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Abstract—The study demonstrated that oxidative stress induced by hyperoxia (0.5 MPa for 90 min) resulted in reduction of
mRNA levels of transcription factor Nrf2 and Nrf2-induced genes encoding antioxidant enzymes (SOD 1, CAT, GPx4) in
peripheral blood leukocytes of rats. The changes in gene expression profiles under hyperoxia were accompanied by disbal-
ance of activity of antioxidant enzymes in the leukocytes, namely activation of superoxide dismutase and inhibition of cata-
lase, glutathione peroxidase, and glutathione-S-transferase. Pretreatment of rats with SkQ1 (50 nmol/kg for five days) sig-
nificantly increased mRNA levels of transcription factor Nrf2 and Nrf2-induced genes encoding antioxidant enzymes SOD2
and GPx4 and normalized the transcriptional activity of the SOD1I and CAT genes in the leukocytes in hyperoxia-induced
oxidative stress. At the same time, the activity of catalase and glutathione peroxidase was increased, and the activity of super-
oxide dismutase and glutathione-S-transferase returned to the control level. It is hypothesized that protective effect of SkQ1
in hyperoxia-induced oxidative stress can be realized via a direct antioxidant property and the stimulation of the

Keap1/Nrf2 redox-sensitive signaling system.
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Oxidative stress and oxidative damage to cell struc-
tures are involved in pathological processes including dis-
ease and extreme conditions, adaptation, and aging [1-3].
Modeling of disease conditions has been applied for the
investigation of oxidative stress mechanisms. One widely
used experimental model is hyperoxia [4, 5]. According
to various data, mitochondrial dysfunction plays an
important role in the development of oxidative stress
induced by hyperoxia [6, 7]. At the same time, hyperbar-
ic oxygen (HBO) therapy is widely used in medical prac-
tice for the treatment of various disorders [8].
Pharmacological agents with antioxidant properties have
been applied for the correction of redox homeostasis dis-
turbance. Among these substances, mitochondria-target-
ed antioxidants of the SkQ family have been confirmed to
be highly efficient [9, 10].

Abbreviations: ARE, antioxidant response element; HBO,
hyperbaric oxygen (therapy); ROS, reactive oxygen species.
* To whom correspondence should be addressed.

Many studies have confirmed that the Keapl/
Nrf2/ARE redox-sensitive signaling system plays the cen-
tral role in cellular mechanisms of protection against
oxidative/electrophilic stress [11]. Inducers of this system
have been revealed in different studies [12]. SkQ1 (10-(6'-
plastoquinonyl)decyltriphenylphosphonium) containing
in its structure a plastoquinone with quinone groups in
para-position has been proven to be one of such inducers
[13].

The goal of the present study was to investigate the
influence of mitochondrial-targeted antioxidant SkQ1 on
gene expression of transcription factor Nrf2 and Nrf2-
controlled genes encoding antioxidant enzymes in the
blood leukocytes of rats under oxidative stress induced by
hyperoxia.

MATERIALS AND METHODS

Mature male rats (Rattus norvegicus) weighing 180-
200 g were used for this study. The experimental animals
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were divided into three groups. Group I (n = 10-23)
included control animals, which were kept under the stan-
dard vivarium conditions. Animals of group II (n = 10-18)
were exposed to HBO treatment (0.5 MPa for 90 min) and
decapitated 12 h after the HBO session. The experimental
animals were placed in the HBO chamber (volume
60 liters) with carbon dioxide absorber. After 3 min of pure
oxygen ventilation, compression of 0.5 MPa was set up in
the HBO chamber (compression and decompression was
performed with a rate of 0.2 MPa/min); isopression con-
tinued for 90 min. This HBO procedure (0.5 MPa for
90 min) has been shown to cause acute oxidative stress
[14]. Group III (n = 10-22) included animals that were
pretreated with 50 nmol SkQ1/kg body weight daily for
five days, then exposed to HBO (0.5 MPa for 90 min) 1 h
after the last SkQ1 supplementation, and decapitated 12 h
after the HBO session. The calculated SkQ1 dose was
diluted in 100 pl 0.2% ethanol in distilled water and
administered into the cheek pouch of the rats.

All experiments on the laboratory animals were per-
formed in accordance with the European Convention for
the Protection of Vertebrate Animals Used for
Experimental and Other Scientific Purposes (Strasbourg,
March 18, 1986).

The expression of mRNA was analyzed by reverse
transcription and following polymerase chain reaction
(RT-PCR) with gene-specific primers. Blood (50 pl) was
sampled for analysis. Total RNA was isolated by guani-
dinium thiocyanate—phenol—chloroform extraction
using a Ribo-zol-B kit (InterLabService, Russia). The
quality of extracted RNA was assessed by electrophoresis
in a 1.2% agarose gel; the quantity of RNA was assessed

by absorbance at 260 nm. Reverse transcription was per-
formed using a cDNA synthesis kit (Syntol, Russia) con-
taining MMLV-RT (Moloney murine leukemia virus
reverse transcriptase), primer Random-6, deoxyribonu-
cleotide triphosphates (ANTP), and RNase inhibitor.

Gene expression patterns of transcription factor
Nrf2 (Nrf2), superoxide dismutase isoforms Cu/ZnSOD
(SODI1), MnSOD (SOD2), extracellular SOD — ECSOD
(SOD3), catalase (CAT), and glutathione peroxidase 4
(GPx4) were analyzed by real-time PCR using intercalat-
ing dye EvaGreen (Molecular Probes, USA) and a real-
time PCR kit (Syntol). Real-time PCR was performed
using an iQ5 real-time PCR detection system (BioRad
Laboratories, USA). BACT (B-actin) served as an internal
control gene. Primer BLAST and Primer 3 software were
used to design target-specific primers. The sequences of
the specific primers are presented in the table. To evalu-
ate the efficiency (E) of the primer pairs, PCR was per-
formed with serial dilutions of the cDNA (1:1,1:2, 1:
4, 1 : 8), then average ACt values were calculated. The
efficiencies of the primer pairs are presented in the table.

Real-time PCR was conducted under the following
conditions: the 1st step at 95°C for 300 s, the 2nd step at
58(60)°C for 50 s (fluorescence detection), the 3rd step at
95°C for 15 s, then the 2nd step was repeated. Steps 2 and
3 were repeated 40 times; after that, the fluorescence
intensity was plotted as a function of time. The melting
curve was analyzed to determine the specificity of the
amplification.

The software package Bio-Rad 1Q5 Optical System
Software Version 2.0 was used to analyze the PCR ampli-
fication plots. The real-time PCR data were analyzed

Primers for real-time PCR and the efficiency of used primer pairs

Gene DNA sequence of forward (f) and reverse (r) primers Primer pair Efficiency, E
f: 5'-agccatgtacgtagccatcc-3'

BACT r: 5'-tcggaaccgctcattgecg-3' BACT-f, BACT-r 0.953
f: 5'-atgtcaccagctcaagggcacagtge-3'

Nrf2 r: 5'-ccatccteccccgaacctagtt-3' Nrf2-f, Nrf2-r 0.970
f: 5'-aaccagttgtggtgtcagga-3'

SOD1 r: 5'-ctcctgagagtgagatcaca-3' SOD1-f, SOD1-r 0.930
f: 5'-taacgcgcagatcatgcag-3'

SOD2 r: 5'-gtcacgcttgatagecteca-3' SOD2-f, SOD2-r 0.873
f: 5'-aggctctttctcaggecte-3'

SOD3 r: 5'-agatctccaggtctttggag-3' SOD3-f, SOD3-r 0.933
f: 5'-ttctacactgaagatggtaactg-3'

CAT r: 5'-gaaagtaacctgatggagagac-3' CAT-f, CAT-r 0.903
f: 5'-ggctacaatgtcaggtt-3'

GPx4 r: 5'-ttatcaatgagaaacttggtaa-3' GPx4-f, GPx4-r 0.780
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using iCycler 1Q5 software (BioRad). Relative quantifica-
tion of gene expression level was performed by the ACt
method using the amount of cDNA of the comparison
gene.

The mononuclear cell suspension was used for the
following biochemical analyses and was separated by cen-
trifugation of whole blood in a Ficoll—Verografin density
gradient (p = 1.077) according to the method of Boyum
[15]. The cells were washed three times and suspended in
Tris-buffered saline (pH 7.4).

Superoxide dismutase (SOD) activity was evaluated
based on the ability of SOD to inhibit nitroblue tetrazoli-
um reduction by superoxide generated during autoxida-
tion of adrenaline [16]. Catalase activity was measured
using the reaction of hydroperoxide with ammonium
molybdate [17]. Glutathione peroxidase (GPx) activity
assay was based on the intensity of oxidation of reduced
glutathione triggered by fert-butyl hydroperoxide [18],
and glutathione-S-transferase (GST) activity was evalu-
ated using the reaction between reduced glutathione and
1-chloro-2,4-dinitrobenzene [19]. Myeloperoxidase
(MPO) activity was measured using spectrophotometry
[20], and the NADPH-oxidase activity assay was based
on the reduction of 2,6-dichlorophenolindophenol in the
presence of NADPH [21].

All statistical calculations were carried out with
Biostat software (Version 2009 Professional — 5.8.4.3
Analyst Soft). The Kolmogorov—Smirnov and Lilliefors
test was used to assess the normality of distribution. If the
data were not normally distributed, the nonparametric
Mann—Whitney U-test was applied for comparing two
samples. If the distribution was normal, Student’s 7-test
for small sample sizes was applied. All p-values of less
than 0.05 were regarded as significant. A tendency
towards statistical significance was postulated in case of
0.05<p<0.1.

RESULTS

HBO-induced (0.5 MPa for 90 min) oxidative stress
resulted in decreased expression level of transcription fac-
tor Nrf2 by 33%. Nrf2 is known to play a critical role in
cell protection against oxidative stress in hyperoxia [22,
23]. This fact is confirmed by the decrease in mRNA level
of transcription factor Nrf2 compared with the control
(Fig. 1). The reduction in the expression level of ARE-
controlled genes encoding antioxidant enzymes — super-
oxide dismutase 1 (SOD]I), catalase (CAT), and mitochon-
drial glutathione peroxidase 4 (GPx4) — was demonstrated
in the leukocytes of rats in hyperoxia concurrently with
the inhibition of transcriptional activity of the Nrf2 gene.
The SOD1 mRNA level decreased by 44%, CAT mRNA —
by 62%, and GPx4 mRNA — by 40% in the leukocytes
compared with normal values (Fig. 1). The differences in
expression level of the SOD2 and SOD3 genes in the leuko-
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cytes were not statistically significant between the group
with these conditions and the control group.

Pretreatment of rats with SkQI1 for five days before
the HBO session significantly increased the transcrip-
tional activity of the Nrf2, SOD2, and GPx4 genes after
hyperoxia. This is confirmed by the increase in Nrf2
mRNA level by 47%, and SODZ2 and GPx4 mRNA — by 99
and 80%, respectively, in the rat leukocytes compared
with the control. The expression of the SODI and CAT
genes was within the normal range and was decreased in
HBO-induced stress in leukocytes of animals that were
not pretreated with SkQ1 (Fig. 1). It was shown previous-
ly that SkQ1 stimulates the expression of the transcription
factor Nrf2 gene and Nrf2-controlled genes (SODI,
SOD2, CAT, GPx4) in rat blood leukocytes under physio-
logical conditions [13].

The investigation of the activity of antioxidant
enzymes demonstrated disturbance of their functioning
in rat blood leukocytes after a HBO session (0.5 MPa for
90 min; Fig. 2). The superoxide dismutase (SOD) activi-
ty increased by 66% in the leukocytes after hyperoxia, and
at the same time the activities of catalase, glutathione
peroxidase (GPx), and glutathione-S-transferase (GST)
decreased by 54, 47, and 62%, respectively, which pro-
moted the activation of free radical oxidation.

The decreased activity of catalase and GPx in the
leukocytes after the HBO session is in accordance with
the decrease in expression level of the CAT and GPx4
genes. The increased total SOD activity in the leukocytes
was accompanied by inhibition of SODI gene expression
and normal transcriptional activity of the SODZ2 and
SOD3 genes.

Pretreatment with SkQ1 for five days before the
HBO session resulted in normalization of SOD and GST
activity after hyperoxia, activation of catalase activity by
67% and GPx activity by 79% in rat blood leukocytes
(Fig. 2). These results demonstrate that the pretreatment
with SkQ1 contributes to normalization of activity of
antioxidant enzymes (SOD, GST) or activation of
enzymes (catalase, GPx) after hyperoxia. In addition,
total SOD activity stayed within the normal range after
the HBO session in leukocytes of rats that were pretreat-
ed with SkQ1, and the expression level of the SOD2 gene
significantly increased, but expression level of the SOD1
and SOD3 genes did not differ from control. The activa-
tion of catalase was accompanied by constant expression
level of the CAT gene in the leukocytes of rats pretreated
with SkQ1 before the HBO session, and increase in total
GPx activity coincided with the increase in transcription-
al activity of the GPx4 gene. It was shown previously [13]
that the administration of SkQ1 promotes significant
activation of antioxidant enzymes catalase, GPx, and
GST under physiological conditions, whereas total SOD
activity is maintained at a constant level.

The pretreatment with SkQ1 (50 nmol/kg for five
days) did not cause statistically significant changes in
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Fig. 1. Influence of SkQ1 on mRNA level of Nrf2 gene and genes encoding antioxidant enzymes in rat blood leukocytes after HBO-induced
oxidative stress (M = m; number of animals per group is 13-26; statistically significant differences between experimental and control group
(p < 0.05) are marked by asterisks (*)). /) Control; 2) HBO; 3) SkQ1 + HBO.
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Fig. 2. Influence of SkQ1 on activity of pro- and antioxidant enzymes in blood mononuclear fraction of rats after HBO-induced oxidative
stress (M = m; number of animals per group is 13-26; statistically significant differences between experimental and control group (p < 0.05)
are marked by asterisks (*)). /) Control; 2) HBO; 3) SkQI1 + HBO.
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activity of prooxidant enzymes NADPH-oxidase and
myeloperoxidase (MPO) in the blood leukocytes of rats
under physiological conditions. Hyperoxia-induced
oxidative stress increased the activity of NADPH-oxidase
and myeloperoxidase by 164 and 68%, respectively, when
compared with control (Fig. 2).

Most mammalian cells contain NADPH-oxidase
(NOX) enzymatic complex that produces superoxide
anion radical O3 by transfer of electrons from intracellu-
lar NADPH to molecular O,. Among seven known enzy-
matic isoforms, leukocytes express NOX1, NOX2 (most-
ly in the neutrophils and monocytes), NOX4, and NOX5
(T- and B-lymphocytes) [24]. A study [25] demonstrated
that hyperoxia occurs together with increase in ROS/O3
level, and ROS generation via NADPH-oxidase is a
major pathway for HBO-induced lung damage. It can be
supposed that the activation of prooxidant enzymes
NADPH-oxidase and myeloperoxidase in the blood
leukocytes of rats is observed in hyperoxia, and that it
contributes to ROS production under these conditions.
The pretreatment with SkQ1 for five days before the HBO
session promotes normalization of the activity of prooxi-
dant enzymes in the blood leukocytes of rats (Fig. 2).

DISCUSSION

The results showed that acute hyperoxia-induced
oxidative stress leads to suppression of expression of the
Nrf2 gene and ARE-controlled genes SODI, CAT, and
GPx4. The expression of transcription factor Nrf2 (NF-
E2-related factor 2) gene is known to occur in the cells of
different types [12, 26, 27]. Nrf2 is a cap’n’collar (CNC)
basic-region leucine zipper (bZIP) DNA-binding protein
[28]. Under physiological conditions, Nrf2 level is rather
low, because it binds with Keapl, is ubiquitinated by
ubiquitin E3 ligase, and is decomposed by the proteasome
system [27]. Activation of this system is known to be
accompanied by disturbance of DLG-mediated binding
of Nrf2 to Keapl, but high affinity ETGE-binding keeps
the proteins together. As a result, de novo synthesized
Nrf2 molecules are translocated to the nucleus, interact
with Maf proteins and coactivator proteins, and bind to
cis-acting antioxidant response elements (ARE) located
in the promoters of redox-sensitive genes; these processes
significantly increase expression of these genes [26, 27,
29].

Nrf2 has cytoplasmic and mitochondrial pools [30].
It has been demonstrated that the ternary complex con-
taining phosphoglycerate mutase (PGAMSY), Nrf2, and
Keapl is targeted to the outer membrane of mitochondria
and may play an important role in signal transmission to
the nucleus under the conditions of disturbed redox-
homeostasis and mitochondrial dysfunction, facilitating
coordination between mitochondria and the expression of
Nrf2-controlled genes encoding antioxidant enzymes.
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Previous studies revealed that Nrf2 supports the structur-
al and functional integrity of mitochondria, especially
under conditions of oxidative stress [31].

The present study demonstrates changes in gene
expression profiles in the blood leukocytes of rats under
HBO-induced oxidative stress; this is in accordance with
other results. Oxidative stress is known to activate gene
expression programs consisting of variety of genes [27,
32]. Research [23] has shown that hyperoxia (95-99% O,)
leads to the stimulation of expression of 175 genes and
inhibition of transcriptional activity of approximately 100
genes. Chromosome 2 has been identified to include
locus 1, susceptible to hyperoxia, and containing candi-
date gene Nrf2 that encodes transcription factor Nrf2
[22]. Nrf2-knockout homozygous mice (Nrf27~) were
shown to be more susceptible to lung oxygen toxicity
when compared to wild-type animals (Nrf27"). A study
[33] demonstrated that Nrf2 promotes survival and
inhibits the suppression of alveolus growth in Nrf2"/*
neonatal mice exposed to hyperoxia (at 80-90% O, for
24 h) when compared to Nrf2~/~ animals. The stimula-
tion of Nrf2-controlled genes glutathione peroxidase 2
and NAD(P)H:quinone oxidoreductase was observed in
the lungs of Nrf2"/* mice, in contrast to transcription fac-
tor knockout mice.

Considering possible causes of the inhibition of tran-
scriptional activity of the Nrf2 gene under acute hyper-
oxia-induced oxidative stress, it should be noted that the
promoter of the Nrf2 gene has two ARE-like sequences,
which points to the capacity to activate its own expression
[34] and significantly increase susceptibility and activity
of signal pathway Keap1/Nrf2/ARE. To date, at least two
alternative pathways of Nrf2 regulation have been report-
ed — Keapl-dependent and Keapl-independent, includ-
ing the phosphorylation of a transcription factor by vari-
ous protein kinases (PKC, PI3K/Akt, GSK-3p, JNK),
interaction with other protein partners (p21, caveolin-1),
and epigenetic modification (miRNA, promoter methy-
lation) [35]. All these processes are potentially important
for the activation of Nrf2 and may be disturbed in HBO-
induced oxidative stress. Evaluating the contribution of
different changes in the inhibition of transcriptional
activity of Nrf2, it should be noted that acute hyperoxia-
induced oxidative stress could change cellular redox-
homeostasis via thiol oxidation of critical redox-sensitive
proteins, including Keap1 and Nrf2 that play the key role.
Some studies [36, 37] have shown that mouse Keapl con-
tains ~25 cysteine residues, and Nrf2 has only seven cys-
teines; they are highly conserved and play a crucial role in
the functioning of the signal system Keap1/Nrf2 signaling
system. Research [36] has revealed that mutations of Nrf2
cysteines enhanced Nrf2—Keap1 association, ubiquitina-
tion of Nrf2, and proteasomal degradation of Nrf2.
Besides, mutations at Cys119, Cys235, and Cys506 have
been demonstrated to reduce the binding of Nrf2 to
endogenous ARE and to coactivator CBP/p300 [36].
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Evidently, suppression of various pathways of Nrf2
expression can occur under conditions of HBO-induced
oxidative stress. The main pathways are expected to be the
disturbances of the “cysteine code” [36] of transcription
factor Nrf2 and Keapl via oxidative modification of cys-
teine residues in the proteins by increased level of ROS
under hyperoxia [38]. This process may cause conforma-
tional changes in Nrf2 and Keapl that enhances ubiquiti-
nation and proteasomal degradation of Nrf2. This prevents
nuclear translocation of Nrf2 and subsequent activation of
expression of Nrf2 and Nrf2-controlled genes encoding
antioxidant enzymes. Oxidative modifications of cysteine
residues in the proteins Keapl and Nrf2 under hyperoxia
may be linked with enhanced production of hypochlorite
and superoxide anion radical due to activation of MPO and
NADPH-oxidase demonstrated in the present study.
Reports [7, 8] have revealed that mitochondrial dysfunc-
tion significantly triggers ROS overproduction in hyper-
oxia. Experiments involving transgenic animals have
shown that Nrf2 plays a crucial role in the regulation of
mitochondrial redox homeostasis [31]. Deficiency of tran-
scription factor Nrf2 has been shown to disturb the func-
tioning of complex I and to lead to ROS overproduction.

Disbalance of functioning of antioxidant enzymes
may intensify free radical oxidation in hyperoxia.
Inhibition of catalase, GST, and GPx is observed at the
same time with SOD activation, which results in
hydroperoxide accumulation, onset of the Fenton and
Osipov reactions, and overproduction of toxic hydroxyl
radicals.

Pretreatment with SkQ1 for five days before an HBO
session enhanced transcriptional activity of the Nrf2 gene
and SOD2 and GPx4 genes, their protein products having
mitochondrial localization in the blood leukocytes of rats.
In addition, SkQ1 administration resulted in normaliza-
tion of expression levels of SODI and CAT that were
decreased under oxidative stress conditions in animals
that which were not pretreated with SkQI.

A study [13] showed previously that under physiolog-
ical conditions SkQ1 is a positive mediator of transcrip-
tional activity of Nrf2 and Nrf2-controlled genes encod-
ing antioxidant enzymes, which enhances the antioxidant
potential of leukocytes in normoxia. The protective effect
of SkQ1 in HBO-induced oxidative stress might be real-
ized via direct antioxidant properties or indirectly by
stimulation of the Keapl/Nrf2/ARE signaling system.
The administration of mitochondria-targeted antioxidant
and changes in expression profiles of Nrf2 and Nrf2-con-
trolled genes encoding antioxidant enzymes occur
together with changes in their activity in the blood leuko-
cytes of rats in hyperoxia. Under these conditions, the
activity of SOD and GST was found to be normal and the
activity of catalase and GPx was found to increase.
Pretreatment with SkQ1 normalized the activity of
prooxidant enzymes NADPH-oxidase and myeloperoxi-
dase, which was significantly higher in hyperoxia.

VNUKOV et al.

The present study shows that pretreatment with
SkQ1 (50 nmol/kg for five days) before HBO enhances
the expression of the Nrf2 gene and Nrf2-controlled
genes encoding antioxidant enzymes (SOD2, GPx4) and
normalizes the transcriptional activity of SODI and CAT
genes in hyperoxia-induced oxidative stress. It also
increases the activity of catalase and GPx and normalizes
SOD and GST activity in hyperoxia-induced oxidative
stress.

This work was financially supported by the Ministry
of Education and Science of the Russian Federation
(project No. 213.01-11/2014-32).
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