammalian OXPHOS complex
I demonstrate that the enzyme complex can adopt two
catalytically and structurally diﬀerent states: the active
(A) and the de-active (D) conformations.24–29 Unlike
the A-form, the D-form catalyzes the physiological
reaction of NADH oxidation by ubiquinone with a
considerable lag-phase. If idle at physiological temperatures, i.e. during hypoxia or ischemia, when the lack of
oxygen decreases the electron transfer in the respiratory
chain, complex I converts from the A-form to the Dform. This catalytic conversion is paralleled by conformational changes within complex I that expose a
critical cysteine residue of the ND3 subunit, which renders the D-form sensitive to nitrosation and thiol oxidation.30–32
This
reversible
deactivation
of
mitochondrial complex I is considered one of the key
events in hypoxic tissue response, but is still to be
demonstrated as clinically relevant in animal models
of ischemia. Here, we show reversible A/D transition
of complex I in an HI rat model of the immature brain.
Our work describes a novel mechanism by which mitochondrial complex I deactivation may serve as a safety
lock preventing the brain energy metabolism from
RET, thereby decreasing the ROS production during
reoxygenation after HI.
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Materials and methods
Cerebral HI
The animal protocol was approved by the Institutional
Animal Care and Use Committee of Weill Cornell
Medicine. All experiments were conducted in accordance with the Guidelines for the Care and Use of
Laboratory Animals of the National Institutes of
Health and the ARRIVE guidelines. HI injury was
induced by a permanent unilateral (right) CCA ligation
followed by systemic hypoxia (8% O2/92% N2) for 1 h
in postnatal day 10 (P10, both males and females)
Wistar rats (Charles River) as described previously.5,12,33 For this set of experiments, we aimed for
a hypoxic exposure suﬃcient to produce a moderatesevere insult which is consistent with a very limited
(<5%) mortality of the animals. After CCA
ligation surgery, the rat pups had a 2-h recovery
interval before being placed into an air-tight container
for systemic hypoxia for 1 h at 37 C (HI treatment).
Non-ligated control rats (C) were exposed to
room air. After systemic hypoxia, rats were
subjected to a reoxygenation period of varying duration. At 0 h, 30 min, or 4 h after systemic hypoxia,
rats were anesthetized with isoﬂurane and decapitated
directly into isopentane/dry ice for rapid freezing.
Frozen heads were stored at 80 C until dissection
for further biochemical analyses.

Isolation of mitochondrial fragments and intact
mitochondria
For both the activity measurements of mitochondrial
enzymes and complexome proﬁling, mitochondria were
isolated from frozen ipsi- and contralateral brain hemispheres by diﬀerential centrifugation. After sagittal
transection of the heads into the ipsi- and contralateral
brain hemispheres, the skull and meninges were quickly
removed. The cortical regions with the maximal
damage12 were excised from both hemispheres
separately.
Fragments of mitochondrial membranes used for the
activity measurements and A/D ratio determination
were isolated from frozen material as described previously,27,28 In brief, pieces of frozen cortical brain tissue
(60–80 mg) were homogenized for 3 min using
BioRuptor homogenizer in 1.5 ml of SET medium
(250 mM sucrose, 50 mM Tris-HCl, pH 8.8, 0.2 mM
EDTA) and 1 mM MgCl2.The homogenization
medium was supplemented with 50 mg/ml alamethicin
and 1 mM ferricyanide in order to preserve physiological A/D ratio during isolation.26,28 The treatment
above permeabilizes the inner mitochondrial membrane
leading to rapid oxidation of cellular NADH and preserves the A/D ratio of complex I during the isolation.
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Tissue debris was discarded after centrifugation for
4 min at 1500g at 4 C. The supernatant was centrifugated for 15 min at 20,000 g at 4 C. The resulting membrane pellet was rinsed twice with SET medium (pH
8.0) and subsequently resuspended in 100 ml of SET
medium, pH 7.5. Frozen aliquots were stored at
80 C until use.
For complexome proﬁling, the cortical brain tissue
after thawing and mincing was mechanically disrupted
by homogenization in a 3.5-ml glass/Teﬂon PotterElvehjem homogenizer at 4 C in mitochondria isolation
buﬀer (250 mM sucrose, 20 mM Tris/HCl, pH 7.4,
1 mM EDTA) supplemented with protease inhibitor
cocktail (SigmaFast). Homogenates were centrifuged
at 1000g for 10 min at 4 C, and the resulting supernatants were subsequently centrifuged at 10,000g for
10 min at 4 C. The mitochondria-enriched pellets were
washed in mitochondria isolation buﬀer. Protein concentration was determined by Lowry method.
Mitochondria protein aliquots were stored at 80 C.
To isolate intact mitochondria, a protocol combining diﬀerential centrifugation with digitonin treatment
in order to disrupt synaptosomal membranes34 was
used as detailed in Stepanova et al.35

Enzyme activity measurements of mitochondrial
membranes
All measurements using mitochondrial fragments were
performed spectrophotometrically at 25 C. Complex
IV activity was measured as oxidation of 50 mM ferrocytochrome c ("550nm ¼ 21.0 mM1  cm1) in SET
medium supplemented with 0.025% dodecyl maltoside
(DDM). Succinate:ubiquinone reductase activity was
determined at 275 nm ("275nm ¼ 13.0 mM1  cm1) in
SET medium with 15 mM Q1, 1 mM cyanide, and
10 mM succinate as described previously.36 The activity
was fully sensitive to speciﬁc inhibitors of complex II,
such as malonate or thenoyltriﬂuoroacetone.
The activity of complex I was determined as oxidation of 150 mM NADH ("340nm ¼ 6.22 mM1  cm1) in
1 ml of standard SET medium, pH 7.5 supplemented
with 15 mM cytochrome c, 25 mg/ml alamethicin,
2 mM MgCl2 and 10–25 mg protein/ml mitochondrial
membranes. NADH-oxidase activity was fully sensitive
to inhibitors of complex I and IV, rotenone and cyanide, respectively, indicating that NADH-oxidation is
catalysed only by mitochondrial complex I.
NADH:hexammineruthenium (HAR) oxidoreductase37
was assayed in SET medium supplemented with 1 mM
cyanide and 1 mM HAR.
The relative content of the active (A) form of complex I in a given mitochondrial membrane preparation
was determined as described previously26–28 using initial rates of the NADH-oxidase reaction in the alkaline
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SET medium at 25 C before and after activation with a
pulse of 20 mM NADH.

Accessing mitochondrial respiration and ROS production in intact mitochondria
Respiration and extramitochondrial release of H2O2 in
intact mitochondria were measured using an Oroboros
high-resolution respirometer equipped with a ﬂuorescence emission optical module as described.35
Mitochondria (0.14–0.18 mg of protein) were added to
the reaction chamber containing 2 ml of respiration
buﬀer composed of 125 mM KCl, 0.2 mM EGTA,
20 mM HEPES-Tris, 4 mM KH2PO4, pH 7.5, 2 mM
MgCl2, 2 mg/ml BSA, 10 mM Amplex UltraRed
(Invitrogen) and 4 U/ml horseradish peroxidase at
37 C. The following complex I or II substrates were
used: 2 mM malate and 5 mM pyruvate or 5 mM succinate, respectively. To initiate state 3 respiration (State 3),
200 mM ADP was added to the mitochondrial suspension. Respiration was fully inhibited by 1 mM cyanide or
1 mM antimycin A. The calibration of Amplex UltraRed
response was performed by adding several 93 pmol/ml
aliquots of freshly made H2O2 to the measuring
medium at the end of the each experiment.

Deactivation of complex I
In vitro deactivation of complex I in intact mitochondria was carried out by preincubation of mitochondria
(0.28–0.36 mg/ml) in an anaerobic respiration buﬀer for
20 min at 37 C without substrates. This treatment
results gradual deactivation of the enzyme, so that 70
or 80% of the enzyme was found to be in the D-form
(after 15 and 20 min of incubation, respectively determined as described above). To be able to rapidly return
from an anaerobic incubation medium to an oxygencontaining medium that allows for oxygen consumption measurements, the respirometer has been modiﬁed
by adding a gas headspace (1 ml) above the measurement chamber. The headspace could be continuously
purged with humidiﬁed gaseous nitrogen through the
stopper at a rate of 10–60 ml/min. By varying the partial pressure of gaseous nitrogen in the headspace, we
are able to control oxygen concentration in the liquid
sample via N2 exchange between the two phases. If
necessary, the gas ﬂow can be turned oﬀ and the
upper stoppers moved to seal the oxygen chamber so
that no headspace remains allowing direct oxygen consumption measurements.

Complexome profiling
Frozen mitochondrial proteins (200 mg) were solubilized with 6 g digitonin/g protein in 50 mM NaCl,
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5 mM 6-aminohexanoic acid, 1 mM EDTA, 50 mM
imidazole/HCl, pH 7.0. After centrifugation at
22,000 g for 20 min at 4 C, the supernatant was supplemented with Coomassie brilliant blue G250 and proteins were separated by 4-16% gradient blue native
(BN) polyacrylamide gel electrophoresis (PAGE) as
described in detail previously.38
After electrophoresis, the gel was ﬁxed, stained with
Coomassie blue, and the gel lanes were prepared for
complexome proﬁling as described previously.39
Brieﬂy, BN gel lanes were cut into 60 even pieces,
each of which was cut into smaller pieces, transferred
to a 96-well ﬁlter microtiter plate (Millipore) and
destained in 50% (v/v) methanol, 50 mM ammonium
bicarbonate. After complete destaining, in-gel tryptic
digestion was performed as described previously.39
Peptides after tryptic digestion were separated by
liquid chromatography and subsequently analyzed by
tandem mass spectrometry (LC-MS/MS). Q-Exactive
2.0 orbitrap mass spectrometer was equipped at the
front end with an Easy-nLC1000 nano-ﬂow ultra-high
pressure liquid chromatography system (Thermo Fisher
Scientiﬁc) and the Thermo Scientiﬁc Xcalibur 2.2 SP1
Software Package.40,41

Protein identification, label-free quantification and
hierarchical clustering
Mass spectrometry RAW data were analyzed using
MaxQuant (version 1.5.0.25; www.maxquant.org42).
The extracted spectra were matched against the
Rattus norvegicus NCBI Reference Sequence database
release 55. Database searches were done with 20 ppm
match tolerances. Trypsin was chosen as the protease
with two missed cleavages allowed. Fixed modiﬁcation
included cysteine carbamidomethylation, and dynamic
ones included N-terminal acetylation and oxidation of
methionine. Trypsin and keratin data were removed
from the list.
The abundance of each protein was determined by
label-free quantiﬁcation using the composite intensitybased absolute quantiﬁcation (iBAQ) values determined by MaxQuant analysis42 and was normalized
within single and multiple migration proﬁles using the
average peak values of 13 nuclear-encoded proteins,
which were not aﬀected by the treatment. Gel migration
proﬁles were built for each protein and normalized to
the maximum abundance across all samples analyzed.
The proﬁles of the identiﬁed OXPHOS proteins were
hierarchically clustered by distance measures based on
uncentered Pearson correlation coeﬃcient and the average linkage method. The clustering, visualization, and
analysis of the heat maps of the complexome proﬁles
showing the normalized protein abundance in each gel
slice in a three color code gradient (black/yellow/red)
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were done using the NOVA software v0.5.43 Then
exported data were processed in Microsoft Excel.
Respiratory chain complexes and supercomplexes
served as standards for the mass calibration for the
BN as previously described.39

Chemicals, protein determination and statistical
analysis
All chemicals were purchased from Sigma except when
speciﬁcally stated. Protein content was determined by
BCA assay (Sigma) with 0.1% deoxycholate for solubilisation of mitochondrial membranes.
All results except A/D data are given as mean values
of percentages calculated from enzyme activity in the
ipsilateral hemisphere versus enzyme activity in the
contralateral hemisphere from the same animal. Data
are presented as the arithmetic means  SD. Paired
t-test was used for comparison of ipsi- and contralateral
hemispheres. Two-sample t-test or multiple t-tests with
pooled SD (when possible) were used to compare different groups; p-values were adjusted using false discovery rate estimation. Each group consisted of six to eight
animals.

Results
Effect of HI on mitochondrial respiratory chain
Initially, we tested if HI-reoxygenation aﬀects the mitochondrial respiratory chain in the immature brain. The
activity of respiratory chain complexes in mitochondrial membranes was evaluated using cortical brain tissues from three experimental groups of HI-treated rats
diﬀering in the time of reoxygenation after systemic
hypoxia: 0 min (no reoxygenation), 30 min and 4 h.
Mitochondrial complex IV (cytochrome c oxidase)
activity was lower at 0 min after HI (p ¼ 0.04) but
returned to control level at 30 min after reoxygenation,
and was further raised signiﬁcantly at 4 h after reoxygenation (Figure 1(a)). There were no signiﬁcant
changes observed for the activity of mitochondrial
complex II (succinate dehydrogenase) (Figure 1(b)).
NADH oxidase activity (complexes I, III and IV
together) declined by about 30% at 4 h of reoxygenation after HI-treatment, indicating an impairment of
mitochondrial respiration in the aﬀected rat brain
hemisphere (Figure 1(c)). Two diﬀerent mechanistic
scenarios could explain this ﬁnding: a decline in the
catalytic rate of the enzyme or a decrease of complex
I content in the membrane. NADH:HAR reductase
activity can be used as a measure of the relative content
of functional complex I since it is proportional to the
FMN of the enzyme.37,44 We found a reduction of the
relative complex I content at 4 h after reoxygenation
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Figure 1. Effect of duration of reoxygenation after systemic hypoxia of HI-treated P10 rats on cytochrome c oxidase (a), succinate
dehydrogenase (b), NADH oxidase (c) and NADH:HAR reductase activity (d) of brain mitochondria fragments. Complex IV and IV
activities in non-ligated control animals were 1.1  0.3 and 0.08  0.02 mmol substrate  min1  mg protein1, respectively. Complex
I-mediated activities in control animals were 0.50  0.09 and 0.81  0.19 mmol NADH  min1  mg protein1 for NADH oxidase and
HAR reductase, respectively. Values represent the percentage of activities in the ipsi- versus contralateral hemisphere from the same
animal (n ¼ 6–8, *p < 0.05, **p < 0.01).

(Figure 1(d), p ¼ 0.002). This indicates that the enzyme
content was aﬀected but not the catalytic activity.
Conformational changes or the A/D transition of
complex I occur in highly metabolizing tissues, such
as the heart at physiological temperatures when the
enzyme is idle.27–29,45 We hypothesized that short time
hypoxia would also result in deactivation of the enzyme
in the immature brain. Mitochondrial membranes isolated from HI-treated rats before reoxygenation (0 min)
showed a noticeable lag-phase at the beginning of the
NADH oxidase reaction measurement (Figure 2(a),
trace 1), which is one of the classical attributes of the
deactivated enzyme. The addition of a 20 mM pulse of
NADH before the reaction resulted in complex I activation and eliminated the lag-phase in these samples
(Figure 2(a), trace 3). The NADH oxidase reaction catalyzed by the enzyme isolated from control animals did
not manifest a lag-phase (Figure 2(a), trace 2) and was
not activated by the NADH pulse (Figure 2(a), trace 4),
indicating that most of complex I was in the A-form.
Figure 2(b) shows an estimation of the A/D ratios in
mitochondrial membrane preparations presenting the
relative fraction of the D-form as percentage of the

A-form in the ipsi- and contralateral hemispheres
after diﬀerent reoxygenation times (grey and white
bars, respectively). HI-treatment without reoxygenation (0 min) resulted in a deactivation of complex I in
the ipsilateral hemisphere (34.7  18.8% of the
D-form), whereas the contralateral samples revealed
only 13.6  7.5% of complex I in the D-form.
Reoxygenation of HI-treated rats for 30 min (Figure
2(b), grey bar) caused complex I to return from the
D-form to the A-form, resulting in a percentage of
the D-form similar to the contralateral hemisphere of
the same animal (6.5  5.5%, Figure 2(b), white bars)
or the non-ligated control (C) sample 7.9  4.1%
(Figure 2(b)). We concluded that 60 min HI results in
deactivation of mitochondrial complex I in the immature brain and reoxygenation returns A/D ratio back to
the basal level.

Identification of mitochondrial OXPHOS complexes
and supercomplexes by complexome profiling
To study the eﬀect of HI-treatment and subsequent
reoxygenation on the composition and abundance of
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Figure 2. Effect of HI-treatment and duration of reoxygenation after systemic hypoxia of HI-treated P10 rats on A/D ratio of complex I
of brain mitochondria fragments. (a) NADH-oxidase activity of complex I in brain mitochondrial membranes (20 mg protein/ml) isolated
from HI-treated animals (0 min) (traces 1 and 3) and non-ligated control (traces 2 and 4). Traces 1 and 2 are representative traces of
HI-treated and non-ligated control rats, respectively, measured without activation of complex I. The same samples were fully activated by
preincubation of mitochondrial membranes with a pulse of 20 mM NADH directly in the cuvette before initiation of the reaction with
150 mM NADH (traces 3 and 4). NADH oxidase was assayed as described in ‘Material and methods’ section; (b) the percentage of the
D-form of mitochondrial complex I in the contra- and ipsilateral hemispheres (white and grey bars, respectively). The A/D ratio was
calculated using the enzyme assay as described under Methods. Values represent the means  SD of n ¼ 6–8 animals per group,
*p < 0.05, **p < 0.01, ***p < 0.001.

OXPHOS complexes and supercomplexes in rat brains,
we analyzed mitochondria by complexome proﬁling.39,41 This method allows for the identiﬁcation of
proteins in digitonin-solubilized mitochondria by
state-of-the-art mass spectrometry and assignment of
diﬀerent protein complexes based on similarities in
their migration proﬁles in blue-native electrophoresis
(BNE) gels. Label-free quantiﬁcation can estimate the
relative distribution of mitochondrial proteins.
The results of the complexome proﬁling of the
OXPHOS complexes and supercomplexes in mitochondria isolated from brain samples of HI-treated rats after
0 min, 30 min, and 4 h of reoxygenation are shown in
Figure 3. Complexome proﬁling abundance heat maps
(above) are presented along with migration proﬁles
(below) of all detected subunits averaged for
OXPHOS complex I (CI), complex II (CII), complex
III (CIII), and complex IV (CIV).
The complexome proﬁling data of all samples reveal
the presence of complex II subunits in the succinate
dehydrogenase complex (CII;  125 kDa). In all samples, the subunits of complex I were detected in both
the monomeric complex I (1010 kDa) and the
OXPHOS supercomplexes (S0–S4), including supercomplex S1 consisting of monomeric CI, dimeric CIII,
and monomeric CIV depicted in Figure 3 (1705 kDa).
At a molecular mass of 485 kDa, subunits of complex
III, forming a constitutive dimer, were detected,
whereas subunits constituting monomeric complex IV
were observed at 210 kDa. Besides the supercomplexes,
which are composed of complex III (S0-S4; 14952335 kDa) and complex IV (S1-S4; 1705-2335 kDa) in

addition to complex I, a supercomplex consisting of the
OXPHOS complex III dimer and complex IV monomer
is detectable at 695 kDa (not indicated). A comparison
of the migration proﬁles of all samples did not reveal
any signiﬁcant diﬀerences in the abundance or the distribution of the OXPHOS complexes and
supercomplexes.

Role of HI-induced deactivation of complex I
To this point, our study demonstrates that HI-treatment of P10 rats results in a signiﬁcant deactivation
of mitochondrial complex I of the ipsilateral brain
hemisphere. A subsequent reoxygenation period
caused the A/D ratio to return to levels as observed
in the contralateral hemisphere and in untreated control rats. As observed for mitochondria from heart
tissue27–29 and cells,46 ischemia-induced transition of
complex I from the A- to the D-form can serve as an
intrinsic mechanism to prevent ROS generation in
mitochondria upon reoxygenation. To test this, the
eﬀect of complex I deactivation on H2O2 release was
studied in intact mitochondria.
Initially, we estimated the rates of H2O2 release rate
for intact brain mitochondria oxidizing diﬀerent substrates. Mitochondria from untreated control rats
exhibited respiratory control values of 6.5–7.0 when
respiring on malate/pyruvate as substrates of mitochondrial respiration, and are therefore able to provide
high rates of H2O2 production. In Table 1, the quantitative characteristics of mitochondrial respiration and
H2O2 release applying diﬀerent respiratory substrates
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Figure 3. Complexome profiling abundance heat maps and plots of migration profiles of selected OXPHOS complex I (CI), complex
II (CII), complex III (CIII), complex IV (CIV) from HI-treated rat brains after different times of reoxygenation. Abundance heat maps
and migration profiles of mitochondria from HI-treated rat pups without reoxygenation (0 h; first panel from above), HI-treatment
with 30 min of reoxygenation (30 min; second panel from above), and HI-treatment with 4 h of reoxygenation (4 h; third panel from
above) are presented to define the relative quantity of OXPHOS complexes and supercomplexes. Rat brains were analyzed for the
contralateral (left panels) and ipsilateral brain hemispheres (right panel). Each panel shows the relative abundance of the summary of all
detected subunits in the OXPHOS complexes (CI-CIV) and supercomplexes. For each OXPHOS complex, the subunits were
assembled manually and color-coded by normalizing the relative abundance in comparison to control and all experiments for each
protein separately. The abundance migration profiles of the OXPHOS complexes were monitored by averaging the abundance values
for all detected subunits of each of the OXPHOS complexes. In the abundance heat maps (HI; first panel from above), the OXPHOS
complexes are indicated, and their molecular masses are given: CI – 1010 kDa, CII – 125 kDa, CIII – 485 kDa, CIV – 210 kDa.
Supercomplex S1 – 1705 kDa is indicated.
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Table 1. Mitochondrial respiratory activities and H2O2 productiona of brain mitochondria from P10 rats.

Malate þ Pyruvate (5 mM þ 2 mM)
þADP (0.2 mM)
þAntimycin A (1mM)
Succinate (5 mM)
þADP (0.2 mM)
þFCCP (0.2 mM)
þRotenone (1mM)
þAntimycin A (1mM)

Respiratory activity,
nmol O2  min1  mg1

H2O2 release
pmol  min 1  mg1

29.0  4.3
176.5  14.4
7.6  2.25
71.7  2.1
220.2  21.7
185.0  17.2
67.0  6.0
8.5  0.6

124  17**
44  22
215  14
535  25**
59  8
113  32
112  12
166  16

a
Measured simultaneously with respiration (see Methods). Three different preparations of mitochondria were used, each
measured in four technical replicates.
**p ¼ 0.0005.
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Figure 4. Respiration and ROS production by intact brain mitochondria oxidizing succinate. (a) Representative traces of oxygen
consumption (black) and H2O2 release (red) during oxidation of succinate by mitochondria (0.16 mg protein/ml). (b) Release of H2O2
as a function of oxygen concentration 100% rate corresponds to 535 pmol H2O2  min1  mg1. Oxygen concentration was rapidly
varied by continuously purging the headspace with nitrogen as described in ‘Materials and methods’ section while measuring directly by
the Oroboros respirometer.

are summarized. During oxidation of NADH-generating
substrates malate/pyruvate, addition of antimycin A stimulated the H2O2 release two-fold, while it inhibited
oxygen consumption by 95% (Figure 4(a), Table 1).
The highest rate of H2O2 release was found during succinate oxidation. The succinate-mediated H2O2 production
was fully sensitive to the addition of ADP or uncouplers
as well as to the complex I inhibitor rotenone, indicating
that the ROS generation site is located at complex I and
occurs via RET (Figure 4(a), Table 1).
It was important to determine how mitochondrial
ROS production changes at diﬀerent oxygen levels.
The eﬀect of oxygen concentration on mitochondrial
H2O2 release during succinate oxidation was estimated
by purging the headspace in the Oroboros system with
nitrogen to quickly reduce the partial pressure of O2 in
solution. RET-associated H2O2 production during

succinate oxidation was linearly dependent on the
oxygen concentration in the medium over a broad
range (5–200 mM [O2], Figure 4(b)).
To test the eﬀect of complex I deactivation on H2O2
release during RET, in vitro oxygenation was initiated
by addition of an oxygen-saturated respiration buﬀer
supplemented with 10 mM succinate to an equal
volume of anoxic suspension of intact mitochondria
containing either the A- or the D-form of complex I
(as described in Materials and Methods). This resulted
in a steep increase of the oxygen concentration in solution to 100–110 mM, thereby initiating respiration
under RET conditions associated with H2O2 production. As shown in Figure 5, the rate of H2O2 release
increased with time. When complex I was in the
D-form, acceleration of ROS production occurred signiﬁcantly slower with an initial lag phase (Figure 5(a)).
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Figure 5. Effect of complex I deactivation on the initial rates of
H2O2 release by intact brain mitochondria upon reoxygenation.
Reoxygenation initiated by addition of 1 ml of the aerobic
respiratory medium containing 10 mM succinate to anaerobic
mitochondrial suspension containing either the A- or the D-form
of complex I (red and black traces, respectively) and all of the
components of the assay. (a) Raw amplex UltraRed fluorescent
signal (F); (b) a derivative (dF/dt) of the raw fluorescent signal
showing the increase of the initial rates of the H2O2 release after
reoxygenation in time. 100% rate corresponds to
250 pmol  min1  mg1. Average of six registration traces is
shown.

The half-time of the rate increase was 19.3  2.1 and
47.9  4.0 s for the A and the D-form, respectively
(Figure 5(b), p ¼ 0.002). Overall, these results indicate
that the deactivation of complex I lowered the initial
rates H2O2 release upon reoxygenation.

Discussion
Using the Rice-Vannucci model of oxygen deprivation
in the developing brain,5,33 we observed a signiﬁcant
change in activities of the enzymes of the respiratory
chain following HI-reoxygenation. Mitochondrial

respiration rate can be a good predictor of tissue survival after I/R.47 However, the changes in mitochondrial respiration observed in the present study cannot
be exclusively attributed to neurons only. It is known
that the enzymatic proﬁle is mostly oxidative type in
neurons and glycolysis in glial cells.48,49 Astrocytes
have a limited capacity to stimulate processing of pyruvate through the Krebs cycle and at the same time
neurons cannot upregulate glycolysis and possess
mostly high OXPHOS activity.48 At the same time, a
glia-to-neuron ratio of 0.4–0.35 was reported for adult
mouse brain,50,51 suggesting that neuronal mitochondria may contribute the major fraction of respiratory
activity in our preparation.
We found that cytochrome c oxidase activity is
decreased after HI. This observation corroborates
with previous studies in the adult brain ischemia
model.19,20 An unexpected increase in activity at 4 h
of reoxygenation after HI-treatment may partially indicate a compensatory upregulation of the enzyme in the
developing brain52,53 in response to HI. Speciﬁc activation of the cytochrome c oxidase catalytic rate by
enzyme phosphorylation or by allosteric mechanisms
cannot be excluded, as shown for the enzyme from
heart tissue.54–56
We observed a tendency of increased complex II
activity 4 h after HI-reoxygenation in the immature
brain. A comparable increase in the enzyme activity
was observed recently in brain mitochondria from
adult gerbils after ischemia.57
Energy-generating oxidation of NADH in the mitochondrial matrix of aerobic cells is catalyzed exclusively
by mitochondrial complex I. Physiological regulation
of this critical component of cellular metabolism is
not completely understood. Complex I has been recognized as an initial target as well as a source of ROS in
ischemia/reperfusion injury.18,58–60
We found a signiﬁcant decrease in complex I activity in samples obtained at 4 h of reoxygenation after
HI. This is in agreement with data on the decline of
complex I-dependent respiration obtained in a similar
model of neonatal HI in mice18 as well as in adult
brain after ischemia/reperfusion.16,17,61 It should be
stressed that in our model of neonatal HI-reoxygenation, the decrease of complex I activity could be due
to a decrease of content of the enzyme or loss of functionality of its NADH-binding catalytic domain.
However, unlike in cardiac ischemia,62,63 we did not
detect any signiﬁcant diﬀerences in the distribution of
complex I monomers or in complex I-containing
supercomplexes by complexome proﬁling of mitochondria from control and HI-reoxygenation-treated brain
samples. Changes in protein abundance of complex I
and its subunits were also not detected by complexome proﬁling.
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We found that intact mitochondria from immature
brain oxidizing succinate generate H2O2 at the highest
rate, which agrees with previous studies using brain and
heart mitochondria.18,64–67 The absolute values of H2O2
production in mitochondria from immature rat brain
are very close to the data obtained for the adult mouse
brain mitochondria.68 In our experiments, the rate of
H2O2 release is equivalent to about 1% of total oxygen
consumption in RET, which is less than observed for
mitochondria from adult rat brain.69
We observed a linear dependence of RET-supported
H2O2 release on oxygen concentration, supporting previous studies demonstrating a similar dependence of
superoxide generation by heart submitochondrial particles oxidizing succinate.70 An almost linear dependence of H2O2 production on oxygen concentration in
hyperoxic conditions was also found in brain in vivo.71
Our observation suggests that the rate of H2O2 generation (or more accurately, of its precursor, superoxide)
is proportional to the oxygen concentration, obeying
the law of mass action. This is in apparent disagreement
with the widely accepted concept of hypoxia-stimulated
ROS production playing a signiﬁcant role in stabilization of transcription factor HIF-1a.72,73
An interesting characteristic of mitochondrial complex I is its ability to adopt two distinct states: the catalytically active (A) and the deactive, dormant state
(D)24 (reviewed in Vinogradov25 and Babot et al.26).
We demonstrated for the ﬁrst time the existence of a
reversible A/D transition of mitochondrial complex I in
a physiologically relevant HI-reoxygenation model of
the developing brain. The presence of around 10% of
the total enzyme in the D-from in the brain of untreated
control animals suggests that a ﬁnely tuned balance
between the A- and the D-form can govern the rate
of OXPHOS in brain mitochondria deﬁned by the magnitude and the dynamics of ATP-demand as well as
oxygen availability. It should be noted that the diﬀerence in the D-form content in mitochondrial membranes derived from the samples subjected to 15 min
HI (34.7  18.8%) is twofold lower than the degree of
inactivation of the enzyme after 15 min anaerobic incubation or intact brain mitochondria in vitro. It may
reﬂect a diﬀerence between in situ and in vitro conditions, but more likely was due to some uncertainty in
the excision of the ischemic area of the frozen brain.
Ischemic deactivation of the enzyme would delay the
return of cellular respiration back to the baseline level
at the time of reoxygenation and, most likely, has a
protective role.31,46,74 Several ischemia-reperfusion studies of the heart59,75,76 and brain18 demonstrated that
inhibition of complex I by various agents decreased the
extent of HI-reoxygenation injury. On the one hand,
this result seems paradoxical since a quick return of
the respiratory chain to operating at full capacity
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ensures normalization of ATP and phosphocreatine
levels after an ischemic episode. On the other hand, at
the early stage of reperfusion, full recovery of complex I
is associated with an accelerated release of ROS,18,59
probably due to the process of RET.60 A markedly
reduced succinate-supported H2O2 release from the
mitochondria isolated immediately after HI without
reoxygenation, was observed using similar RiceVannucci HI-reoxygenation model.18 In this study,
30-min reoxygenation results in an increase of H2O2
generation in mitochondria in RET conditions. Our
results suggested a mechanistic explanation for these
observations.
More than 25 years ago, the inability of the D-form
to catalyze RET was shown in the preparation of
submitochondrial particles.24 Redox properties of the
D-form are very similar to the enzyme inhibited by
rotenone.25 Since rotenone inhibits H2O2 release in
intact mitochondria oxidizing succinate, it should be
expected that the deactivation also prevents ROS generation. For the ﬁrst time, we directly demonstrated that
the D-form of the enzyme is less active in ROS generation in RET when oxidation of succinate is catalysed by
intact mitochondria in vitro. Therefore, the process of A
to D transition of mitochondrial complex I could be
considered as an intrinsic protective mechanism against
ROS formation by reverse electron transport.
After a period of oxygen deprivation, succinate
levels are elevated in the brain77,78 and the heart.60,79
Upon reperfusion, in the presence of mitochondrial
membrane potential, electrons from accumulated succinate could be transferred upstream to complex I,
where superoxide anion can be produced, most likely
at the level of FMN.68,80–82 Under these conditions,
deactivation of complex I (or transient treatment with
speciﬁc inhibitors) prevents the reduction of all complex I redox centers including FMN and renders the
enzyme inert.
Complex I A/D dynamics during reoxygenation in
brain attests an important role of this enzyme in the
prevention and compensation of HI-reoxygenation
injury. Our results identify the deactivation of mitochondrial complex I in ischemia as an important protective mechanism following ischemia-reperfusion
injury. We believe that further characterization of the
A/D transition in brain ischemia may provide a better
understanding of the regulation of the brain tissue
response to oxygen deprivation. Our ﬁnding of
oxygen-dependent deactivation of complex I extends
the mechanistic knowledge of brain injury and adaptation of the nervous tissue to HI and opens new avenues
in the search for neuroprotective treatments.
Collectively, our data suggest that we identiﬁed a
key mechanism of regulation of OXPHOS and ROS
production in mitochondria by oxygen.
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