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Abstract

Aims: Brain ischemia/reperfusion (I/R) is associated with impairment of mitochondrial function. However, the
mechanisms of mitochondrial failure are not fully understood. This work was undertaken to determine the
mechanisms and time course of mitochondrial energy dysfunction after reperfusion following neonatal brain
hypoxia-ischemia (HI) in mice.

Results: Hl/reperfusion decreased the activity of mitochondrial complex I, which was recovered after 30 min of
reperfusion and then declined again after 1 h. Decreased complex I activity occurred in parallel with a loss in the
content of noncovalently bound membrane flavin mononucleotide (FMN). FMN dissociation from the enzyme
is caused by succinate-supported reverse electron transfer. Administration of FMN precursor riboflavin before
HI/reperfusion was associated with decreased infarct volume, attenuation of neurological deficit, and preserved
complex I activity compared with vehicle-treated mice. In vitro, the rate of FMN release during oxidation of
succinate was not affected by the oxygen level and amount of endogenously produced reactive oxygen species.
Innovation: Our data suggest that dissociation of FMN from mitochondrial complex I may represent a novel
mechanism of enzyme inhibition defining respiratory chain failure in I/R. Strategies preventing FMN release
during HI and reperfusion may limit the extent of energy failure and cerebral HI injury. The proposed
mechanism of acute I/R-induced complex I impairment is distinct from the generally accepted mechanism of
oxidative stress-mediated I/R injury.

Conclusion: Our study is the first to highlight a critical role of mitochondrial complex I-FMN dissociation in
the development of Hl-reperfusion injury of the neonatal brain. Antioxid. Redox Signal. 31, 000-000.

Keywords: ischemia/reperfusion injury, mitochondrial complex I, flavin mononucleotide, reverse electron
transfer, secondary energy failure

Introduction strates and oxygen first slows down mitochondrial respiration
and depletes ATP and phosphocreatine content. This state is

PERINATAL HYPOXIA-ISCHEMIA (HI) is one of the leading known as primary energy failure (8, 23, 45, 50, 54, 65).
causes of neonatal mortality (42). In survivors, HI en- Timely restoration of cerebral blood flow through reperfusion
cephalopathy is a major cause of permanent neurological is critical for survival, as it transiently recovers mitochondrial
disability and has an estimated lifetime cost-of-care that is activity and replenishes high-energy phosphates. Within a
more than 1 million U.S. dollars (15). few hours of reperfusion, mitochondrial respiration declines
The brain is the most sensitive organ to oxygen and sub- again, leading to a gradual depletion of ATP production,
strate deprivation. In animal models of ischemia-reperfusion =~ which manifests as a secondary energy failure. Molecular
(I/R) injury of mature and immature brain, the lack of sub- mechanisms of this biphasic process are not understood (38,
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Innovation

The molecular details of mitochondrial complex I im-
pairment during ischemia/reperfusion (I/R) brain injury
are not known. We investigated a neonatal mouse model
of regional hypoxia-ischemia cerebral injury and found
that the decline in activity of complex I is due to the loss of
its redox cofactor flavin mononucleotide (FMN) and can
be prevented by administration of FMN precursor ribo-
flavin. This mechanism of acute I/R-induced complex I
impairment is distinct from the commonly accepted oxi-
dative stress-mediated reperfusion injury. Our data sug-
gest that retention of FMN by mitochondrial complex I
may be a novel therapeutic strategy to prevent energy
failure in cerebral I/R.

45, 66). Why after an initial recovery does oxidative phos-
phorylation fail again, despite availability of oxygen and
substrates?

Several putative mechanisms have been suggested for I/R-
induced brain mitochondrial damage (3, 48, 58). Most of the
reported evidence has shown a decline in mitochondrial
respiration supported by the substrates of NAD*-dependent
dehydrogenases (1, 7, 28, 57, 58). This respiration is medi-
ated by mitochondrial complex I, a large, 45-subunit mem-
brane protein containing noncovalently bound flavin
mononucleotide (FMN) and 8 iron-sulfur clusters acting as
redox centers. The structure of mammalian complex I has
been resolved only recently (17, 75). Complex I is the most
sensitive respiratory chain complex to I/R damage, but the
mechanisms of its impairment are not known. Inhibition of
complex I activity after brain HI or ischemia has been ob-
served in several brain I/R models (2, 31, 49). In these ex-
perimental models, complex I-dependent respiration almost
fully recovered on reperfusion, but it became depressed again
within 1-6 h of reperfusion (2, 49, 58). In contrast to complex
I, other components of the respiratory chain succinate de-
hydrogenase (complex II) and cytochrome ¢ oxidase (com-
plex IV) were found to be minimally or not affected by brain
ischemia (4, 31, 33, 49). This indicates that the rest of the
respiratory chain (complexes II-IV segment) is still capable
of effective respiration on I/R.

Complex I is the only mitochondrial enzyme responsible for
energy-linked NADH oxidation and regeneration of NAD" for
catabolic processes (Krebs cycle, glycolysis, fatty acids oxida-
tion, etc). The enzyme is also able to catalyze the opposite
reaction of reverse electron transfer (RET) when a small fraction
of electrons from succinate is driven by the membrane potential
upstream to complex I toward NAD" (9). RET supports the
highest rate of reactive oxygen species (ROS) generation in
mitochondria, and complex I has been identified as the main site
of ROS production (5, 11, 26, 36, 44, 49, 51, 61, 63, 71).

Here, we used a model of neonatal brain HI to investigate
acute I/R-induced changes in the mitochondrial respiratory
chain, concentrating on the molecular mechanisms of pri-
mary and secondary energy failure. Our results suggest a
central role of complex I in the development of bioenergetic
failure in I/R injury. We show that I/R induces loss of the
flavin cofactor FMN from complex I, rendering the enzyme
inactive. The molecular mechanism of FMN dissociation is
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over-reduction of flavin via RET, without an apparent effect
on enzyme integrity. Administration of FMN precursor ri-
boflavin reduces complex I inactivation and attenuates I/R
brain injury. This previously undescribed phenomenon may
represent the major molecular mechanism of I/R-induced
mitochondrial impairment.

Results

Neonatal Hi-reperfusion inactivates mitochondrial
complex |

In this study, the Rice-Vannucci model of neonatal stroke
(68) was used to induce HI brain damage in postnatal day 10
mice (46). In this experimental paradigm, HI-reperfusion
generates an infarction of 44.4% +20.5% of the entire hemi-
sphere as determined by triphenyltetrazolium chloride (TTC)
staining (Fig. 1A, B). Righting and negative geotaxis reflexes
performance 24 h later was significantly worse (sluggish) in
HI mice compared with naive mice, indicating sensorimotor
neurological deficits due to the developing tissue damage
(Fig. 1C, D).
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FIG. 1. Cerebral I/R injury after neonatal HI-
reperfusion in vivo. (A) Infarct images obtained by TTC
staining of coronal sections 24 h after HI-reperfusion. The
normal tissue was stained (red), and the infarcted tissue was
not stained (white). (B) Infarct volume as a percentage of the
hemisphere; (C, D) negative geotaxis reflex (leff), and righting
(right) reflexes assessed 24 h after HI-reperfusion (n=5-8 per
group, *p <0.05, t-test). HI, hypoxia-ischemia; I/R, ischemia/
reperfusion; TTC, triphenyltetrazolium chloride. Color images
are available online.
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We studied I/R-induced changes of mitochondrial function
in this mouse model of neonatal HI-reperfusion. To assess
complex I function, we measured two types of activities:
physiological NADH:Q reductase and oxidation of NADH by
the artificial acceptor hexaammineruthenium (III) (HAR). In
contrast to the quinone, HAR takes electrons from the hy-
drophilic domain of complex I, most likely from the FMN,
the first redox center of the enzyme (6, 59). This reaction is
insensitive to the classical inhibitors of physiological activity
of complex I, and it is typically used as the relative measure
of functional complex I in the membrane (6, 35, 69). Com-
pared with naive mice, complex I activity was significantly
inhibited immediately after HI. At 15min of reperfusion,
however, complex I activity nearly fully recovered and then
declined again at 1-2h of reperfusion (Fig. 2A, B). Both
physiological complex I activity and HAR reductase ex-
hibited the same dynamics, which indicates that the HI/
reperfusion-induced impairment takes place at the hydro-
philic peripheral domain where FMN is bound [N-module,
according to Hunte et al. (30)]. Other components of the
respiratory chain, such as cytochrome ¢ oxidase (complex
IV) and succinate dehydrogenase (complex II), were only
mildly affected (Fig. 2C, D), indicating that the rest of the
respiratory chain was not significantly compromised.

Neonatal HI-reperfusion leads to the decline
of noncovalently bound FMN content
in mitochondrial membranes

Next, we studied the molecular basis of I/R-induced im-
pairment of complex 1. This multisubunit complex contains
one molecule of noncovalently bound FMN per molecule of
enzyme (17, 52, 75). We have found that Hl-insult affected
the functionality of the N-module of complex I where FMN is
bound. The content of noncovalently bound FMN in mito-
chondria isolated from the brain after HI-reperfusion (Fig. 2E)
coincides with changes in complex I activities measured in
the same preparation (Fig. 2A, B). Since flavin is a direct
acceptor of electrons from NADH, the FMN-deficient en-
zyme is unable to catalyze either physiological NADH:Q or
artificial NADH:HAR reductase reactions (25, 29, 61).
Therefore, we concluded that complex I impairment after HI-
reperfusion was, indeed, due to a loss of FMN by the enzyme.

Succinate-supported RET results in dissociation
of FMN from mitochondrial complex |

Next, we investigated the mechanism of I/R-induced loss
of FMN by mitochondrial complex I. Previously, using the
same in vivo model, we found 30-fold accumulation of suc-
cinate in the neonatal brain after HI (55). It has also been
shown that oxidation of accumulated succinate by mito-
chondria stimulates RET, thereby affecting the redox state of
complex I (10, 11, 61).

For further studies, we used intact brain mitochondria.
First, we compared respiratory and H,O, release activities
of preparation from neonatal and adult (6-8 weeks) mice.
Table 1 shows the quantitative characteristics of mitochon-
drial respiration and H,O, release during forward or RET
with malate/pyruvate or succinate/glutamate, respectively.
We found that in comparison with adult animals, mitochondria
from neonatal mice demonstrated slightly lower respiratory
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FIG. 2. Effect of HI-reperfusion on enzymatic activities
of respiratory chain complexes and FMN content. (A)
NADH:Q reductase activity of complex I; (B) NADH:HAR
reductase activity of complex I; (C) ferrocytochrome ¢ oxi-
dase activity of complex IV; (D) succinate:DCIP reductase
activity of complex II were measured in mitochondrial
membranes; (E) content of noncovalently bound FMN in the
mitochondrial membranes after HI-reperfusion. Mitochondrial
fragments were isolated from the brain samples after HI as
described in the Materials and Methods section. (n=4-8 per
group, *p <0.05, ANOVA with Dunnet’s multiple-comparisons
test). DCIP, 2,6-dichlorophenolindophenol; FMN, flavin
mononucleotide; HAR, hexaammineruthenium (III).
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TABLE 1. RESPIRATION AND H>O, RELEASE IN BRAIN MITOCHONDRIA FROM NEONATAL AND ADULT MICE

Malate/pyruvate Succinate/glutamate
Neonatal Adult Neonatal Adult

H,0, release rate, pmol H,O,/min/mg protein

Nonphosphorylating 201£15 * 14314 2187+78 * 174899

+0.2mM ADP (state 3) 89+7 * 55+5 241+33 * 142+12
Respiration, nmol O,/min/mg protein

Nonphosphorylating 9+2 * 151 4412 * 52+4

+0.2mM ADP (state 3) 11716 * 140+7 212+12 242+ 16

RCR 14.0£3.5 9.5+0.8 4.810.2 4.710.2

RCR, respiratory control ratio determined by the rate of state 3 respiration divided by the rate of nonphosphorylating respiration. *,
significant difference between the means of neonatal and adult animals (n=8 per group, p <0.05, ¢-test) for the same conditions.

activity, but higher H,O, release rate in both conditions (n =28,
p<0.05, t-test).

It should be noted that in coupled mitochondria in vitro,
succinate rapidly reduces the entire pool of matrix NAD(P)*
nucleotides. Therefore, during the steady-state succinate oxi-
dation, there is no reduction of NAD(P)" as originally defined
in Chance and Hollunger (9) and upstream electron flow is
now diverted to a different acceptor, that is, oxygen. We use
the term RET-like conditions to describe the process of steady-
state oxidation of succinate by coupled intact mitochondria.

Previously, using brain mitochondria from adult mice, we
demonstrated that the rate of H,O, release in RET-like
conditions declines with time due to complex I inactivation
(61). We tested whether this process occurs in mitochondria
from neonatal mice. Figure 3A demonstrates representative
traces of RET-induced H,O, release rate by mitochondria
obtained from animals of different ages. This process can be
characterized by the half-time of the decay (ty,,) of the H,O,
release rate, which was 3.5+0.1 and 4.8 £0.1 min for mito-
chondria from the neonatal and adult mice, respectively
(Fig. 3B). This indicates that RET-dependent decline of H,O,
release takes place faster in mitochondria from neonates.

We evaluated several parameters simultaneously with the
decline of H,O, release in neonatal mouse mitochondria
oxidizing succinate in RET-like conditions (Fig. 4). First, we
measured the fluorescence emission of mitochondrial flavins
(Fig. 4B). We observed a rapid decrease of fluorescence in-
tensity after addition of substrates, probably indicating a re-
duction of flavins. The initial decline was followed by a slow
recovery of the fluorescence. This can reflect several pro-
cesses such as release of the reduced flavin into the matrix
followed by fast autoxidation by oxygen in the medium. A
remarkable coincidence between the kinetics of fluorescence
emission (Fig. 4B) and of H,O, release rate (Fig. 4A) is
evident. The flavin fluorescence emission corresponding to
the flavin redox state (Fig. 4B) followed the inverted pattern
of the decline of H,O, release rate.

Next, we assessed the binding state of flavin in mito-
chondria during incubation in RET-like conditions. Aliquots
were taken during incubation with succinate, the RET was
stopped by addition of complex II inhibitor malonate, mito-
chondrial membranes were collected after a brief centrifu-
gation, and supernatant and pellet were analyzed separately.
Figure 4C shows a time course of concentration of soluble
flavin in the supernatant and the residual content of non-
covalently bound FMN in the membranes. An increase in the
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FIG. 3. Decline of H,0O, release in RET-like conditions.
(A) Representative traces of H,O, release by adult (black)
and neonatal brain mitochondria (gray) during oxidation of
succinate in RET-like conditions (5 mM succinate and 1 mM
glutamate). Half-time (7,,) is defined as the time required to
change the rate of H,O, release by one-half during the rate
decline; (B) comparison of the half-time of the H,O, release
rate decline in adult and neonatal brain mitochondria (white
and gray bars, respectively, n=7 per group, *p<0.05, #-
test). RET, reverse electron transfer.
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concentration of free flavin in the medium occurred simul-
taneously with a decrease of membrane-associated non-
covalently bound FMN. Therefore, during incubation with
succinate, the FMN dissociated from its binding site in the
mitochondrial membrane, could go across the membrane, and
was released to the outside.

Finally, we assessed activities of mitochondrial complex I
(Fig. 4D). During incubation in RET-like conditions, small
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aliquots were taken and NADH-dependent activities of the
enzyme were further assayed in permeabilized mitochondria.
We found that both NADH:Q and NADH:HAR reductase
activities decreased in parallel with the decline of H,O, re-
lease rate (Fig. 4A) and decrease of noncovalently bound
FMN in the membrane (Fig. 4C). These data indicate that,
during incubation in RET-like conditions, complex I inacti-
vation was taking place at the hydrophilic N-module.

No significant change in FMN fluorescence or H,O, re-
lease was observed when mitochondria oxidized succinate in
the presence of an uncoupler, a condition known to prevent
RET (Fig. 5A). Gradual decrease of complex I NADH:Q
reductase activity measured during incubation with succinate
(Fig. 5B, solid squares) was also prevented if an uncoupler
was present or if oxygen was absent (Fig. 5B, diamonds and
solid triangles, respectively). RET is blocked in these con-
ditions and, therefore, reduction and release of complex I
FMN is prevented. Moreover, there was no complex I inac-
tivation when mitochondria oxidized malate and pyruvate,
substrates of NAD*-dependent dehydrogenases that do not
support RET (Fig. 5B, open triangles).

The data on FMN release to the incubation medium during
succinate oxidation shown in Figure 4C suggest that the inner
mitochondrial membrane is permeable to FMN. Therefore, we
tested whether exogenously added flavin affects the RET-
induced complex I inactivation. Figure 5B (open squares)
demonstrates that the decline of complex I activity could be
partially prevented if exogenous FMN was present during oxi-
dation of succinate. Nonphosphorylated FMN precursor ribo-
flavin was unable to prevent complex I inactivation (not shown).

Our results unequivocally demonstrate that oxidation of
succinate by coupled mitochondria in RET-like conditions
induced impairment of complex I due to the loss of FMN.

Effect of oxygen level on the decline
of H>O. release rate

Other important effectors of the RET reaction are the level
of oxygen and ROS, which vary greatly on I/R. RET provides

<

FIG. 4. Effect of incubation of neonatal intact brain
mitochondria in RET-like conditions in vitro. (A) Re-
presentative trace of H,O, release decline; (B) representative
trace of flavin fluorescence emission at 525nm (excitation
460 nm); error bars represent one standard deviation based on
triplicate measurements; (C) decrease of the content of
membrane FMN and increase of concentration of free soluble
flavin in the solution during incubation in RET-like condi-
tions. Mitochondria (0.2 mg of protein/mL) were incubated as
shown in Figure 3, 300-uL aliquots were taken in time, and
membranes were separated by centrifugation. The content of
membrane-bound FMN and concentration of free flavin was
determined in pellet and supernatant, respectively, as de-
scribed in the Materials and Methods section; (D) effect of
incubation of intact brain mitochondria in RET-like conditions
on NADH:HAR (triangles) and NADH:Q (squares) reductase
activity of complex I. Mitochondria (0.1-0.3 mg of protein/
mL) were incubated in the presence of substrates, small ali-
quots (50-110 uL) were taken in time, and complex I activi-
ties were assayed in permeabilized mitochondria as described
in the Materials and Methods section. Addition of substrates is
indicated by arrows. Color images are available online.
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FIG. 5. Effect of RET-inhibition on H,O, release, fla-
vin fluorescence, and complex I inactivation in neonatal
mitochondria incubated in RET-like conditions. (A) Re-
presentative traces of H,O, release rate (red) and FMN
fluorescence (black) in mitochondria oxidizing succinate in
the presence of uncoupler SF 6847 (50nM); (B) NADH:Q
reductase activity decline during incubation with 5 mM
succinate and 1mM glutamate (S/G, no additions, solid
squares), in the presence of 50nM SF 6847 (diamonds),
10 uM FMN (open squares), or in anoxia (solid triangles).
No complex I inactivation was observed during oxidation of
2mM malate and SmM pyruvate (M/P, open triangles).
Data from at least three independent experiments are shown.
NADH:Q reductase activity was measured as shown in
Figure 3D. Addition of substrates is shown by arrows. Color
images are available online.

the highest rate of H,O, release in mitochondria, with com-
plex I as the main site of ROS production (11, 12, 19, 39, 40,
47,49,51,61,63,70,71). Data in Figure 6A demonstrate that
the rate of H,O, release during RET linearly depends on
oxygen concentration. Therefore, the amount of endogenous
ROS exposure during incubation with succinate can be
modulated by oxygen level.

Using a Clark electrode-based gas-controlling system, we
incubated intact brain mitochondria in RET-like conditions at
different oxygen concentrations (Fig. 6B). The kinetics of
complex I inactivation were estimated by using the half-life
(1) of decline of H,O, release rate (as in Fig. 3A). We
found that the half-life of the decline was independent of
oxygen concentration (Fig. 6C, open squares). After 16 min
of incubation with succinate at different oxygen levels (10—
200 uM 0O,), the amount of endogenously produced H,0O,
varied from 1 to 20 nmol H,O,/mg of protein (Fig. 6C, cir-
cles); however, no change in the rate of complex I inactiva-
tion was observed (Fig. 6D). It should be noted that we
detected H,O, released from the mitochondria to the outside
and the local concentration in the matrix may be significantly
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higher. Hence, in our system, the decline of complex I ac-
tivity was not due to possible oxidative ROS damage of the
enzyme. This is a critical observation, suggesting that the
mechanism of complex I impairment via FMN loss is dif-
ferent than the generally accepted mechanism of reperfusion-
induced tissue injury by oxidative stress.

RET, supercomplexes assembly,
and complex | integrity

FMN is noncovalently bound to the NDUFV1 subunit of
complex I, located in the N-module of the hydrophilic arm
protruding in the matrix. Thus, it is possible that FMN release
during RET is due to the dissociation of the subunits com-
posing the N-module. To monitor enzyme integrity, as well
as supercomplexes assembly, we separated respiratory chain
complexes by using blue native electrophoresis (BNE) and
carried out complexome profiling (18, 27). We compared the
abundance of all respiratory chain complexes’ subunits be-
tween samples before and after incubation in RET-like con-
ditions (Supplementary Tables S1 and S2). The heatmap
(Fig. 7A—C) and resulting profiles (Fig. 7D) demonstrated
that RET had very little effect on supercomplexes containing
complex I. Individual complexes II-IV were also present at
comparable levels (Supplementary Table S2). More impor-
tantly, the abundance of subunits of the hydrophilic N-
module (Fig. 7E) and of the membrane P-module (Fig. 7F)
were almost equal, indicating that there was no higher
abundance of the enzyme subcomplex without the N-module.
Therefore, we concluded that there is no evidence that RET
in vitro leads to dissociation of complex I subunits around the
NADH-binding site.

Riboflavin attenuates brain damage and preserves
complex | activity in neonatal Hl-reperfusion injury

Our results shown in Figures 2 and 5 generated a testable
prediction. An increase in the tissue level of FMN precursor
riboflavin should decrease the extent of brain I/R damage.
Consecutive injections of riboflavin (25 mg/kg, total dose)
before HI increased the concentration of soluble flavin in
brain tissue almost twofold (Fig. 8A). As shown in Figure 8B,
at 24 h after the insult, riboflavin-treated mice demonstrated a
significantly decreased infarct volume compared with the
vehicle-treated littermates. Sensorimotor reflex performance
was significantly better in riboflavin-treated compared with
vehicle-treated animals (Fig. 8C, D). Riboflavin pretreatment
was associated with an increase of complex I activity at
critical time-points after HI (Fig. 8E, F), suggesting a better
preserved complex I.

Discussion

In this study, we sought to determine the mechanism of
mitochondrial impairment in the neonatal model of brain I/R
injury. Cerebral HI evoked an immediate effect on mito-
chondrial complex I, confirming earlier findings in immature
(4, 33, 49) and mature (1, 2, 24, 28, 31, 57, 58) animals. Both
physiological NADH:Q and artificial acceptor NADH:HAR
reductase activities of the enzyme were affected. This implies
a direct effect of I/R on the distal NADH dehydrogenase
domain of the enzyme, where redox cofactors such as FMN
and iron-sulfur clusters are located. Complex II (succinate
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dehydrogenase) and complex IV (cytochrome c¢ oxidase)
were not significantly affected, supporting our previous ob-
servations in the brain HI model in rats (62) and mice (49).
Complex I has a high degree of flux control over oxidative
phosphorylation and can be considered the rate-limiting step
of the respiratory chain (21, 41). Therefore, even minor
changes in the activity of complex I could strongly influence
the overall efficiency of ATP production and cellular bio-
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energetics after I/R. A rapid recovery of complex I activities
after 15 min of reperfusion, followed by a secondary decline
at 1h of reperfusion, was not associated with significant ef-
fects on the rest of the respiratory chain. A similar biphasic
pattern has been previously reported in the adult brain (49);
however, the mechanisms for this secondary decline in the
complex I-dependent mitochondrial respiration remained
cryptic.

The content of noncovalently bound FMN in the mito-
chondrial membranes ex vivo changes with the same kinetics
as complex I activity. After Hl-induced decrease, FMN
content was almost fully recovered after 15 min of reperfu-
sion but then gradually declined after 1h. The mammalian
proteome comprises 15 FMN-containing proteins, of which
only two enzymes are associated with mitochondria mem-
brane and carry a noncovalently bound FMN (43). One of
these enzymes is complex I and the other is dihydroorotate
dehydrogenase, which has a much lower abundance in the
brain tissue (56) [see also The Human Protein Atlas website
(67)]. Since the main source of membrane-associated FMN is
complex I and the decrease of complex I activity was cor-
related with loss of FMN, we concluded that the observed
decrease in FMN content in HI-reperfusion is due to the loss
of flavin cofactor from this enzyme. Flavin of complex I is
noncovalently bound and is able to dissociate from the en-
zyme on reduction, as initially shown in the pioneering work
of the Vinogradov’s lab, using fragmented or intact mam-
malian enzyme (25, 60).

FMN release from complex I can be a secondary effect due
to subunit dissociation from the N-module of the enzyme. In
fact, recent studies showed that subunits of the matrix arm
have a shorter lifetime than membrane subunits (P-module)
(34). Our complexome profiling data of mitochondria from
neonatal brain identified no significant change in complex I
subunit abundance within supercomplexes or individual en-
zymes after RET in vitro. We compared the abundance of
subunits close to the FMN-binding site (N-module) with

<

FIG. 6. Effect of oxygen concentration on Kinetics of
H,0, release by neonatal brain mitochondria incubated
in RET-like conditions. (A) Rates of H,0, release during
coupled oxidation of 5 mM succinate and 1 mM glutamate as
a function of oxygen concentration (n=6). Oxygen concen-
tration as measured directly by the Oroboros respirometer
was rapidly varied by continuously purging the headspace
with nitrogen as described in the Materials and Methods
section; (B) representative traces of H,O, release rate in
RET-like conditions at various oxygen concentrations (from
the bottom to the top, curves correspond to 40, 75, 100, 150,
and 200 uM oxygen level during the assay). Oxygen con-
centration was controlled by purging the headspace of the
reaction chamber with nitrogen/air mixture. Substrates were
added at time zero. Error bars represent one standard devia-
tion based on multiple measurements (7 =4-5); (C) half-time
of the H,O, decline (open squares) and amount of released
H,0, (circles) measured at different oxygen concentrations
(n=4-5 per oxygen concentration). Half-time values of an
H,0, rate decline (t,) were determined as in Figure 3A;
amount of exogenously released H,O, was calculated as an
area under the curve of H,O, release rate between time-points
0 and 16 min. (D) Data of half-time values versus the amount
of released H,O, were obtained from Figure 6C.
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FIG. 7. Complexome profiling of mitochondria from neonatal brain. (A, B) Abundance of mitochondrial complex I
proteins from untreated and RET-treated (20 min, conditions as in Fig. 3) membranes was normalized to maximal appearance
and depicted in two heatmaps. Subunits of the peripheral N-module and membrane P-module are shown in blue and tawny,
respectively. (C) Reference profiles (average of subunits) of complex I (red). (D, E) Reference profiles of the subunits of
N- and P-modules (blue and tawny, respectively). Profiles of the untreated and RET-treated samples (D-F) are shown as solid
and dotted lines. Assignment of complexes: I, complex I, I/IIl,, supercomplex containing complex I and dimer of complex III;
I/MI,/TV,,, supercomplex containing complex I, dimer of complex III, and one to four copies of complex IV. (G) Scheme of
overall organization of mammalian complex I. The locations of peripheral subunits of N-module (blue) and membrane
subunits of P-module (fawny) are shown in accordance to Zhu et al. (75). The FMN molecule (red) is noncovalently bound to
the NDUFV1 subunit of the N-module. Color images are available online.

membrane-bound subunits (P-module). There is no higher
abundance of complex I subcomplex without subunits of the
N-module; therefore, FMN release is not due to complex I
partial disintegration. In addition, no significant effect of
RET on the supercomplexes assembly was found.

Recently, using a similar animal model of neonatal HI, we
showed that succinate level spiked up to 30-folds after insult.
It takes at least 30 min of reperfusion to return to the basal
level (55) and during this time interval RET is expected to
take place, as suggested by several earlier studies (10-12, 55,
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62). Moreover, we reported a gradual RET-induced inacti-
vation of complex I in brain mitochondria from adult animals
(61). In this study, we determined that this process is sig-
nificantly faster in mitochondria from the neonatal mice,
probably due to the higher RET-induced H,O, release. At an
ambient oxygen concentration, RET-supported H,0O, release
in the mitochondria from neonates was found to be 5.0% of
the total electron flux whereas this was only 3.3% in adult
mice (Table 1). This is most likely the reason for the faster
decline of H,O; rate in young animals when compared with
adults (half-time of decline is 3.5+0.1 and 4.8 +0.1 min,
respectively).

In vitro, the kinetics of an H,O, decline rate mirrored
flavin fluorescence, indicating that the binding and redox
state of the flavin changes during steady-state RET. We found
that FMN was released from the membrane fraction and
appeared in the incubation medium. FMN appearance in the
solution coincided with the loss of both NADH:Q and

NADH:HAR activities of complex I. In contrast to the
physiological NADH:Q reductase, artificial NADH:HAR
reductase activity was less affected by the incubation in RET-
like conditions. It is possible that some fraction of the
NADH:HAR-reductase in the neonatal tissue is not associ-
ated with mature complex L.

The FMN release and activity loss was prevented when
RET was blocked by an uncoupler, which collapses the
membrane potential required for the reverse flow of electrons
from succinate to complex I. Anoxic reduction of respiratory
chain by succinate was also insufficient for FMN dissocia-
tion, likely due to the same reason. Steady-state oxidation of
substrates of NAD*-dependent dehydrogenases such as ma-
late and pyruvate did not inactivate the enzyme, indicating
that reduction of the enzyme ab imo is a prerequisite for the
fast FMN dissociation.

Since released FMN can penetrate the inner mitochondrial
membrane, we hypothesized that exogenous flavin added to
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the medium should protect complex I during incubation in
RET-like conditions. Indeed, addition of 10 uM FMN (but not
riboflavin) partially prevented complex I inactivation. Per-
meability of the mitochondrial membrane for FMN indicates
that in vitro, this process is not compartmentalized only within
mitochondria, but may also involve cellular cytoplasm.

Perhaps the most interesting problem concerning the FMN
release from mitochondrial complex I during HI in vivo is the
biphasic nature of the phenomenon. Why does FMN level in
HI drop initially, then recover almost completely after 15 min
of reperfusion, and finally drop again after 1h? The most
straightforward explanation stems from the fact that the en-
zyme gradually loses its FMN if reduced by NADH in con-
ditions when electron transfer is blocked (25, 29, 31).
Significant reduction of matrix NAD(P)* nucleotides during
brain ischemia (32, 72, 73) would inevitably lead to the
complex I flavin reduction and, therefore, partial dissocia-
tion. This process could explain the initial loss of FMN from
complex I during HI. Reperfusion activates mitochondrial
respiration, but since ADP/ATP ratio is high, mitochondria
promptly use the membrane potential for ATP synthesis
similarly to that in state 3 respiration. During this interval,
free reduced FMN is being oxidized by oxygen and can re-
bind to complex I. After restoration of the energy balance to
the basal level, the value of membrane potential is increased.
Thus, further oxidation of accumulated succinate can now
support RET driven by membrane potential. Shortly after
reperfusion, these events set the conditions in which FMN
dissociates from complex I for the second time.

Oxygen is necessary for the maintenance of RET in intact
mitochondria whereas oxygen tension varies greatly in brain
I/R. Confirming our recent finding in adult mice (61) and
immature rat brain mitochondria (62), we showed that the rate
of H,O, release in RET depends linearly on oxygen concen-
tration. Unexpectedly, the rate of RET-induced complex I
inactivation was found to be independent of oxygen level and,
consequently, on the amount of exogenously produced matrix
ROS. This observation supports the possibility of this process
in vivo during incomplete ischemia. Lack of oxygen in neo-
natal HI induces succinate accumulation (55) that can be ox-
idized by mitochondria supporting RET-like conditions even
at very low oxygen. This differentiates the mechanism of RET-
induced complex I inactivation found in this study from the
commonly accepted model of oxidative stress damage in I/R.

We demonstrated that riboflavin administration increased
total brain flavin level and this was associated with significant
neuroprotection, which was concomitant with an increase of
mitochondrial complex I activity. Reversibility of the RET-
induced FMN dissociation opens a number of avenues to be
pursued for therapeutic neuroprotective applications. Inter-
estingly, it was shown that a high proportion of stroke patients
manifested riboflavin deficiency after reperfusion (20). To-
gether with a recent report of the clinical neuroprotective ac-
tion of riboflavin in humans with focal stroke (14), our results
warrant a sustained effort for the development of flavin-based
interventions for I/R-related pathologies in the brain.

Materials and Methods

Sources of chemicals

Most of the chemicals were purchased from Sigma, in-
cluding mannitol (#63559), sucrose (#84097), essentially
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fatty acid free bovine serum albumin (BSA, #A6003), NADH
(#N8129), hexaammineruthenium (III) chloride (#262005),
decylubiquinone (#D7911), digitonin (D141), and triphenyl-
tetrazolium chloride (#T8877). Pierce BCA protein assay kit
(#23225), Amplex UltraRed (#A36006), and horseradish
peroxidase (#012001) were from Thermo Fisher Scientific.
Alamethicin (#11425) and atpenin A5 (#11898) were from
Cayman Chemical.

Neonatal cerebral HI injury

All studies were conducted according to protocols ap-
proved by the Columbia University Institutional Animal Care
and Use Committee (IACUC). Transient HI was induced as
described (46, 64). Seven-day-old C57BL/6J neonatal mice
with their dams were purchased from Jackson Laboratories
(Bar Harbor). HI brain injury was induced in mice at 10 days
of age (p10) by permanent ligation of the right common ca-
rotid artery under isoflurane anesthesia. After 1.5h of post-
surgical recovery, mice were subjected to hypoxia (8% O,/
92% N,; Tech Air, Inc., NY) for 15 min, at 37°C£0.5°C.

Immediately after HI or after a period of recirculation
(15min, 1, 2, 4h), mice were decapitated, and heads were
rapidly frozen in liquid nitrogen for further mitochondrial
membrane preparation. At 24 h of reperfusion, another cohort
of animals was used for assessment of the extent of cerebral
infarcts and neurocognitive tests.

Riboflavin treatment protocol and study groups

Neonatal mice subjected to acute HI insult were pre- and
post-treated with riboflavin (5 mg/kg, five intraperitoneal
injections, at 24, 12, and 1.5 h before HI and at 0 and 1 h after
reperfusion). Saline solution was used as a vehicle. Im-
mediately after HI or after a period of recirculation as indi-
cated, mice were decapitated and heads were immediately
frozen in liquid nitrogen for further mitochondrial membrane
preparation and activity measurements. At 24 h of reperfu-
sion, another cohort of animals was used for assessment of
the extent of cerebral infarcts and neurocognitive tests.

Measurement of infarct volume

At 24 h of reperfusion, mice were sacrificed; brains were
harvested, sectioned into 1-mm-thick coronal slices, and
stained with 2% TTC. Digital images of infarcted (white, no
staining) and viable (red) areas of brains were traced (Adobe
Photoshop 4.0.1) and analyzed (NIH image 1.62J). The ex-
tent of brain injury was expressed as a percentage of the
hemisphere ipsilateral to the carotid artery ligation side.

Assessment of neonatal reflex performance

Two measures of neonatal mouse reflex performance were
assessed 24 h after HI as described (64). For assessment of
righting reflex performance, mice were placed in a supine
position and the time in seconds required to flip to the prone
position was recorded. Each animal was given three attempts,
and the mean time to perform the reflex was recorded. For
negative geotaxis reflex measurement, the animals were
placed head downward on an inclined board (40°). The time
required for the animal to rotate their bodies head up (>90°
rotation) was recorded, up to a maximum observation time of
20 s; if the mouse was unable to perform the reflex within the
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allotted time, the maximal time was assigned. Testing of all
reflexes was done on a board covered with tightly stretched
close-knit fabric, to ensure adequate friction.

Preparation of brain mitochondrial membranes
for ex vivo studies

Mitochondrial membranes were isolated from frozen ip-
silateral brain hemispheres by differential centrifugation.
After sagittal transection of the frozen heads into two hemi-
spheres, the regions with maximal damage were excised from
the ipsilateral hemisphere cortex caudal to bregma level. Pie-
ces of frozen brain tissue were homogenized with 60 strokes
of tight pestle of 2 mL Kontes™ Dounce homogenizer in 1 mL
of ice-cold isolation buffer mannitol/sucrose/ ethylene glycol-bis
(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA)
medium (MSE) (225 mM mannitol, 75 mM sucrose, 20 mM
HEPES-Tris, 1 mM EGTA, 1 mg/mL BSA, pH 7.4), contain-
ing 80 ug/mL alamethicin to release low-molecular-weight
metabolites from mitochondria. Tissue debris was discarded
after the centrifugation at 1500 g for 5 min at 4°C. The su-
pernatant was centrifuged at 20,000 g for 15 min at 4°C, and
the membrane pellet was washed twice with the isolation
buffer without BSA. The final pellet was resuspended in 60 L
of the same buffer and stored at —80°C until use.

Isolation of intact brain mitochondria for in vitro studies

Intact brain mitochondria were isolated from neonatal or
adult mice by differential centrifugation with digitonin
treatment (53, 61). Forebrain hemispheres were excised and
immediately immersed into ice-cold MSE buffer. One brain
was homogenized with 40 strokes by tight pestle of a Dounce
homogenizer in 10 mL of the MSE buffer, diluted twofold,
and centrifuged at 5000 g for 4 min at 4°C in a refrigerated
Beckman centrifuge. The supernatant was supplemented
with 0.02% digitonin and centrifuged again at 10,000 g for
10 min. The pellet was then washed twice by centrifuging at
10,000 g for 10 min in MSE buffer without BSA. The final
pellet was resuspended in 0.15 mL of washing buffer, sup-
plemented with 2 mg/mL BSA, and stored on ice. At least
three separate isolations were used for each experimental
condition.

Measurement of respiratory chain enzyme activities
in mitochondrial membranes

All activities were measured spectrophotometrically by
using Molecular Devices SpectraMax M5 plate reader in
0.2mL of the assay buffer (125 mM KCI, 20 mM HEPES-
Tris, 0.02mM EGTA, pH 7.6) at 25°C.

NADH-dependent activities of complex I were assayed as
oxidation of 0.15mM NADH at 340nm (&340nm=06.22
mM 'cm™") in the assay buffer supplemented with 40 ug/mL
alamethicin and 1 mM KCN (NADH media). NADH:Q re-
ductase was measured in NADH media containing 2 mg/mL
BSA, 60 uM decylubiquinone, and 5-15 ug protein per well.
Only rotenone (1 uM) sensitive part of the activity was used
for the calculations. NADH:HAR reductase was assayed in
NADH media containing 1 mM HAR and 2-5 ug protein per
well. One hundred percent corresponds to 0.35+0.02 and
1.55+0.04 umol NADHxmin"' xmg™" for NADH:Q and
NADH:HAR reductase, respectively.

Complex II succinate:DCIP reductase activity was re-
corded at 600 nm (¢g00nm =21 mM ‘em™) in the assay buffer
containing 15 mM succinate, 40 uM decylubiquinone, 0.1 mM
DCIP, 1 mM KCN, and 5-10 ug protein per well. Activity was
fully sensitive to complex II inhibitor thenoyltrifluoroaceton.

Complex IV ferrocytochrome c oxidase activity was mea-
sured as oxidation of 50 uM ferrocytochrome ¢ at 550 nm
(ssonm=21.5L-mM 'cm™") in the assay buffer supplemented
with 0.025% dodecylmaltoside and 1-3 ug protein per well.
Activity was fully sensitive to 0.5 mM cyanide.

Measurement of respiration and mitochondrial H>O»
release in intact mitochondria

A respirometer (Oroboros), equipped with a home-built
two-channel fluorescence optical setup, was used for simul-
taneous monitoring of oxygen concentration and fluorescence
in 2 mL of mitochondrial suspension (61, 62). The fluorescent
signal was calibrated by adding several aliquots of freshly
made H,O, (100-200nM) at the end of the assay.

Mitochondria (0.1-0.3 mg of protein) were added to a 2-
mL respiration buffer (125 mM KCl, 20 mM HEPES-Tris [pH
7.4], 0.02mM EGTA, 4 mM KH,PO,, 2mM MgCl,, 2 mg/
mL BSA), containing 10 uM Amplex UltraRed and 4 U/mL
horseradish peroxidase. Substrates were 2 mM malate and
5mM pyruvate or 5 mM succinate and 1 mM glutamate. To
initiate a state 3 respiration (state 3), 200 uM ADP was added.
All measurements were performed at 37°°. RET-like condi-
tions were defined as prolonged (15-20min) succinate-
supported respiration.

To modulate the oxygen concentration in the respiring mi-
tochondrial suspension, the 1-mL chamber headspace was
continuously purged with humidified gaseous argon/air mixture
at a rate of 10-60 mL/min. By varying the partial pressure of
argon in the headspace, we were able to control oxygen con-
centration in the suspension. The time course of H,O, release
was measured for 15-20 min at different oxygen concentrations.

Determination of flavin content
in riboflavin-treated mice

For extraction of riboflavin, the cortex of an entire frozen
brain was rapidly excised, weighed, and stored at —80°C.
Homogenization buffer (40 mM MES, 10mM K-Pi, 1.2 mM
EDTA, pH ~6.0, 0.02% digitonin) was added to the tissue in
ratio 7 to 1. Tissue disintegration was performed with IKA
Ultra-Turrax, T10, tissue disperser (setting 6) for 1 min. Tissue
debris was discarded after centrifugation for 1 h at 80,000 g at
4°C. The resulting supernatant was filtered through Amicon
filters with 3kDa cutoff, and riboflavin fluorescence was
measured in the resulting filtrate by using Hitachi F-7000
fluorospectrophotometer (excitation/emission 470/525 nm).

Determination of soluble and membrane-bound
flavin in intact mitochondria

During incubation in RET-like condition, 300-uL aliquots
containing 60 ug of mitochondrial protein were taken during
incubation in RET-like conditions and 1-mM malonate was
added to stop succinate oxidation. Membranes were quickly
cooled and centrifuged at 15,000 g for 15min at 4°C, and
supernatant and pellet fractions were analyzed separately.
Flavin fluorescence was measured by using Hitachi F-7000
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fluorospectrophotometer (excitation/emission 470/525 nm).
Freshly prepared standard solutions of FMN and flavin ade-
nine dinucleotide (FAD) with known concentrations were
used for calibration of fluorescence signal.

The concentration of flavin in the supernatant was mea-
sured as the difference in fluorescence emission before and
after dithionite reduction of the 1:5 diluted supernatant in the
0.3-mL fluorometric cuvette.

To measure FMN content in the pellet, we used a modified
protocol of Faeder and Siegel (16) based on different fluo-
rescent emissions of FAD and FMN at different pH. Sixty
micrograms of protein of the mitochondrial pellet was re-
suspended in 30 ulL of water and mixed with 30 uL. of 15%
trichloroacetic acid for deproteinization as described earlier.
To neutralize the supernatant, 9 ulL of 4 M Tris was added
(volumes were adjusted in preliminary experiments). Fluor-
escence emission was measured in 0.1 M Tris-HCI buffer
containing 0.1 mM EDTA at two different pH (7.6 and 2.3).
First, fluorescence at pH 7.6 was measured after the addition
of 20 uLL of sample into 0.3 mL of buffer; then, fluorescence
at pH 2.3 was recorded after the addition of 40 uL. of 1IN HCI.

Determination of membrane-bound flavin
ex vivo after HI

To measure FMN content in mitochondrial membranes
after HI-reperfusion, we designed a plate reader-based pro-
tocol after (16, 37). Approximately 0.25 mg of mitochondria
membrane protein was diluted with water to 1 mg/mL, mixed
with an equal volume of 15% trichloroacetic acid, and in-
cubated on ice for 10 min. Protein precipitate was removed by
centrifugation at 10,000 g for 10 min. To partially neutralize
the supernatant, a 1:10 volume of 4 M K,HPO, (pH unad-
justed) was added. Two hundred microliters was loaded into a
well of a 96-well plate, and fluorescence under acidic condi-
tions was recorded by using Molecular Devices SpectraMax
MS plate reader (excitation/emission 450/525 nm, auto PMT,
14 readings). After addition of 20 uL. of 4 M K,HPQO,, fluo-
rescence under neutral conditions was recorded.

Blue native electrophoresis

Sample preparation and BNE of mitochondrial membranes
were essentially done as described (74). Briefly, mitochon-
dria (400 pg) were resuspended in 35-uL solubilization buffer
(50 mM imidazole pH 7, 50 mM NaCl, 1 mM EDTA, 2 mM
aminocaproic acid), solubilized with 10 uL. 20% digitonin,
and centrifuged for 20 min at 22,000 g. Supernatants were
supplemented with 2.5 ul. 5% Coomassie G250 in 500 mM
aminocaproic acid and 5 uL 0.1% Ponceau S in 50% glycerol.
Equal protein amounts of samples were loaded on top of a
3%—-18% acrylamide gradient gel (dimension 14X 14 cm).
After native electrophoresis in a cold chamber, blue-native
gels were fixed in 50% (v/v) methanol, 10% (v/v) acetic acid,
and 10 mM ammonium acetate for 30 min and stained with
Coomassie (0.025% Serva Blue G, 10% [v/v] acetic acid).

Sample preparation for complexome profiling

Each lane of a BNE gel was cut into 48 equal fractions and
collected in 96-filter-well plates (30-40 um PP/PE; Pall
Corporation). The gel pieces were destained in 60% metha-
nol, 50 mM ammoniumbicarbonate (ABC). Solutions were
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removed by centrifugation for 2 min at 600 g. Proteins were
reduced in 10mM DTT, 50mM ABC for 1h at 56°C and
alkylated for 45 min in 30 mM iodoacetamid. Samples were
digested for 16 h with trypsin (sequencing grade; Promega) at
37°C in 50 mM ABC, 0.01% Protease Max (Promega), and
1 mM CaCl,. Peptides were eluted in 30% acetonitrile and
3% formic acid, centrifuged into a fresh 96-well plate, dried
in a speed vac, and resolved in 1% acetonitrile and 0.5%
formic acid.

Mass spectrometry for complexome profiling

Liquid chromatography/mass spectrometry (MS) was
performed on a Thermo Scientific™ Q Exactive Plus equip-
ped with an ultra-high-performance liquid chromatography
unit (Thermo Scientific Dionex Ultimate 3000) and a Na-
nospray Flex Ion-Source (Thermo Scientific). Peptides were
loaded on a C18 reversed-phase precolumn (Thermo Scien-
tific) followed by separation with a 2.4 yum Reprosil C18 resin
(Dr. Maisch GmbH) in-house packed picotip emitter tip
(diameter 100 um, 15 cm from New Objectives) by using a
gradient from 4% acetonitrile, 0.1% formic acid to 50% el-
uent B (99% acetonitrile, 0.1% formic acid) for 30 min.

MS data were recorded by data-dependent acquisition. The
full MS scan range was 300-2000 m/z with a resolution of
70,000, and an automatic gain control value of 3 x 10° total
ion counts with a maximal ion injection time of 160 ms. Only
higher charged ions (2+) were selected for MS/MS scans with
a resolution of 17,500, an isolation window of 2 m/z, and an
automatic gain control value set to 10° ions with a maximal
ion injection time of 150 ms. MS1 Data were acquired in
profile mode.

Data analysis

For data analysis, MaxQuant 1.6.1.0 (13) [19029910],
NOVA (22), and Excel (Microsoft Office 2013) were used.
Proteins were identified by using the mouse reference pro-
teome database UniProtKB with 52538 entries, released in
February 2018. Acetylation (+42.01) at the N-terminus and
oxidation of methionine (+15.99) were selected as variable
modifications, and carbamidomethylation (+57.02) was se-
lected as fixed modification on cysteines. The enzyme spec-
ificity was set to Trypsin. False discovery rate (FDR) for the
identification protein and peptides was 1%.

For complexome profiling, intensity-based absolute quan-
tification values were recorded. The sum of all values from all
protein IDs of treated samples (20min RET) was used to
normalize to control. Heatmap of proteins represents the
abundance normalized to maximum appearance in a BNE
lane. Slice number of the maximum appearance of mouse
mitochondrial complex III dimer (483272 Da), complex IV
(213172 Da), complex V (537939 Da), complex I (979577
Da), and respiratory supercomplex containing complex I, III
dimer, and one copy of complex IV (1676021 Da) were used
for native mass calibration.

Statistical analysis

Data analysis was performed by using R (version 3.5.1) in
RStudio (Version 1.1.456, Boston, MA). All data are
mean * standard error of the mean. Statistically significant
differences are indicated (¥*) when p <0.05. Two-tailed z-test
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or Mann—Whitney test was used to analyze intergroup dif-
ferences between two groups. One-way ANOVA and Dun-
net’s test were used to compare groups after Hl-reperfusion
with the naive condition. For other comparisons between
groups, multiple #-tests with FDR correction for multiple
comparisons were used.
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