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Background: Establishing sustained reoxygenation/reperfusion ensures not only the recovery, but may initiate a
reperfusion injury in which oxidative stress plays a major role. This study oﬀers the mechanism and this mechanism-speciﬁc therapeutic strategy against excessive release of reactive oxygen species (ROS) associated with
reperfusion-driven recovery of mitochondrial metabolism.
Aims and methods: In neonatal mice subjected to cerebral hypoxia-ischaemia (HI) and reperfusion, we examined
conformational changes and activity of mitochondrial complex I with and without post-HI administration of Snitrosating agent, MitoSNO. Assessment of mitochondrial ROS production, oxidative brain damage, neuropathological and neurofunctional outcomes were used to deﬁne neuroprotective strength of MitoSNO. A speciﬁcity of reperfusion-driven mitochondrial ROS production to conformational changes in complex I was examined in-vitro.
Results: HI deactivated complex I, changing its conformation from active form (A) into the catalytically dormant,
de-active form (D). Reperfusion rapidly converted the D-form into the A-form and increased ROS generation.
Administration of MitoSNO at the onset of reperfusion, decelerated D→A transition of complex I, attenuated
oxidative stress, and signiﬁcantly improved neurological recovery. In cultured neurons, after simulated
ischaemia-reperfusion injury, MitoSNO signiﬁcantly reduced ROS generation and neuronal mortality. In isolated
mitochondria subjected to anoxia-reoxygenation, MitoSNO restricted ROS release during D→A transitions.
Conclusion: Rapid D→A conformation in response to reperfusion reactivates complex I. This is essential not only
for metabolic recovery, but also contributes to excessive release of mitochondrial ROS and reperfusion injury.
We propose that the initiation of reperfusion should be followed by pharmacologically-controlled gradual reactivation of complex I.

1. Introduction
With an incidence of 1–2 per 1000 full-term birth, perinatal asphyxia remains the major cause of permanent neurological disability in
survived children [1]. The mechanisms of hypoxia-ischaemia-reperfusion brain injury (HI) in asphyxiated and successfully resuscitated infants remain unclear. This precludes the development of therapeutic
strategies addressing adverse metabolic changes in the immediate postHI state.
During reperfusion, reactivation of mitochondrial metabolism is
paramount for bioenergetics recovery and survival. However,

mitochondria can also contribute to reperfusion-driven elevation of
ROS [2–5]. Mitochondrial complex I (C-I) has been proposed as the
major site of ROS production in mitochondria [6–9]. Elevated ROS
production at the level of C-I requires succinate-supported reverse
electron transfer (RET) and catalytically competent C-I. While, accumulation and preferential mitochondrial oxidation of succinate in the
post-ischemic brains has been shown [10,34], the mechanism of C-I
inhibition and reactivation during ischaemia and reperfusion and their
role in the ROS production remains unclear.
In hypoxia, mitochondrial C-I undergoes conformational change
from the active (A) to the de-active (D) form [10–12]. The D-form is
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quantiﬁcation using the MassLynx 4.1 software.

characterized by exposure of a functionally critical SH-group of the
mitochondria-encoded ND3 subunit [13]. Upon re-oxygenation, C-I
reactivates by converting the D-form back to the A-form. This reversible
A/D/A (normoxia/hypoxia/reoxygenation) transition has never been
observed in cerebral tissue. We hypothesized that A→D transition
during HI-insult accounts for inhibition of C-I-dependent mitochondrial
respiration reported in our model [14,15]. Upon reperfusion, the D to
the A conversion reactivates C-I. While this is important for eventual
bioenergetics recovery, it also drives succinate-supported elevation of
mitochondrial ROS release. Preferential oxidation of succinate in reperfusion regenerates energy via forward electron transfer (FET) using
complexes II-III-IV and does not require C-I. Therefore, C-I reactivation
(D→A transition) could be inhibited by mitochondria-targeted nitrosating agent, MitoSNO. This will limit RET-dependent elevation of
ROS release without aﬀecting a recovery of mitochondrial energy metabolism.

Brain mitochondria from naive p10 mice were isolated as in [21].
The activities of C-I were determined as oxidation of NADH (ε340 nm
= 6.22 mM−1 × cm−1) in 1 ml of standard SET medium supplemented
with 15 μM cytochrome c, 25 μg/ml alamethicin, 2 mM MgCl2 and
10–25 μg protein/ml mitochondria. Oxidation of ferrocytochrome c by
C-IV and succinate:Q1 reductase activity of C-II were measured as [21].
The eﬀect of MitoSNO on mitochondrial respiration and H2O2
emission was assessed in isolated brain mitochondria upon completion
of post-HI treatment with MitoSNO or vehicle. Mitochondrial respiration (malate 5 mM + glutamate 10 mM) was measured using Clark-type
electrode (Hansatech, UK) as in [20]. Mitochondrial H2O2 release rate
was measured as in [20].

2. Materials and methods

2.6. Measurement of C-I the A and the D states

2.1. Unilateral cerebral hypoxia-ischaemia injury

The relative content of the A-form of C-I was measured as described
[11,12,22]. In brief, the initial NADH-oxidase activity was measured in
the alkaline (pH 8.8) SET medium in the presence of 5.5 mM MgCl2
before and after C-I activation with a pulse of 20 µM NADH. Because in
the presence of divalent cations and at alkaline pH, the rate of C-I reactivation (D→A transition) is slower than the rate of the reaction
[12,22], this C-I activity was attributed only to the A-form. Then a total
(A+D) C-I activity was estimated in the same manner, but in neutral
media (pH 7.0) and in the absence of Mg2+.

2.5. Measurements of mitochondrial complexes activities

Studies were approved by the Columbia University Institutional
Animal Care and Use Committee (IACUC) in accordance with the
ARRIVE guidelines [16]. Three-day-old C57BL/6J mice with their dams
were purchased from Jackson Laboratories (Bar Harbor). At 10 days of
age (p10), mice were subjected to HI-insult (ligation of the right carotid
artery + hypoxia) as described [17].
2.2. Treatment protocol and study groups

2.7. Preparation of submitochondrial particles (SMP) and measurement of
superoxide generation

Immediately after HI, mice were administered with either MitoSNO
(500 ng/kg) or vehicle (inactive MitoSNO metabolite, Mito-N-acetyl
penicillamine (MitoNAP)) intranasally, 1 µl aliquots (10 µl total), over
40 min. At 60 min of reperfusion, the level of MitoNAP was measured in
olfactory bulbs and brain hemispheres in one group of mice. Other
groups of mice were used to determine changes in C-I activity associated with the D→A transition, mitochondrial O2 consumption and
H2O2 production rate (Fig. 1A). At 24 h of reperfusion, two cohorts of
animals were used for assessment of cerebral infarct volumes and extent
of oxidative injury. At ten days after HI, in a separate cohort of mice, a
long-term outcome was examined by assessment of sensorimotor deﬁcit
(wire-holding, bridge-crossing, and rota-rod tests) [18] and the extent
of the ipsilateral hemisphere atrophy [19].

SMP prepared from brain mitochondria of p10 mice [23] were diluted (5 mg/ml) in buﬀer (250 mM sucrose, 50 mM Tris-PO4 (pH 7.5),
0.2 mM EDTA, 2 mg/ml BSA, malonate (2 mM) and oligomycin (0.5 µg/
mg protein SMP)) and incubated at 30 °C for 30 min. This treatment
near-completely deactivates C-I. Then SMP were supplemented with
100 μM NAD+, 1% ethanol and distributed into two tubes. 0.1 mg/ml
alcohol dehydrogenase was added to one tube to activate C-I (15 min at
25 °C) as described [24].
The superoxide generation supported by succinate (20 mM) was
measured in 70–100 µg/ml SMP as described [25]. SOD (100 U/ml)sensitive reduction, i.e. superoxide generation was 80–90% decreased
by 0.2 μM FCCP or 1 μM rotenone, indicating potential-dependent reaction in C-I.

2.3. Measurement of the cerebral infarct volumes and atrophy
Brains were coronally sectioned and stained with 2% triphenyltetrazolium chloride (TTC). Infarct volumes were calculated using digital images (Adobe Photoshop 4.0.1 and NIH Image J 1.62) and expressed as the percentage of the ipsilateral hemisphere [20]. Brain
atrophy was measured using 12 Nissl stained coronal slices (40 nm) per
brain, sectioned every 500 nm and expressed as % of the contralateral
hemisphere [19].

2.8. Measurement of oxidative stress
Oxidative injury was deﬁned by detecting markers of lipids (4-hydroxy-nonenal, 4-HNE) and proteins (3-nitrotyrosine, 3-NT) oxidation
in the ipsilateral cortex using immunohistochemistry and western blot
analysis [20]. 4-HNE+ cells were quantiﬁed using Image J and expressed as % of 4-NHE+ cells. Three sections (0 mm, −0.5 and
−1.2 mm to bregma), containing images (6 per mouse) of penumbra
(residual presence of microtubule-associated protein, MAP2) and necrotic core (a total loss of MAP2) were examined and mean % of
4HNE+ cells per total cell count (Dapi-positive) was used for analysis.

2.4. Extraction and LC-MS/MS of MitoNAP
For extraction of MitoNAP, 50 mg of brain tissue was incubated in
250 µl 95% acetonitrile, 0.1% formic acid with internal standards (100
pmol d15-MitoNAP). Following protein precipitation and centrifugation,
the pellet was re-suspended, centrifuged and transferred to mass spectrometry vials (TrueView™ LCMS Certiﬁed, Waters). MS/MS analysis
(Waters Xevo TQ-S): source spray voltage, 3.3 kV; cone voltage, 53 V;
ion source temperature, 150 °C; collision energy, 4 V. For LC-MS/MS
analyses samples (2 µl) were injected into a 15 µl ﬂow-through needle
and RP-UPLC. A standard curve with known amounts of MitoNAP:
MitoNAP, 521 > 183; d15-MitoNAP, 536 > 191 was used for

2.9. Cell culture studies
HI-injury in vitro was simulated by subjecting HT22 murine hippocampal neurons to oxygen-glucose deprivation (OGD) as described
[26]. Following four hours of OGD, cells were reperfused with normoxic media supplemented either with 0.5 μM of MitoSNO or vehicle
(MitoNAP). At 30 min of reperfusion, cells were incubated with superoxide-sensing probe, MitoSOX (30 min) followed by confocal
518
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Fig. 1. A – Illustration of the study design. B, C - C-I activity and the D-form content in naïve (n = 6) and HI-brains at the end of HI-insult (0 min of reperfusion,
n = 4), at 15 (n = 4) and 30 min of reperfusion (n = 6). D – The D-form content in naïve (n = 4) and HI-mice treated with vehicle (veh, n = 6) or with MitoSNO
(n = 6). E - MitoSNO inactive metabolite (MitoNAP) in diﬀerent regions of the brain following intranasal administration of MitoSNO to HI-mice (n = 5). F and G –
Activities of C-II and C-IV in naïve (n = 6) and HI-mouse brains (n = 4–6).

photodiode (Hamamatsu Photonics)) as sensor, and emission ﬁlter
580 nm (Rosco Laboratories). The calibration was performed by adding
H2O2 (100–200 nM) to the chamber. Mitochondrial (0.14–0.18 mg of
protein) state 3 respiration was initiated with 200 μM ADP in 2 ml of
KCl respiration buﬀer containing 2 mM malate and 5 mM pyruvate or
5 mM succinate, 10 μM Amplex UltraRed (Invitrogen) and 4 U/ml
horseradish peroxidase. Oxygen concentration in the respirometer was
changed by continuous purge of humidiﬁed nitrogen into gas headspace
(1 ml). Deactivation of C-I was carried out by pre-incubation of mitochondria in the anaerobic respiration buﬀer for 20 min at 37 °C
without substrates.

microscopy of MitoSOX ﬂuorescence. Cellular viability was assessed
after 12 h of OGD. At six hours of reperfusion, OGD-cells treated with
either MitoSNO (0.5 μM for the initial 60 min of reperfusion) or vehicle
(0.5 μM of MitoNAP) were loaded with 2 μM of calcein AM and calcein
ﬂuorescence was measured. The viability was expressed as percentage
of naïve controls.

2.10. Measurement of mitochondrial H2O2 release during A-D-A transition
of C-I
Intact p10 mouse brain mitochondria were isolated [27], and their
respiration and H2O2 release were measured using a respirometer
(Oroboros) equipped with ﬂuorescence setup (525 nm LED-excitation, a
519
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demonstrated signiﬁcantly decreased presence of cerebral markers for
oxidative damage, 4-HNE and 3-NT (Fig. 2A, B). Following oxygenglucose deprivation, HT22 neurons exposed to MitoSNO at the initiation of reperfusion, exhibited signiﬁcantly decreased mitochondrial
ROS production and exhibited better viability compared to vehicletreated cells (Fig. 2C).

2.11. Statistical analysis
All data are mean ± SEM. One-way ANOVA or Student's t-test
(where appropriate) were employed to determine statistically signiﬁcant diﬀerences between naïve, vehicle-treated and MitoSNOtreated groups. Fisher's post-hoc analysis was used to determine pvalue. To analyze temporal diﬀerences in the same indices we used
ANOVA for repeated measures.

3.3. Administration of MitoSNO at the initiation of reperfusion attenuates
HI-brain injury

3. Results
At 24 h of reperfusion, direct infarct volume was signiﬁcantly decreased in MitoSNO-treated mice compared to vehicle-treated littermates (Fig. 3A). Importantly, post-treatment with MitoSNO administered at the onset of reperfusion, exerted a long-term neuroprotection
evidenced by a better-preserved cerebral volume and sensorimotor
performance (longer wire-holding and shorter bridge-crossing times)
compared to vehicle-treated mice (Fig. 3C, D).

3.1. C-I conformation in HI and reperfusion
HI-insult deactivated C-I, by 8-fold increasing the D-form content
compared to controls (Fig. 1B, C). By 30 min of reperfusion, C-I activity
and the D-form level normalized, except in the mice treated with MitoSNO (Fig. 1B-D). The presence of inactive MitoSNO metabolite (MitoNAP) in the olfactory bulbs > ipsilateral > contralateral hemispheres of the MitoSNO-treated HI-mice conﬁrmed the delivery of
MitoSNO to their brains (Fig. 1E). Immediate post-HI activity of C-II
was slightly (∼ 15%) decreased and the activity of C-IV was unchanged. At 30 min of reperfusion, C-II and C-IV activities exceeded
that of naïve counterparts (Fig. 1F, G).

3.4. D→A conformation elevates succinate-supported mitochondrial ROS
production
In isolated mitochondria, hypoxia deactivated C-I via conformational change from the A to the D form (Fig. 4A). Re-oxygenation reactivated C-I (D→A conversion) (Fig. 4A) and accelerated mitochondrial H2O2 release (Fig. 4B, Control). In the presence of MitoSNO, the
same mitochondria signiﬁcantly decelerated H2O2 generation (Fig. 4B,
MitoSNO). To further validate the role of C-I in this process, we used
sub-mitochondrial particles (SMP), where ROS production originates

3.2. Modiﬁcation of C-I conformation with MitoSNO limits the severity of
reperfusion-driven oxidative injury
Compared to the vehicle-treated littermates, MitoSNO-treated mice

Fig. 2. A – Immunostaining and statistical analysis for 4-HNE positive cells (red) in the HI-cortex of mice treated with vehicle (n = 6) or MitoSNO (n = 6) and image
of the cortex of naïve mouse. Counterstaining, MAP-2 (green), Dapi (blue). B – Immunoblot and statistical analysis of 3-NT expression in the HI-brains of vehicletreated and MitoSNO-treated (n = 6) and naive mice (n = 6). C – left and middle; MitoSOX ﬂuorescence (red) at 60 min of reperfusion following OGD-insult in
hippocampal murine neurons in the presence (n = 5) or absence (n = 6) of 0.5 µM of MitoSNO, compared to naïve cells (n = 7). Right; Cellular viability of OGD-cells
treated with MitoSNO or vehicle for the initial 60 min of reperfusion (n = 5).
520
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Fig. 3. A – Actual and mean values of cerebral infarct volumes at 24 h of reperfusion and representative images of TTC-stained brains from HI-mice treated with
vehicle or MitoSNO. B – Sensorimotor performance tested at ten days after HI-insult in mice treated with vehicle (Veh, n = 17) or MitoSNO (n = 18) compared to
Naives (n = 8). C – Representative images of Nissl-stained coronal sections obtained at ten days following HI-insult and D – Actual and mean values of residual
volume of the ipsilateral hemisphere (% of the contralateral hemisphere).

following ischaemia-reperfusion injury in the mature [2] and immature
[20] brain has been reported. However, because the mechanism of reperfusion-initiated excessive mitochondrial ROS generation is unclear,
no mitochondria-targeted anti-oxidative strategies applicable at the
onset of reperfusion exist. In isolated mitochondria, succinate-supported respiration accounts for the highest rate of ROS generation
[6,9,20,28–32]. In these experiments, C-I has been identiﬁed as the
primary site, and RET as the mechanism of ROS production [9,28,33].
Theoretically, in the HI-brain RET-dependent acceleration of mitochondrial ROS may occur, if 1) succinate is accumulated 2) upon

only from the respiratory chain. SMP demonstrated signiﬁcantly reduced superoxide production rate, if C-I was in the D-form, compared to
the C-I being in the A-form (Fig. 4C). Ex-vivo, brain mitochondria isolated after MitoSNO-treatment exhibited decreased phosphorylating
respiration and H2O2 emission rates, compared to vehicle-treated
counterparts (Fig. 4D, E).
4. Discussion
Oxidative

damage

caused

by

mitochondria-originating

ROS
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Fig. 4. A – Changes in the A/D ratio in intact
mitochondria during anoxia and reoxygenation
(n = 3 for each time point). B – The rate of
succinate-supported H2O2 production by control (black) mitochondria and mitochondria
pretreated with MitoSNO (red, MitoSNO)
during reoxygenation. Four traces were analyzed to obtain mean ± SEM. C –
Representative tracing of superoxide generation by succinate-supported SMP with the Aform of C-I (Black) or the D-form of C-I (Red)
with statistical analysis. D – Phosphorylating
respiration rate (state 3) at 60 min of reperfusion in mitochondria isolated from HI-mice
treated with vehicle (n = 4) or MitoSNO
(n = 4). Substrate, Malate-Glutamate. E –
Succinate-supported H2O2 emission rate in the
brain mitochondria isolated at 60 min of reperfusion from the ipsilateral hemisphere of
HI-mice treated with vehicle (n = 8) or
MitoSNO (n = 10).

of mitochondrial membrane potential. Thus, reperfusion initiates
bioenergetics recovery (FET) and excessive ROS release via RET. Experiments with isolated mitochondria and SMP supported mechanistic
signiﬁcance of A→D→A transitions of C-I during hypoxia-reoxygenation in succinate-supported elevation of superoxide production during
D→A transition. Thus, our study proposes the molecular mechanism for
reperfusion-initiated oxidative stress and reperfusion time-speciﬁc
therapeutic strategy: S-nitrosation of the C-I D-form with mitochondriatargeted MitoSNO. Indeed, immediate post-HI administration of MitoSNO preserved C-I in the D-form and exerted robust neuroprotection
evidenced by superior long-term neurofunctional and neuroanatomical
outcomes compared to the vehicle-treated littermates. This suggests,
that the D→A transition in response to reperfusion contributes to reperfusion injury. The molecular basis of ischemic deactivation of C-I is
the conformational change of the ﬂexible loop of ND3 subunit exposing
Cys39 residue in the D-form [13,37]. This thiol is accessible only in the
D-form of C-I and can be speciﬁcally modiﬁed by nitrosothiols, like
MitoSNO [24,33]. This strategy of transient preservation of C-I in the Dform was successfully implemented for cardioprotection against reperfusion injury [33,38].
In conclusion, during perinatal HI C-I is mostly in dormant, Dform. At the initial stage of reperfusion, C-I reactivates via conformation from the dormant into the active form. This accelerates RET-

reperfusion, mitochondria preferentially oxidize succinate and 3) C-I is
enzymatically competent. In models of cardiac and cerebral ischaemiareperfusion injury in mature rodent, a critical role of succinate accumulation for RET-dependent ROS release has been shown [28]. We and
others have reported a dramatic accumulation of succinate in the developing brain during HI [34,35]. At the initiation of reperfusion, mitochondria in the developing brain prefer oxidation of succinate [34].
Thus, excessive accumulation and preferential oxidation of succinate,
favoring activation of RET upon reperfusion in-vivo have been reported. It has also been shown that C-I dependent respiration is compromised during neonatal HI and reactivates upon reperfusion
[14,15,20]. However, how HI deactivates and reperfusion reactivates CI remained unknown. Our study is the ﬁrst to show that HI-insult causes
conformational transition from the A into the D-form which aﬀects the
activity of C-I. The enzyme in the D-form is unable to support RET
[10,12], this explains C-I limited capacity to generate ROS during
ischaemia [33,36]. Our study also shows that upon reperfusion C-I rapidly reactivates via conformation change of the D-from back into the
A-form which supports RET, leading to elevation of ROS release in C-I.
In contrast to C-I, HI has very little eﬀect on the activity of C-II and CIV. This implies that at the initiation of reperfusion, succinate-fueled
respiratory chain is fully capable of forward electron transfer (FET) via
complexes II, III and IV, serving for bioenergetics recovery and support
522
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Fig. 5. Schematic presentation of the proposed mechanism and therapeutic
strategy. During circulatory arrest (ischaemia) accumulated succinate does not
generate ATP (lack of O2) and ROS (C-I in the D form). Upon ROSC (reperfusion), succinate metabolism produces ATP (FET) and contributes to ROS burst
as C-I transitions to the A-form which activates RET. Administration of
MitoSNO by preservation of C-I in the D-form restricts RET and limits ROS
release.

dependent ROS release in mitochondria and initiates oxidative stress
(Fig. 5). This mechanism is speciﬁc only to the early reperfusion stage,
when mitochondrial recovery depends on preferential oxidation of
succinate [12,34]. Therefore, the strategy addressing this mechanism of
reperfusion injury by transient preservation of C-I in the D-form, should
be initiated with achievement of eﬀective re-circulation. Because C-I
activity is not required in succinate-supported mitochondrial respiration, this strategy is will not restrict the initiation of mitochondrial
metabolic recovery.
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