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Preconditioning of the brain induces tolerance to the damaging effects of ischemia and

prevents cell death in ischemic penumbra. The development of this phenomenon is

mediated by mitochondrial adenosine triphosphate-sensitive potassium (K+

ATP) channels

and nitric oxide signaling (NO). The aim of this study was to investigate the

dynamics of molecular changes in mitochondria after ischemic preconditioning (IP) and

the effect of pharmacological preconditioning (PhP) with the K+

ATP-channels opener

diazoxide on NO levels after ischemic stroke in rats. Immunofluorescence-histochemistry

and laser-confocal microscopy were applied to evaluate the cortical expression of

electron transport chain enzymes, mitochondrial K+

ATP-channels, neuronal and inducible

NO-synthases, as well as the dynamics of nitrosylation and nitration of proteins in rats

during the early and delayed phases of IP. NO cerebral content was studied with electron

paramagnetic resonance (EPR) spectroscopy using spin trapping. We found that 24 h

after IP in rats, there is a two-fold decrease in expression of mitochondrial K+

ATP-channels

(p = 0.012) in nervous tissue, a comparable increase in expression of cytochrome c

oxidase (p = 0.008), and a decrease in intensity of protein S-nitrosylation and nitration

(p = 0.0004 and p = 0.001, respectively). PhP led to a 56% reduction of free NO

concentration 72 h after ischemic stroke simulation (p= 0.002). We attribute this result to

the restructuring of tissue energy metabolism, namely the provision of increased catalytic

sites to mitochondria and the increased elimination of NO, which prevents a decrease in

cell sensitivity to oxygen during subsequent periods of severe ischemia.

Keywords: ischemic preconditioning, ATP-sensitive potassium channels, nitric oxide, mitochondria,

neuroprotection

INTRODUCTION

The resistance of the brain to the interruption of its blood supply and subsequent hypoxia can be
increased by a pre-exposure to short episodes of ischemia/reperfusion or hypoxia (Bolanos and
Almeida, 1999; Manukhina et al., 1999; Shmonin et al., 2012; Rybnikova and Samoilov, 2015),
short periods of hypothermia (Maslov et al., 2012) and other moderate stress effects which are
capable of activating endogenous protective mechanisms and increasing resistance to subsequent
severe ischemia (Samoilenkova et al., 2008; Ding et al., 2012; Lim and Hausenloy, 2012). This
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phenomenon is called “preconditioning.” There is another
phenomenon—post-conditioning, in which the protective
impulse, e.g., brief interruptions of reperfusion, is applied after
the onset of ischemia (Rybnikova and Samoilov, 2015; Wang
et al., 2015).

Different cellular mechanisms are involved in realization
of the protective effects of preconditioning and post-
conditioning. Post-conditioning is mediated by functional
responses of the Na+/Ca2+ exchangers, the plasma membrane
Ca2+-ATPase, the Na+/H+ exchange, the Na+/K+/2Cl− co-
transport and the acid-sensing cation channels, which main
function is normalization of intracellular pH and calcium
levels, and a number of signaling cascades (Cuomo et al.,
2015).

The primary mechanism of the preconditioning-induced
neuroprotection is K+

ATP-channels opening (Samoilenkova et al.,
2008). A decrease in ATP levels during ischemia promotes the
activation of K+

ATP-channels in the cell membrane, which restores
the low concentrations of Na+ and Ca2+ in the cytosol and
restrains excessive depolarization. Kir6.2 is considered to be a
predominant pore-forming subunit of neuronal plasmalemmal
K+

ATP-channel (Yamada et al., 2001). The opening of K+

ATP-
channels in the mitochondrial inner membrane is associated
with the prevention of mitochondrial calcium overload (Murata
et al., 2001) and the subsequent preservation of mitochondrial
function (Mironova et al., 2007; Correia et al., 2010). Early
immunohistochemical studies identified a mitochondrial subunit
of this channel as Kir6.1 (Lacza et al., 2003b; Singh et al.,
2003). However, further proteomic studies did not confirm these
results (Brustovetsky et al., 2005), but identified the potential
structural basis of mitochondrial K+

ATP-channel as Kir1.1 (Foster
et al., 2008, 2012; Foster and Coetzee, 2016), which has an
N-terminal mitochondrial targeting signal and is encoded by
KCNJ1 (potassium voltage-gated channel, subfamily J, member
1) gene. In cardiomyocytes, Kir1.1 is localized only in the
crista membranes, mostly in the center of mitochondria and
the channel subunits are frequently grouped together (Talanov
et al., 2016). Such clustering corresponds to the specific feature
of a mitochondrial Kir allowing a 10-times higher sensitivity
to ATP inhibition in mitochondria compared to liposomes and
lipid bilayers (Mironova et al., 2004). Compared to liver or heart,
brain mitochondria expresses six- to seven-times more K+

ATP-
channels, which opening is accompanied by a larger change
in respiration (Bajgar et al., 2001). Although the expression of
regulatory subunits SUR2A and SUR2B has been demonstrated
in mitochondrial membranes (Zhou et al., 2007), Kir1.1 doesn’t
form a complex with SUR2B, but has the same sensitivity to
glibenclamide as the native channel (Konstas et al., 2002). It
was also hypothesized that mitochondrial K+

ATP-channels may
have a smaller molecular weight SUR variant (Lacza et al.,
2003a).

Alternatively, it is suggested that a succinate dehydrogenase
or resporatory complex II is the regulatory component
of mitochondrial K+

ATP-channels within a super-complex of
proteins with an inverse relationship between complex II and
mitochondrial K+

ATP-channel activities (Wojtovich et al., 2013).
Complex II has also been recognized as a modulator of a

superoxide production by respiratory chain complexes I and
III (Dröse, 2013). This fact is important for understanding
of functional consequences of a reactive oxygen species
(ROS) production, which might be cardioprotective when ROS
formed in complex III, but deleterious in case of the ROS
produced in complex I (Madungwe et al., 2016). Generation
of ROS at low levels can mediate the protective effect of
preconditioning (Kalogeris et al., 2014) apparently by the
activation of K+

ATP-channels. ROS oxidize thiol groups of
mitochondrial protein kinase Cε (PKCε; Korichneva et al.,
2002), which is co-localized with K+

ATP-channels in the inner
mitochondrial membrane (Jabůrek et al., 2006). Activated PKCε

phosphorylates K+

ATP-channels leading them to consistently
open state (Garlid et al., 2013). An increase of PKCε

interaction with cytochrome c oxidase subunit IV has also been
observed under conditions of myocardial IP and is associated
with enhanced respiratory complex IV activity (Guo et al.,
2007). However, tissue oxygen consumption can be inhibited
due to NO overproduction and binding to cytochrome c
oxidase (Brown and Cooper, 1994). The properties of NO
action depend on the intensity of its production and the
physiological state of the surrounding tissue. NO overproduction
in stroke causes damage to structural and regulatory components
of cells (Bolanos and Almeida, 1999; Jung et al., 2006;
Terpolilli et al., 2012). Moderate activation of NO during
preconditioning may exert a neuroprotective effect (Schulz and
Ferdinandy, 2013), activating antioxidant enzymes, triggering
antiapoptotic mechanisms, and increasing cerebral blood flow
(Jung et al., 2006; Terpolilli et al., 2012). The protective effect
of moderate NO production may also be mediated by an
interaction with K+

ATP-channels opening (Sasaki et al., 2000). An
inverse relation between these elements in the context of the
neuroprotective effect of preconditioning has not been yet proven
because of the absence of experimental approaches, precise
methods of NO detection and verification of results obtained
in vivo.

Different pre- and post-conditioning strategies has been
tested in clinical settings since 1990s (Calabrese, 2016). However,
the clinical studies have shown controversial results (Thuret
et al., 2014). The protective effect of preconditioning is known
to be lost in old age and in metabolic disorders (Rana et al.,
2015; Calabrese, 2016), but it is possible to restore it by
physical exercises and caloric restriction. There is a need
to define the therapeutic targets for rapid pharmacological
restoration of the responsiveness to preconditioning and it
requires an understanding of key molecular events starting
from the point of the protective changes induction, through the
development of protective phenotype to the final realization of
protective mechanisms under ischemia conditions. Thus, we
conducted the present study to investigate the mitochondrial
protein composition in brain cortex of rats after IP and
to evaluate the changes of NO production in two models
of ischemia—mild ischemia with reperfusion (IP) and the
severe ischemia without reperfusion (ischemic stroke).
Preliminary K+

ATP-channel blockade and opening were used
to study the relationship between K+

ATP-channels and the
NO system.
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MATERIALS AND METHODS

Animals
Experiments were performed with 5 months old naïve male
albino rats (Rattus norvegicus) weighing 300–500 g (n = 102)
and kept under standard conditions (light regimen of 12/12 h,
day/night). All manipulations were performed under general
anesthesia with a long-acting aliphatic hypnotic drug chloral
hydrate [ChlH, 400mg/kg intraperitoneally (i/p)]. The study was
conducted in accordance with and approved by the Bioethics
Committee of Lomonosov Moscow State University and in
accordance with the ARRIVE guidelines.

Study of the IP Molecular Basis
In the first experiment, we studied the effects of IP on
the cortical expression of electron transport chain enzymes,
mitochondrial K+

ATP-channels, neuronal, and inducible NO-
synthases, as well as the dynamics of nitrosylation and nitration
of proteins during early and delayed phases of IP (Figure 1A).
IP was performed by alternate ligation of the right and left
common carotid arteries for 5 min followed by 5 min of
reperfusion. Overall 6 cycles were repeated for each animal
within 1 h. The early (3 h) and the delayed (24 h) phases of
the protective IP effect were subsequently studied. An indirect
immunohistochemical method was applied with secondary
antibodies (Table 1) labeled with fluorochromes—fluorescein
(FITC) and phycoerythrin (PE). Karnua solution was used
as fixative. For the S-nitrosoCys study brain tissue samples
were fixed in a solution of 4% paraformaldehyde and 1% of

FIGURE 1 | Study protocols: (A) study on the effects of early and delayed IP

phases on the expression of immunohistochemical markers; (B) study of

glibenclamide and diazoxide effects on NO levels in the brain of the rats with

ischemic stroke.

glutaraldehyde. Alcohol-chloroform processing and paraffin-
embedding were carried out before slicing paraffin blocks into
sections of 3 µm thickness. After deparaffinization, antigen
retrieval was performed in microwave. Permeabilization was
performed sequentially with 0.3, 0.2, and 0.1% solutions of
TritonX-100 in sodium phosphate buffer (PBS-T). Slices were
incubated with 5% goat serum in PBS-T 0.3% for 30 min
at room temperature. Then slices were rinsed 3 times with
PBS, permeabilization was repeated and they were incubated
at 37◦C for 1 h with a solution of primary antibodies in
Antibody Diluent (ab64211—Abcam plc, Cambridge, UK). For
double staining, repeated washing and incubation with the next
primary antibody solution were performed. After washing of
primary antibodies, slices were incubated at room temperature
with secondary antibodies dissolved in deionized water. After
secondary antibody washing, coverslips were mounted over the
slides using UltraCruz Hard-set mounting medium (sc-359850—
Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Scanning of slices was performed using a laser scanning
confocal Carl Zeiss LSM780 microscope, with 5 images taken
lengthwise the frontal section of the frontal lobe cortex for each
slide and with one slide stained with primary antibodies per each
animal. A fixed scanning mode was used for evaluation of all
the slides in order to minimize the variability of fluorescence
intensities (normalization was not possible due to unstable DAPI
staining pattern): Plan-Apochromat 63x/1.40 Oil DIC M27 lens;
40 micron pinhole; fluorescent signal filtering in 499–560 nm
range. The following laser intensity parameters were used for
fluorescence excitation: 355 nm—5%; 561 nm—2%; 488 nm—
10%. The expression of each marker was studied at the same day
with the interchange of slides from different experimental groups
to prevent the influence of natural fluorescence extinction. The
subsequent quantitative analysis of results was done in Image-
Pro v.4.5 program. Fluorescence intensity was calculated as the
percentage of specific fluorescence points in the area of interest.
The snapshots of pyramidal neurons were transferred into 16-bit
images and processed through a macro that enables deduction of
a non-specific background fluorescence from the analysis results,
using the brain slices stained only with secondary antibodies as
a control. This approach was chosen because of the background
auto-fluorescence in paraffin blocks, the maximum values of
which were observed in glutaraldehyde fixation. A qualitative
evaluation of fluorescence intensity using the 5-point scale
was also applied in order to confirm the quantitative analysis.
Both methods showed comparable results, with a slightly lower
significance of differences measured in the qualitative evaluation
(data not shown). Co-localization of markers was defined in
ImageJ program with subsequent analysis of 0.19–2.0 µm2 areas.

Study of the PhP Effect on Brain NO
Content
In the second experiment, we examined the effects of preliminary
K+

ATP-channels blockade and opening on free cerebral NO
following middle cerebral artery (MCA) occlusion (MCAO;
Figure 1B). The objective was to evaluate an integrated
contribution of K+

ATP-channels in regulation of NO levels. PhP
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TABLE 1 | Panel of antibodies.

Marker Primary antibody Secondary antibody

COX1 Mouse monoclonal [1D6E1A8] anti-MTCO1 antibody, mitochondrial marker (ab14705*), 1:200 Goat anti-mouse IgG2a-FITC (sc-2079**), 1:100

SDHA Rabbit polyclonal anti-SDHA antibody (sc-98253), 1:50 Goat anti-rabbit IgG-PE (sc-3739), 1:100

KCNJ1 Rabbit polyclonal anti-KCNJ1 antibody, cytoplasmic domain (ab80967), 1:20 Goat anti-rabbit IgG-PE (sc-3739), 1:100

nNOS Rabbit polyclonal anti-nNOS antibody (ab106417), 1:200 Goat anti-rabbit IgG-PE (sc-3739), 1:100

iNOS Mouse monoclonal [C-11] anti-NOS2 antibody (sc-7271), 1:50 Goat anti-mouse IgG1-FITC (sc-2078), 1:100

S-nitrosoCys Mouse monoclonal [HY8E12] anti-S-nitrosocysteine (conjugated) antibody (ab94930), 1:1000 Goat anti-mouse IgG1-FITC (sc-2078), 1:100

3-nitroTyr Mouse monoclonal [39B6] anti-3-Nitrotyrosine antibody (ab61392), 1:200 Goat anti-mouse IgG2a-FITC (sc-2079), 1:100

*≪ab≫ product IDs refer to Abcam plc, Cambridge, UK.

**≪SC-≫ product IDs refer to Santa Cruz Biotechnology, Santa Cruz, CA, USA.

was performed by injecting a solution of a non-selective opener
of K+

ATP-channels, diazoxide (Sigma-Aldrich Rus LLC, Moscow,
Russia), at a dose of 10 mg/kg [2.5 mg/100 mcl of dimethyl
sulfoxide (DMSO)] in the sublingual vein (i/v) 24 h prior to
MCAO. For the purposes of non-selective blockade of K+

ATP-
channels, i/p administration of glibenclamide (Sigma-Aldrich
Rus LLC, Moscow, Russia, 20 mg/kg, 5 mg/100 mcl DMSO)
was applied 30 min before MCAO. The selection of dosage and
injection time was based on literature data (Marshall et al., 1993;
Liu et al., 2002; Shimizu et al., 2002).

Ischemic infarction in the fronto-parietal region of cerebral
cortex was induced by electrocoagulation of the distal branch
of left MCA and the adjacent vein, with simultaneous ligation
of the ipsilateral carotid artery. This model of ischemic stroke
was chosen because of its good reproducibility in experiments
which demonstrated a 30–45% decrease of necrotic area after IP
or PhP (Samoilenkova et al., 2007; Deryagin et al., 2016). The
MCA coagulation altitude was chosen so that necrosis developed
mainly in the frontoparietal cortex, without affecting subcortical
structures, thereby avoiding complications of visceral functions
and animal death. Simultaneous coagulation of the adjacent vein
and ligation of the ipsilateral carotid artery stabilizes the size of
the ischemic area, which also reduces the number of animals
required for the experiment.

EPR spectroscopy with spin trapping (Mikoyan et al., 1997;
Vanin et al., 2003) was used to measure NO cerebral content.
For this purpose, animals received components of a trap 30 min
before sampling: 500 mg/kg of sodium diethyldithiocarbamate
(DETC) (Sigma-Aldrich Rus LLC, Moscow, Russia) in the
amount of 8.4 ml/kg i/p, and a mixture of solutions of 37.5 mg/kg
FeSO4, 187.5 mg/kg of sodium citrate in a total volume of 6.6
ml/kg subcutaneously. As, a result of their interaction within the
body, DETC2-Fe

2+ water-insoluble complex is formed, capable
of capturing NO with the formation of (DETC)2-Fe

2+-NO stable
radical, which is detected by EPR [Bruker ER 200E SRC in
X-band (9.50 GHz) spectrometer at 77 oC]. The method was
described by us earlier (Gainutdinov et al., 2011, 2013). The
trapping of NO was introduced 30 min before decapitation.
For each time point (0, 5, 9, 24, and 72 h) in each group,
six independent measurements were done. These time points
were chosen, taking into account the activity of constitutive and
inducible NO-synthases in the development of ischemic stroke:
5 and 9 h cover the period of constitutive NO-synthase activity,

while the 24- and 72-h points make it possible to estimate the
activity of inducible NO-synthase (Kitamura et al., 1998). The
brain fragments were immediately frozen in separate plastic
containers, overall 4 probes from each animal: the ischemic
region of cortex in the left cerebral hemisphere; the remainder
cortex of the left cerebral hemisphere; cortex of the right cerebral
hemisphere; and cerebellum. The samples were weighted before
the experiments and their average mass was 100 mg. Amplitude
of EPR spectra was normalized on the mass of sample and on
the EPR signal amplitude of standard sample. As a standard
sample, we use the TEMPO radical solution (8.89 mM/l, 58∗1017

spins/cm3, S= 1/2, g∼2.0023; Barr et al., 2000).

Statistical Analysis
Statistical processing was performed using Excel 2010 and
SPSS 17.0 software packages for Windows. Data distribution
was evaluated with Shapiro–Wilk test and it didn’t meet
the assumption of normality. Thus, non-parametric statistical
methods were applied. When comparing more than two
independent samples, Kruskal–Wallis test (H-criterion) was
used. When comparing two independent samples, Mann–
Whitney test (U-criterion) was used. Data of graphs is presented
as Median (within IQR for the box plot graph) with Min and
Max whiskers. Differences were considered significant with the
permissible error probability (two-tailed p-value) of <0.05.

RESULTS

Effect of Delayed Phase of IP on
Expression of COX1, SDHA, KCNJ1, nNOS,
and iNOS
Moderately expressed cytoplasmic and predominantly
perinuclear cytochrome c oxidase subunit 1 (COX1) expression
of granular pattern was observed in cerebral cortical regions of
intact animals (Figures 2a,b). A similar kind of a weak granular
COX1 staining was detected in the neuropil. Twenty-four hours
after performing IP, the median intensity of fluorescence was 70%
higher than in the control group (Mann–Whitney test, p= 0.008,
Figure 3A). However, a staining of succinate dehydrogenase
flavoprotein subunit (SDHA) revealed no changes in intensity
of SDHA expression in all the animal groups (p > 0.05, data not
shown). An expression of mitochondrial K+

ATP-channels (KCNJ1)
was moderate and varied between animals (Figures 2d,e). KCNJ1
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FIGURE 2 | Examples of immunohistochemical staining of rat cerebral cortex sections using second antibodies labeled with fluorochromes: (a,b) anti-COX1 antibody

staining; (c) COX1 and nNOS co-localization; (d,e) anti-KCNJ1 antibody staining; (f) KCNJ1 and COX1 co-localization; (g–i) anti-S-nitrosylation (S-nitrosoCys)

antibody staining; (j–l), anti-tyrosine nitrosylation (3-nitroTyr) antibody staining.

staining was co-localized with COX1 (Figure 2f). IP led to a
decrease in median KCNJ1 fluorescence intensity by 44% in
cerebral cortex in its delayed phase, as compared to the intact
group (Mann–Whitney test, p= 0.012, Figure 3B).

Expression of neuronal NO-synthase (nNOS) had cytoplasmic
staining pattern, mostly fine-grained. The intensity of
fluorescence varied from moderate to strong, more intense
in the cells located closer to arterioles. Expression of nNOS
was comparable in intact and IP24 groups (Mann–Whitney
test, p = 0.376). COX1/nNOS co-localization analysis made

it possible to evaluate the expression level of mitochondrial
nNOS fraction (Figure 2c). There was no statistically
significant difference found between intact rats and IP24
group (Mann–Whitney test, p = 0.261). An evaluation
of the area and the perimeter of double stained zones in
mitochondria revealed no differences between the two groups.
Both in intact rats and after IP, only minimal expression
of inducible NO-synthase (iNOS) was detected in cerebral
cortex, which does not allow estimating the staining results
reliably.
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FIGURE 3 | Comparison of fluorescence intensities: (A) effects of delayed IP phase on the expression of COX1 in rat cerebral cortex cells. *p = 0.008, Mann–Whitney

test (Int. vs. IP24); (B) effects of delayed IP phase on the expression of KCNJ1 in rat cerebral cortex cells. *p = 0.012, Mann–Whitney test (Int. vs. IP24); (C) effects of

delayed IP phase on cysteine S-nitrosylation levels in rat cerebral cortex cells. *p = 0.0004, Mann–Whitney test (Int. vs. IP24); p = 0.001, Mann–Whitney test (IP3. vs.

IP24); (D) effects of delayed IP phase on tyrosine nitration levels in rat cerebral cortex cells. *p = 0.053, Mann–Whitney test (Int. vs. IP3); **p = 0.001, Mann–Whitney

test (Int. vs. IP24); p = 0.019, Mann–Whitney test (IP3. vs. IP24).

Effect of Early and Delayed Phases of IP on
Processes of Nitrosylation and Nitration
A variable pattern of cysteine S-nitrosylation marker
(S-nitrosoCys) fluorescence was observed in the cerebral
cortex specimens. Its cytoplasmic staining was mostly diffuse,
with the greatest intensity in intact animals and in rats 3 h after
IP (Figures 2g–i). The quantitative analysis of data revealed
a 2-fold (Figure 3C) statistically significant decrease in the
median S-nitrosoCys fluorescence intensity in delayed phase
of IP, in comparison with both the intact and the IP3 groups
(Mann–Whitney test, p = 0.0004 and p = 0.001, respectively).
When specimens were stained with tyrosine nitration marker
(3-nitroTyr), a weak diffuse perinuclear fluorescence was
observed, as well as the pronounced dot-like staining in both
the perinuclear zone and in the nucleus (Figures 2j–l). The
median intensity was higher in intact animals, 2- and 2.5-fold
more prominent than at 3 and 24 h after IP, respectively
(Mann–Whitney test, p= 0.053 and p= 0.001, Figure 3D).

Impact of K+

ATP-Channels on NO Cerebral
Content in Rats with Ischemic Stroke
The cortical levels of (DETC)2-Fe

2+-NO complex in control
groups of rats with MCAO were two times less than in intact
animals at all the time points (Kruskal–Wallis test, p < 0.0001,
Figure 4). The median level of NO in the cerebral cortex of
intact animals amounted to 1.16 nM/g (IQR = 0.95–1.52). Five
hours after MCAO, the minimal median NO concentration of
0.23 nM/g (IQR = 0.17–0.27) was observed in the core of
ischemia increasing with distance from it in penumbra (0.42
nM/g, IQR= 0.20–0.71) to 0.70 nM/g (IQR = 0.64–0.74) in the

contralateral hemisphere and to 0.81 nM/g (IQR = 0.71–0.91)
in the cerebellum. The median NO concentrations at 9, 24, and
72 h after the MCAO were 0.58 nM/g (IQR = 0.47–0.70), 0.58
nM/g (IQR = 0.45–0.88), and 0.73 nM/g (IQR = 0.52–0.95),
respectively.

In the group of animals treated with glibenclamide, a 64%
(1.19 nM/g, IQR = 0.84–1.41) increase in NO levels vs. the
control was observed on the third day post-operation (Mann–
Whitney test, p= 0.0005). Diazoxide administration 1 day before
MCAO resulted in a decrease of NO levels at all time points by
21–56%, while statistically significant difference from the control
group was observed for samples taken 72 h after MCAO [0.32
nM/g (IQR= 0.25–0.58); Mann–Whitney test, p= 0.002].

DISCUSSION

In preconditioning, there are two phases in the development
of the protective effect: the acute phase and the delayed phase,
whichmay differ by themolecular basis of this effect (Nandagopal
et al., 2001). Contradictory opinions exist regarding which of
the phases plays the major role in the development of cerebral
“ischemic tolerance.” Some authors attribute the predominant
role to the delayed phase, unlike the heart preconditioning, where
defense mechanisms are triggered rather rapidly (Barone et al.,
1998). Other researchers observed the emergence of cerebral
tolerance to subsequent global ischemia as early as in half an hour
after preconditioning (Perez-Pinzon et al., 1997). However, the
protective effect of the acute preconditioning phase is believed to
be short termed and only capable of delaying cell death (Kirino,
2002).
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FIGURE 4 | Complex (DETC)2-Fe
2+-NO time history in cerebral cortical structures in the rats with ischemic stroke. *p < 0.05, Mann-Whitney test (MCAO vs. Glib,

72 h; MCAO vs. Diaz, 72 h); ¤p < 0.0001, Kruskal–Wallis test (MCAO, int. vs. 5, 9, 24, and 72 h).

We found that the density of mitochondrial K+

ATP-channel
subunit Kir1.1 (KCNJ1 staining) is reduced considerably
after ischemic brain preconditioning (Figure 3B). This data
explains why there is no reduction in the inner mitochondrial
membrane potential in preconditioned cells in ischemia (Kim
et al., 2006; Katakam et al., 2007). Another recent study
reports that a 2-fold decrease in SUR2 regulatory subunit
mRNA expression is observed 48 h after remote ischemic
brain post-conditioning (Ezzati et al., 2016). Interestingly,
an isoflurane anesthesia was applied for surgical procedures,
which itself results in K+

ATP-channels opening (Jiang et al.,
2007; Swyers et al., 2014) and therefore might be a trigger
of the subsequent SUR2 downregulation. Thus, a decrease in
mitochondrial K+

ATP-channels expression is observed after the
mild ischemia/reperfusion or after pharmacological opening
of these channels. Can it be the same mechanism that both
downregulates mitochondrial K+

ATP-channels expression after
preconditioning and causes K+

ATP-channels dysfunction with
cardioprotective deficit in diabetic myocardium (Hassouna
et al., 2006)? In opposite to mitochondrial K+

ATP-channels,
it was recently found that after hypoxic preconditioning in
hippocampal neurons there is an increase in activity and
expression of the plasmalemmal Kir6.2 subunit (Sun et al.,
2015), which prevents membrane excitability and seems to be
differentially regulated by the preconditioning impulse. Under
severe ischemia myocardial Kir6.2 channels are removed by
endocytosis due to phosphorylation by calcium/calmodulin-
dependent protein kinase II (CaMKII; Gao et al., 2016). However,
the way of how the mitochondrial K+

ATP-channel becomes
inactive in response to damaging factors remains to be evaluated.

The increase in cytochrome c oxidase density (COX1 staining)
was detected in the delayed phase of IP (Figure 3A). Cytochrome
c oxidase is known to be a negative regulator of free NO
concentration (Torres et al., 2000; Antunes et al., 2007). The
neuroprotective effect of the delayed preconditioning phase

may persist for days or even weeks (Perez-Pinzon et al.,
1997; Nandagopal et al., 2001), and this is consistent with the
extraordinary stability of this enzyme (Saikumar and Kurup,
1985). This upregulation is consistent with previously published
proteomic data (Cabrera et al., 2012), northern blot and reverse
transcription–polymerase chain reaction results (McLeod et al.,
2004) that demonstrated increased cytochrome c oxidase and
succinate dehydrogenase mRNA expression in the context of
delayed ischemic preconditioning. We found no difference in
SDHA protein expression between the preconditioned animals
and the control group.

Neither the difference in mitochondrial and overall nNOS
fluorescence intensity between the groups nor positive staining
of iNOS were observed in the preconditioned brain tissue. These
results indicate that enzymatic NO synthesis in the delayed IP
phase is not regulated at the level of gene expression. In IP
models NO synthesis can be suppressed by CaMKII-dependent
negative regulatory phosphorylation of nNOS (Wang et al.,
2010, 2016). However, K+

ATP-channels openers diazoxide and
BMS-191095 may initiate NO production by increasing nNOS
and eNOS activity due to the activation of positive regulatory
phosphorylation through the phosphoinositide-3-kinase/AKT
serine/threonine kinase 1 (PI3K-Akt) pathway (Katakam et al.,
2013, 2016). Mitochondrial NO-synthase is unlikely to be
involved in the preconditioning-induced signaling production
of NO as K+

ATP-channels opening decreases the mitochondrial
capacity for Ca2+ ions (Ishida et al., 2004) and it is a Ca2+-
dependent enzyme (Elfering et al., 2002; Dedkova and Blatter,
2009).

Although an insignificant increase in protein S-nitrosylation
(Shen and English, 2005) was noticed at 3 h time point, there
was the decrease in S-nitrosoCys fluorescence intensity 24-h
post-IP (Figure 3C). This data suggests that the protective effect
of the delayed phase of IP do no depend anymore on the
protein nitrosylation, which in the acute phase of IP leads to
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preservation of mitochondrial energetics, reduction of cytosolic
Ca2+ (Sun et al., 2007) and inhibition of the harmful ROS
production (Chouchani et al., 2013; de Lima Portella et al., 2015).
As early as 3 h post-IP, we observed a decrease in levels of 3-
nitroTyr (Figure 3D)—the marker of NO-dependent oxidative
stress (Mohiuddin et al., 2006). The above indirectly points to
the activation of the antioxidant systems as a result of tissue
conditioning and is confirmed by the studies of neuronal survival,
in which the pretreatment with diazoxide prevented cell death via
antioxidative pathway activation (Virgili et al., 2013; Shukry et al.,
2015). Indeed, diazoxide-induced mitochondrial membrane
depolarization (Xi et al., 2005; Vadziuk et al., 2010) can lead to
uncoupling of mitochondrial respiration and phosphorylation of
adenosine diphosphate molecules (Holmuhamedov et al., 2004)
and to the moderate production of ROS (Andrukhiv et al.,
2006; Katakam et al., 2016), which may stimulate the antioxidant
defense. It is worth to mention that the accumulation of 3-
nitroTyr marker was mainly tied to nuclear proteins (Figure 2j).
Considering the focus of recent publications toward epigenetic
regulation of ischemic tolerance (Aune et al., 2015) and the facts
that NO activity is involved in inhibition of histone deacethylases
(Illi et al., 2009) and activation of DNA damage repair (Bartz
et al., 2015), we hypothesize that delayed neuroprotection caused
by IP can be triggered by such ROS as peroxynitrite and nitric
oxide (IV), which seems to have important roles in epigenetic
regulation of gene expression.

EPR study detected a 2-fold decrease of free NO level
(Figure 4) in cerebral cortex post-MCAO, which can be
attributed to cerebral hypoperfusion. According to literature
reports (Tominaga et al., 1994; Chen et al., 2002), a significant
increase in the cerebral EPR signal is observed in MCAO
models with spin trap 15 min after vessel occlusion. However,
this effect is reversible: NO levels decrease gradually and
reach the background values over time (Yuan et al., 2010).
Under the IP impulse the production of NO in low-oxygen
conditions can be mediated by non-enzymatic nitrite (NO−

2 )
reduction. K+

ATP-channels opening and an increase in K+ flow
is followed by intense accumulation of osmotically obligate
water which results in mitochondrial swelling (Lim et al., 2002).
In turn, an increase in matrix volume activates fatty acid β-
oxidation (Halestrap, 1987), nicotinamide adenine dinucleotide
(NADH) being one of the products of the process (Houten and
Wanders, 2010). NADH is an electron donor for the electron
transfer network and for molybdenum-containing xanthine
oxidoreductase metalloenzyme capable of disoxidating NO−

2 to
NO (Li et al., 2001). Apart from xanthine oxidoreductase, there
are several other metalloproteins demonstrating NO−

2 reductase
properties: mitochondrial aldehyde dehydrogenase (Golwala
et al., 2009; Perlman et al., 2009), cytochrome c (Basu et al., 2008),
neuroglobin (Tiso et al., 2011; Tejero et al., 2015), and cytoglobin
(Li et al., 2012). It is possible that their combined effect leads to
the appearance of signaling NO production.

We demonstrated that PhP with K+

ATP-channels opener
diazoxide causes a 2-fold reduction of free NO concentration
72 h post-MCAO. This relationship can be mediated by
the enhancement of cytochrome c oxidase function after the
preconditioning. Although it is reported that ischemia-associated

signaling production of NO (Tominaga et al., 1994; Chen et al.,
2002) results in inhibition of oxygen consumption by cytochrome
c oxidase (Brunori et al., 2004; Palacios-Callender et al., 2007;
Sarti et al., 2012), there are two possible ways of NO interaction.
NO binds to metal ions in the active center of cytochrome
c oxidase to produce either nitrosyl- or nitrite derivatives
(Gibson and Greenwood, 1963; Brudvig et al., 1980). These
reactions dominate over each other depending on the oxygen
concentration and the electron flow in the respiratory chain
(Sarti et al., 2000). In the first period after the preconditioning
impulse a proportion of cytochrome c oxidase subunits is likely
be found in a reduced state. Association with a reduced form of
the enzyme under ischemia conditions is rapid and followed by
a longterm inhibition of cell respiration until the dissociation of
NO, while its interaction with an oxidized form of the enzyme
initiates 1,000 times slower, has 10–20 times shorter duration
and results in a production of NO−

2 (Giuffrè et al., 2000). In the
delayed preconditioning phase, against the background of the
increase in cytochrome c oxidase density, most of the enzyme
molecules will be oxidized which creates favorable conditions for
the second scenario of NO oxidation to NO−

2 , therefore reducing
NO bioavailability and diminishing its damaging effect.

There was a sharp increase in cerebral tissue NO on the
third day after stroke in the group of animals treated with
glibenclamide immediately prior to MCAO (Figure 4). We
associate the obtained result with the activation of iNOS,
the level of which increases in the tissues in response to
the inflammation. According to literature, the expression of
microglial cell membrane K+

ATP-channels is increased in response
to pro-inflammatory signals, and exposure to glibenclamide
enhances the extent of microglial cell activation considerably
(Ortega et al., 2012) which results in increased cytokine, NO, and
ROS production (Wang et al., 2004).

In conclusion, the opening of K+

ATP-channels, which initiates
a change in the mitochondrial matrix ionic composition
and triggers the protective mechanisms, plays a key role
in the development of preconditioning phenomenon. Mild
ischemia/reperfusion leads to the reduction in density of
mitochondrial K+

ATP-channels that prevents a drop in the
inner mitochondrial membrane potential in post-ischemic
preconditioning period. The amount of protein nitrosylation
and nitration is also lower in preconditioned tissue. We
observed the decrease in NO cerebral content in the MCAO
model after PhP with K+

ATP-channels opener diazoxide and
attribute it to the enhanced ability of the overexpressed
cytochrome c oxidase to consume free NO, thereby preventing
the reduction of mitochondrial sensitivity to oxygen in the period
of severe ischemia. In addition to their involvement in the
preconditioning process, plasmalemmal K+

ATP-channels appear
to play a special role in the regulation of the intensity of NO
production and microglial inflammation in ischemic cerebral
tissue.

Further research is required to study the feedbackmechanisms
of the changes in expression of key mitochondrial energy
metabolism molecules in response to signaling production of
ROS and NO—the unconditional mediators of preconditioning
phenomenon.

Frontiers in Neuroscience | www.frontiersin.org 8 July 2017 | Volume 11 | Article 427

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Deryagin et al. Molecular Bases of Brain Preconditioning

AUTHOR CONTRIBUTIONS

OD, SG, and AG performed the experimental manipulations
with the laboratory animals. OD and SB contributed to
the acquisition and analysis of IHC data. KG, VA, and
GY contributed to the acquisition and analysis of EPR
data. SG and OD designed the experiments, interpreted
the data and wrote the manuscript. VK, SB, and KG

provided supervision, critical revision of the article, and final
approval.

ACKNOWLEDGMENTS

The work is performed according to the Russian Government
Program of Competitive Growth of Kazan Federal University.
Authors thank V.S. Iyudin for the help in EPR measurements.

REFERENCES

Andrukhiv, A., Costa, A. D., West, I. C., and Garlid, K. D. (2006). Opening

mitoKATP increases superoxide generation from complex I of the electron

transport chain. Am. J. Physiol. Heart Circ. Physiol. 291, 2067–2074.

doi: 10.1152/ajpheart.00272.2006

Antunes, F., Boveris, A., and Cadenas, E. (2007). On the biologic role of the

reaction of NO with oxidized cytochrome coxidase. Antioxid. Redox Signal. 9,

1569–1579. doi: 10.1089/ars.2007.1677

Aune, S. E., Herr, D. J., Kutz, C. J., and Menick, D. R. (2015). Histone deacetylases

exert class-specific roles in conditioning the brain and heart against acute

ischemic injury. Front. Neurol. 6:e145. doi: 10.3389/fneur.2015.00145

Bajgar, R., Seetharaman, S., Kowaltowski, A. J., Garlid, K. D., and Paucek, P.

(2001). Identification and properties of a novel intracellular (mitochondrial)

ATP-sensitive potassium channel in brain. J. Biol. Chem. 276, 33369–33374.

doi: 10.1074/jbc.M103320200

Barone, F. C., White, R. F., Spera, P. A., Ellison, J., Currie, R. W., and

Wang, X., et al. (1998). Ischemic preconditioning and brain tolerance:

temporal histological and functional outcomes, protein synthesis requirement,

and interleukin-1 receptor antagonist and early gene expression. Stroke 29,

1937–1951. doi: 10.1161/01.STR.29.9.1937

Barr, D., Jiang, J., and Weber, R. T. (2000). How to Quantitate Nitroxide Spin

Adducts Using TEMPOL. EPR Division, Bruker, SpinReport, 3–6.

Bartz, R. R., Suliman, H. B., and Piantadosi, C. A. (2015). Redox mechanisms

of cardiomyocyte mitochondrial protection. Front. Physiol. 6:e291.

doi: 10.3389/fphys.2015.00291

Basu, S., Azarova, N. A., Font, M. D., King, S. B., Hogg, N., Gladwin, M. T.,

et al. (2008). Nitrite reductase activity of cytochrome C. J. Biol. Chem. 283,

32590–32597. doi: 10.1074/jbc.M806934200

Bolanos, J. P., and Almeida, A. (1999). Roles of nitric oxide in

brain hypoxia-ischemia. Biochim. Biophys. Acta 1411, 415–436.

doi: 10.1016/S0005-2728(99)00030-4

Brown, G. C., and Cooper, C. E. (1994). Nanomolar concentrations of

nitric oxide reversibly inhibit synaptosomal respiration by competing

with oxygen at cytochrome oxidase. FEBS Lett. 356, 295–298.

doi: 10.1016/0014-5793(94)01290-3

Brudvig, G. W., Stevens, T. H., and Chan, S. I. (1980). Reactions of nitric oxide

with cytochrome c oxidase. Biochemistry 19, 5275–5285. doi: 10.1021/bi0056

4a020

Brunori, M., Giuffrè, A., Forte, E., Mastronicola, D., Barone, M. C., and Sarti,

P. (2004). Control of cytochrome c oxidase activity by nitric oxide. Biochim.

Biophys. Acta 1655, 365–371. doi: 10.1016/j.bbabio.2003.06.008

Brustovetsky, T., Shalbuyeva, N., and Brustovetsky, N. (2005). Lack of

manifestations of diazoxide/5-hydroxydecanoate-sensitive KATP channel

in rat brain nonsynaptosomal mitochondria. J. Physiol. 568, 47–59.

doi: 10.1113/jphysiol.2005.091199

Cabrera, J. A., Ziemba, E. A., Colbert, R., Anderson, L. B., Sluiter, W., Duncker,

D. J., et al. (2012). Altered expression of mitochondrial electron transport

chain proteins and improved myocardial energetic state during late ischemic

preconditioning. Am. J. Physiol. Heart Circ. Physiol. 302, H1974–H1982.

doi: 10.1152/ajpheart.00372.2011

Calabrese, E. J. (2016). Pre- and post-conditioning hormesis in elderly mice,

rats, and humans: its loss and restoration. Biogerontology 17, 681–702.

doi: 10.1007/s10522-016-9646-8

Chen, S. H., Fung, P. C., and Cheung, R. T. (2002). Neuropeptide Y-Y1 receptor

modulates nitric oxide level during stroke in the rat. Free Radic. Biol. Med. 32,

776–784. doi: 10.1016/S0891-5849(02)00774-8

Chouchani, E. T., Methner, C., Nadtochiy, S. M., Logan, A., Pell, V. R., Ding,

S., et al. (2013). Cardioprotection by S-nitrosation of a cysteine switch on

mitochondrial complex I. Nat. Med. 19, 753–759. doi: 10.1038/nm.3212

Correia, S. C., Carvalho, C., Cardoso, S., Santos, R. X., Santos, M. S., Oliveira, C.

R., et al. (2010). Mitochondrial preconditioning: a potential neuroprotective

strategy. Front. Aging Neurosci. 2:e138. doi: 10.3389/fnagi.2010.00138

Cuomo, O., Vinciguerra, A., Cerullo, P., Anzilotti, S., Brancaccio, P., Bilo, L.,

et al. (2015). Ionic homeostasis in brain conditioning. Front. Neurosci. 9:e277.

doi: 10.3389/fnins.2015.00277

Dedkova, E. N., and Blatter, L. A. (2009). Characteristics and function

of cardiac mitochondrial nitric oxide synthase. J. Physiol. 587, 851–872.

doi: 10.1113/jphysiol.2008.165423

de Lima Portella, R., Lynn Bickta, J., and Shiva, S. (2015). Nitrite confers

preconditioning and cytoprotection after ischemia/reperfusion injury through

themodulation of mitochondrial function.Antioxid. Redox Signal. 23, 307–327.

doi: 10.1089/ars.2015.6260

Deryagin, O. G., Gavrilova, S. A., Buravkov, S. V., Andrianov, V. V., Yafarova,

G. G., and Gainutdinov, Kh. L., et al. (2016). The role of ATP-dependent

potassium channels and nitric oxide system in the neuroprotective effect

of preconditioning. Zh. Nevrol. Psikhiatr. Im. S. S. Korsakova 8, 16–22.

doi: 10.17116/jnevro20161168217-23

Ding, Z. M., Wu, B., Zhang, W. Q., Lu, X. J., Lin, Y. C., Geng, Y. J., et al. (2012).

Neuroprotective effects of ischemic preconditioning and postconditioning on

global brain ischemia in rats through the same effect on inhibition of apoptosis.

Int. J. Mol. Sci. 13, 6089–6101. doi: 10.3390/ijms13056089

Dröse, S. (2013). Differential effects of complex II on mitochondrial ROS

production and their relation to cardioprotective pre- and postconditioning.

Biochim. Biophys. Acta 1827, 578–587. doi: 10.1016/j.bbabio.2013.01.004

Elfering, S. L., Sarkela, T. M., and Giulivi, C. (2002). Biochemistry of

mitochondrial nitric-oxide synthase. J. Biol. Chem. 277, 38079–38086.

doi: 10.1074/jbc.M205256200

Ezzati, M., Bainbridge, A., Broad, K. D., Kawano, G., Oliver-Taylor, A., Rocha-

Ferreira, E., et al. (2016). Immediate remote ischemic postconditioning after

hypoxia ischemia in piglets protects cerebral white matter but not grey

matter. J. Cereb. Blood Flow Metab. 36, 1396–1411. doi: 10.1177/0271678X15

608862

Foster, D. B., Ho, A. S., Rucker, J., Garlid, A. O., Chen, L., Sidor, A., et al. (2012).

Mitochondrial ROMK channel is a molecular component of mitoK(ATP). Circ.

Res. 111, 446–454. doi: 10.1161/CIRCRESAHA.112.266445

Foster, D. B., Rucker, J. J., and Marbán, E. (2008). Is Kir6.1 a subunit

of mitoK(ATP)? Biochem. Biophys. Res. Commun. 366, 649–656.

doi: 10.1016/j.bbrc.2007.11.154

Foster, M. N., and Coetzee, W. A. (2016). KATP channels in the cardiovascular

system. Physiol. Rev. 96, 177–252. doi: 10.1152/physrev.00003.2015

Gainutdinov, Kh. L., Andrianov, V. V., Iyudin, V. S., Yurtaeva, S. V., Jafarova, G. G.,

Faisullina, R. I., et al. (2013). EPR study of nitric oxide production in rat tissues

under hypokinesia. Biophysics 58, 203–205. doi: 10.1134/S0006350913020073

Gainutdinov, Kh. L., Gavrilova, S. A., Iyudin, V. S., Golubeva, A. V., Davydova, M.

P., Jafarova, G. G., et al. (2011). EPR study of the intensity of the nitric oxide

production in rat brain after ischemic stroke. Appl. Magn. Reson. 40, 267–278.

doi: 10.1007/s00723-011-0207-7

Frontiers in Neuroscience | www.frontiersin.org 9 July 2017 | Volume 11 | Article 427

https://doi.org/10.1152/ajpheart.00272.2006
https://doi.org/10.1089/ars.2007.1677
https://doi.org/10.3389/fneur.2015.00145
https://doi.org/10.1074/jbc.M103320200
https://doi.org/10.1161/01.STR.29.9.1937
https://doi.org/10.3389/fphys.2015.00291
https://doi.org/10.1074/jbc.M806934200
https://doi.org/10.1016/S0005-2728(99)00030-4
https://doi.org/10.1016/0014-5793(94)01290-3
https://doi.org/10.1021/bi00564a020
https://doi.org/10.1016/j.bbabio.2003.06.008
https://doi.org/10.1113/jphysiol.2005.091199
https://doi.org/10.1152/ajpheart.00372.2011
https://doi.org/10.1007/s10522-016-9646-8
https://doi.org/10.1016/S0891-5849(02)00774-8
https://doi.org/10.1038/nm.3212
https://doi.org/10.3389/fnagi.2010.00138
https://doi.org/10.3389/fnins.2015.00277
https://doi.org/10.1113/jphysiol.2008.165423
https://doi.org/10.1089/ars.2015.6260
https://doi.org/10.17116/jnevro20161168217-23
https://doi.org/10.3390/ijms13056089
https://doi.org/10.1016/j.bbabio.2013.01.004
https://doi.org/10.1074/jbc.M205256200
https://doi.org/10.1177/0271678X15608862
https://doi.org/10.1161/CIRCRESAHA.112.266445
https://doi.org/10.1016/j.bbrc.2007.11.154
https://doi.org/10.1152/physrev.00003.2015
https://doi.org/10.1134/S0006350913020073
https://doi.org/10.1007/s00723-011-0207-7
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Deryagin et al. Molecular Bases of Brain Preconditioning

Gao, Z., Sierra, A., Zhu, Z., Koganti, S. R., Subbotina, E., and Maheshwari,

A. (2016). Loss of ATP-sensitive potassium channel surface expression

in heart failure underlies dysregulation of action potential duration

and myocardial vulnerability to injury. PLoS ONE 11:e0151337.

doi: 10.1371/journal.pone.0151337
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