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Abstract—Reduction of efficiency of oxidative phosphorylation associated with aging and the development of neurodegen-
erative diseases including Alzheimer’s disease is thought to be linked to the accumulation of deletions in mitochondrial
DNA (AmtDNA), which are seen as a marker of oxidative damage. Recently, we have shown that mitochondria-targeted
antioxidant SkQ1 (10-(6'-plastoquinonyl)decyltriphenylphosphonium) can slow the development of signs of Alzheimer’s
disease in senescence-accelerated OXYS rats. The purpose of this study was to explore the relationship between the devel-
opment of neurodegenerative changes in the brain of OXYS rats and changes in the amount of mtDNA and the 4834-bp
mitochondrial DNA deletion (AmtDNA3,) as well as the effect of SkQ1. We studied the relative amount of mtDNA and
AmtDNA 4, in the hippocampus of OXYS and Wistar (control) rats at ages of 1, 2, 6, 10, and 20 days and 3, 6, and 24
months. During the period crucial for manifestation of the signs of accelerated aging of OXYS rats (from 1.5 to 3 months of
age), we evaluated the effects of administration of SkQ1 (250 nmol/kg) and vitamin E (670 mmol/kg, reference treatment)
on the amount of mtDNA and AmtDNA 3, and on the formation of the behavioral feature of accelerated senescence in
OXYS rats — passive type of behavior in the open field test. In OXYS rats, the level of AmtDNAgs, in the hippocampus is
increased compared to the Wistar rats, especially at the stage of completion of brain development in the postnatal period.
This level remains elevated not only at the stages preceding the manifestation of the signs of accelerated brain aging and the
development of pathological changes linked to Alzheimer’s disease, but also during their progression. However, at age of 24
months, there were no detectable differences between the two strains. SkQ1 treatment reduced the level of AmtDNA,g3, in
the hippocampus of Wistar and OXYS rats and slowed the formation of passive behavior in OXYS rats. These results support
the possible use of SkQ1 for prophylaxis of brain aging.
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Human and animal aging is associated with gradual
decline of cognitive functions (especially learning ability
and memory) and increased risk of development of neu-
rodegenerative diseases [1]. Mutations of mitochondrial
DNA (mtDNA) and related mitochondrial dysfunction

Abbreviations: bp, base pairs; mtDNA, mitochondrial DNA;
AmtDNA, deletion in mitochondrial DNA; AmtDNA g3,
4834-bp mitochondrial DNA deletion; ROS, reactive oxygen
species; SkQ1, antioxidant 10-(6’-plastoquinonyl)decyltriphen-
ylphosphonium.
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play an important role in their development [2]. The pro-
portion of mtDNA with deletions increases with age.
Their accumulation is most significant in tissues with a
high level of energy metabolism — muscles and brain —
where the level of deletions significantly depends on the
region [3]. Accumulation of mtDNA deletions is consid-
ered as one of the causes of the age-related decrease in the
efficiency of oxidative phosphorylation. It also affects
age-related development of neurodegenerative diseases,
including Parkinson’s [4] and Alzheimer’s [5] diseases. In
turn, decrease in the efficiency of the work of the respira-
tory chain leads to increased accumulation of mtDNA
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oxidative damage and deletions due to oxidative stress —
imbalance in the systems of generation and detoxication
of reactive oxygen species (ROS). Hence, it is logical that
antioxidants are widely used to prevent age-related
changes. However, so far there has been no compelling
evidence that antioxidants provide protection against
neurodegenerative changes accompanying aging-related
cognitive dysfunctions, and no studies have indicated that
they can prevent neurodegenerative diseases. Recently, it
has been shown that the mitochondria-targeted antioxi-
dant SkQ1 has unique neuroprotective potential [6-8].
Nanomolar concentrations of this compound not only
prevented, but also reduced the severity of a number of
signs of accelerated aging in OXYS rats — a model of pre-
mature aging and aging-related diseases created in the
Institute of Cytology and Genetics, Siberian Branch of
the Russian Academy of Sciences [6, 9-16]. Development
of neurodegenerative changes in OXYS rats is associated
with changes in the metabolic pathway of Alzheimer’s
disease: enhanced accumulation in the cortex and hip-
pocampus of the protein precursor of beta amyloid and
soluble amyloid B (1-42), formation of amyloid plaques,
and hyperphosphorylation of the tau protein — key mark-
ers of the disease [7, 17]. In the case of OXYS rats, hyper-
phosphorylation of the tau protein is registered already at
the age of 3 months. By this age, OXYS rats develop pas-
sive type behavior, increased anxiety, impaired learning
ability and memory, and prolonged post-tetanic potentia-
tion; MRI methods reveal neurodegenerative changes in
the brain [7, 17]. It is noteworthy that manifestation of all
these signs predates the increased accumulation of oxida-
tive stress markers, oxidized proteins, and lipids in brain
homogenates [18]. Recently, we showed that prophylactic
SkQ1 administration significantly slows accelerated brain
aging in OXYS rats and reduces the content of the key
markers of Alzheimer’s disease in it [7]; however, the
mechanism of its neuroprotective effect remains unclear.

According to Meissner et al., accumulation of dele-
tions of mtDNA 4977-bp can serve as an ideal criterion of
the rate of human aging and, hence, the efficiency of any
agents affecting this rate [19]; primarily this criterion
should be used in the cells of postmitotic tissues charac-
terized by high energy consumption, muscle and nerve
tissues [20, 21]. When modeling Alzheimer’s disease by
administration of B-amyloid, increase in the amount of
AmtDNA 44, was registered in rat hippocampus [22]. This
is the deletion that corresponds to the deletion of 4977 bp
of mtDNA in humans and results from recombination
between two 16-nucleotide repeats (positions 8103-8118
and 12,937-12,952), leading to elimination of a number
of genes: mt-nd5, mt-TI, mt-Ts, mt-Th, mt-nd4, mt-nd4l,
mt-Tr, mt-nd3, mt-Tg, mt-co3, mt-Atp6 [20, 23]. The pur-
pose of this work was to study the relationship between
the development of neurodegenerative changes in the
brain of OXYS rats and the changes in the amount of
mtDNA and AmtDNA,g;4, as well as the effect of SkQ1
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on these parameters. To do this, we determined the rela-
tive amount of AmtDNA,s;4 and mtDNA in the hip-
pocampus of OXYS and Wistar (control) rats of different
ages and also studied the effect of SkQ1 administration on
these parameters (SkQ1 was administered during the
period critical for the manifestation of the signs of accel-
erated aging of OXYS rats — from the age of 1.5 to 3
months). We used vitamin E as a reference preparation.
The effect of antioxidants on the accumulation of
AmtDNA 43, was compared to their ability to prevent for-
mation of behavioral sign of accelerated aging of OXYS
rat brain — passive behavior in the “open field” test.

MATERIALS ANS METHODS

Animals and work with them. The work was carried
out on male OXYS and Wistar rats based on the Center for
Genetic Resources of Laboratory Animals at the Institute
of Cytology and Genetics, Siberian Branch of the Russian
Academy of Sciences (RFMEFI61914X0005 and
RFMEFI161914X0010), in accordance with the “Rules of
Work with Laboratory Animals”. The rats were kept in
groups of five in 57 x 36 x 20-cm cages at temperature
22 + 2°C with fixed mode of illumination (12 h light/12 h
darkness) and free access to water and food, the standard
pelleted chow for laboratory animals (Chara,
Assortiment-Agro, Russia).

To study age-related changes in AmtDNAg;, and
mtDNA content in hippocampus of OXYS and Wistar
rats, we used animals aged 1, 2, 6, 10, 20 days and 3, 6, 24
months (5 animals per group). To evaluate the effects of
antioxidants on these parameters, animals from experi-
mental groups received with food SkQ1 (250 nmol per kg
of body weight; synthesized in Moscow State University
Research Institute of Mitoengineering) or vitamin E
(tocopherol acetate; 670 mmol per kg of body weight;
produced by Uralbiopharm, Russia) at the age from 1.5 to
3 months. Rats from the control group received only
food. Each group contained 15 animals.

The effects of preparations on animal behavior in the
“open field” test were studied on 3-month-old animals
using a square chamber (100 x 100 cm) with plastic walls
40 cm high. A shadowless 100 W lamp located 100 cm
above the field center provided illumination. The animal
was placed in the corner of the chamber, and its locomo-
tor activity was recorded for 5 min. The number of
crossed squares and number of rearings were counted.

Extraction of total DNA from the hippocampus. Total
(mitochondrial and nuclear) hippocampal DNA was
extracted using the set WizardR Plus SV Genomic DNA
Purification System (Promega, USA) according to the
manufacturer’s protocol.

Real-time PCR. The relative amount of mtDNA and
AmtDNA 43, were determined by real-time PCR using
TagMan probes. The method described by Nicklas et al.
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[24] was used to determine mtDNA directly in total
DNA. The amount of mtDNA (using amplification of the
D-loop region) was measured against the amount of
nuclear DNA determined by the content of DNA of gene
18S rRNA. The amount of AmtDNA g3, (amplification of
the region formed as a result of closing of the sequences
flanking the deleted mtDNA site) was measured against
the amount of mtDNA. Sequences of primers and probes
selected using an Integrated DNA Technologies online
oligo-analyzer (http://eu.idtdna.com/PrimerQuest/) are
shown in the table. Oligonucleotides were synthesized in
Biosan (Russia).

The reaction mixture (20 pl) contained 1x buffer for
Tag-polymerase, 5 mM MgCl,, 200 nM dNTP (25 mM
each), 400 nM of probe for D-loop and corresponding
primers (forward and reverse), 0.2 U Taq Pol, and ~1 ng
of the total DNA. Similar reaction mixture for 18S rRNA
gene and mixture for AmtDNA g3, contained, respective-
ly, 400 and 500 nM of corresponding primers and probe.
The reaction was conducted under the following condi-
tions: preheating 95°C — 30 s followed by 40 basic cycles:
denaturation 94°C — 10 s, annealing 64°C — 15 s, elonga-
tion 72°C — 20 s. In each experiment, test samples of
DNA with primers and probes to the D-loop (four repe-
titions per each DNA sample) and 18S rRNA gene (also
four repetitions per sample) were placed on the same
plate; the same pattern was followed in case of
AmtDNA 43, and D-loop; to make a calibration curve, a
standard DNA template (dilutions 1:1,1:4,1:16, and
1 : 64) with the same primers and probes (two repetitions
per dilution) were placed on each plate. For each DNA
sample, PCR was performed at least twice.

The same DNA sample for each reaction series was
used as a standard DNA template for building calibration
curves. Relative DNA amount was determined using cal-
ibration curves obtained based on standard DNA dilu-
tions. Thus received standard calibrating curves were used
to determine the initial level of target DNA (against the
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“standard” DNA), and this value for mtDNA was com-
pared to nuclear DNA, and level of deleted mtDNA — to
mtDNA.

Statistical analysis of the results was performed using
the STATISTICA (version 6.0) software package. We used
factorial analysis of variance (ANOVA) with post-hoc
comparison of group averages (Newman—Keuls test). We
considered the following parameters as independent fac-
tors: animal age and genotype on the analysis of age-
related changes in the amount of mtDNA and
AmtDNA 4+4; genotype and preparation at evaluation of
antioxidant effects. Differences were considered signifi-
cant at p < 0.05. Data are presented as M =+ S.E.M.

RESULTS

Amount of mtDNA and AmtDNA 4, in the hippocam-
pus of rats of different ages. Hippocampal mtDNA con-
tent (Fig. 1a) did not depend on animal genotype (F; ;s =
0.23, p = 0.63) and changed with age (F;3 = 9.41, p <
0.00001), these changes being most pronounced in the
first days of life. This parameter was higher on the 20th
day after birth than on the first day: in Wistar rats — 3
times (p < 0.004), in OXYS rats — 2 times (p < 0.025). By
the age of 3 months the parameter somewhat decreased
and remained at the same level at the age of 6 and 24
months. No significant interline difference in mtDNA
content was detected in any of the age groups.

Amount of AmtDNA,g;4 (Fig. 1b) depended on ani-
mal age (F; 3, = 6.84, p < 0.00003) and genotype (F, 35 =
12.75, p < 0.001) and was significantly higher in OXYS
rats. The maximum amount of deleted mtDNA was
detected in rats of both lines at the age of 10 days; in
OXYS rats this parameter was 3.5 times higher than in the
first day after birth (p < 0.0001) and 2 times higher than in
Wistar rats of the same age (p < 0.0002). By the age of 20
days, the amount of hippocampal AmtDNA g3, in OXYS

Primers and probes used in PCR

Primer/probe

Sequence

Forward primer
Reverse primer
Probe

Mitochondrial D-loop

5'-GGTTCTTACTTCAGGGCCATCA-3'
5'-GATTAGACCCGTTACCATCGAGAT-3'
5'-FAM-TTGGTTCATCGTCCATACGTTCCCCTTA-BQHI1-3'

Mitochondrial deletion

Forward primer
Reverse primer
Probe

Forward primer
Reverse primer
Probe

5'-AAGGACGAACCTGAGCCCTAATA-3'
5'-CGAAGTAGATGATCCGTATGCTGTA-3'
5'-R6G-TCACTTTAATCGCCACATCCATAACTGCTGT-FQ- 3'

18S rRNA

5'-CTACCACATCCAAGGAAGGCA-3'
5'-GCCTCGAAAGAGTCCTGTATTGT-3'
5'-HEX-CAAATTACCCACTCCCGACCCG-BHQ!1-3'
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Fig. 1. Age-related changes in the relative amount of mtDNA (a) and AmtDNA g3, (b) in the hippocampus of Wistar (/) and OXYS (2) rats.
100% refer to the corresponding figure in 1-day-old Wistar rats. * Reliable differences between rat lines; * reliable differences from the rats of

the same line of the previous age group.

rats decreased (p < 0.0001) and after that basically did not
change, remaining higher than in Wistar rats (p < 0.05 for
all ages) until the age of 24 months, when interline differ-
ences leveled (Fig. 1b).

Effects of SkQ1 and vitamin E on amount of
AmtDNA ,4;, and mtDNA in the hippocampus of Wistar and
OXYS rats. As shown by the analysis of variance, the con-
tent of mtDNA (Fig. 2a) did not depend on animal geno-
type (F;3 = 1.58, p = 0.219), and administration of
antioxidants had no effect on it (F,;, = 1.15, p = 0.341).
Relative amount of AmtDNA,g4;, (Fig. 2b) was higher in
OXYS rats (F, 3= 5.77, p < 0.023), and it was affected by
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the factor “preparation” (F,3; = 4.43, p < 0.021).
However, comparison of group averages showed that only
the SkQI effect was significant: only in case of SkQlI
administration the level of AmtDNA,g;, in Wistar and
OXYS rats was lower than in control animals of the
respective line (p < 0.05).

Effects of SkQ1 and vitamin E on behavior of OXYS
and Wistar rats in the “open field” test. The number of
squares crossed (Fig. 3a), an indicator of the animal
motor activity, was significantly lower in 3-month-old
OXYS rats than in Wistar rats of the same age (F,¢; =
187.6, p = 0.0001). The preparations affected the ani-

140-
1201
100-
80-

60

% of Wistar rats

404

Relative amount of AmtDNA 4g34,

Wistar OXYS

Fig. 2. Relative amount of mtDNA (a) and AmtDNA 43, (b) in the hippocampus of control (black columns) and treated with vitamin E (white
columns) and SkQ1 (gray columns) Wistar and OXYS rats. The animals received vitamin E and SkQ1 daily between 1.5 and 3 months of age
(670 mmol/kg and 250 nmol/kg, respectively). * Reliable effect of the preparation; * reliable interline differences.
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Fig. 3. Locomotor (a) and exploratory (b) activities of control (black columns) and treated with vitamin E (white columns) and SkQ1 (gray
columns) Wistar and OXYS rats. The animals received vitamin E and SkQ1 daily between 1.5 and 3 months of age (670 mmol/kg and
250 nmol/kg, respectively). * Reliable effect of the preparation; * reliable interline differences.

mals’ motor activity (F, = 6.6, p = 0.003), but compar-
ison of group averages showed that this parameter was sig-
nificantly changed only in the OXYS rats: the number of
squares crossed in rats receiving SkQ1 and vitamin E was
3 and 2.4 times higher than in rats from the control group
(p <0.001 for all animals).

The number of rearings (Fig. 3b) reflects both motor
and exploratory activities of the animals. This parameter
was lower in OXYS than in Wistar rats (F, ¢, = 71.2, p =
0.0001), and the “preparation” factor affected it (F,4; =
4.9, p = 0.01). However, post-hoc comparisons of group
averages have shown that antioxidants significantly
affected only the behavior of OXYS rats: in case of OXYS
rats receiving SkQ1 and vitamin E, the number of rear-
ings was, respectively, 4.2 and 2.8 times higher than in
control group (p < 0.001 for all animals).

Thus, analysis of the behavior of OXYS and Wistar
rats in the open field test revealed the ability of SkQ1 and
vitamin E to prevent age-dependent decrease in motor
and exploratory activities in OXYS rats; these compounds
had no effect on the same parameters of young Wistar
rats.

DISCUSSION

Deletions of mtDNA are considered as a marker of
oxidative damages, the number of which increases with
age [2]. However, according to recent studies [25, 26]
accumulation of mutations in mtDNA can affect the
lifespan of only long-lived species (including humans),
but not mice and rats. There is no available information
on the dynamics of their accumulation in brain in the
postnatal period. We only know that AmtDNA were iden-
tified in all studied postmortem brain samples of new-

borns and, according to the authors, could be caused by
perinatal hypoxia and intensive therapy [27]. We evaluat-
ed the level of hippocampal AmtDNA,g;, in postnatal
period and periods of active manifestation (3 months)
and progression (6 months) of signs of accelerated brain
aging in OXYS rats, as well as at the age of 24 months,
when all the signs of Alzheimer’s disease are most pro-
nounced [7, 17]. It is noteworthy that the level of
AmtDNA 43, was found to be maximal at the age of 10
days in both senescence-accelerated OXYS rats and
Wistar rats. At this age, it was significantly higher than on
the first day of life, and by the 20th day, this parameter
decreased, while the number of mtDNA copies increased.
Significant increase in AmtDNA 43, was observed during
the period of adaptation to extra-uterine life. In humans,
it lasts 28 days after birth, in rats — 14 days. During this
period, a number of processes (proliferation, differentia-
tion, migration, etc.) take place in mammalian brain.
These processes determine the final maturation of the
nervous system. After birth, many brain regions, includ-
ing hippocampus, undergo development and histogenesis
associated with the formation of interneuronal contacts
and elimination of “transitional” cell populations by
means of apoptosis [28]. High apoptotic activity and,
according to the latest data, neurogenesis, suggest
enhanced ROS generation [29]. It is at this age that the
level of hippocampal AmtDNA;, in OXYS rats was the
highest compared to Wistar rats (3.5-fold difference). By
the age of 3 months, OXYS rats demonstrate characteris-
tic passive type of behavior, distorted learning ability and
memory, and the first histomorphological signs of neu-
rodegeneration that progress with age. The present study
has shown that these events take place against a back-
ground of increased level of AmtDNA,g;, in the hip-
pocampus. However, at the age of 24 months, when all
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the signs of Alzheimer’s disease are fully pronounced in
OXYS rats [17], no differences from Wistar rats were
found in this parameter. Such a result, as well as the fact
that the level of hippocampal AmtDNA -, in both Wistar
and OXYS rats of this age was no different from that of 3-
and 6-month-old animals, first seem to be unexpected.
However, it is consistent with data on increased
AmtDNA 43, accumulation in the course of Alzheimer’s
disease, but is does not correlate with the progression of
the disease [30].

The results of the present study indirectly indicate
that the development of OXYS rat brain in the early post-
natal period proceeds under increased oxidative stress.
This stress might be associated with hypoxia (we have ear-
lier found the symptoms of adaptation to hypoxia in the
brain of 2-3-week-old OXYS rats, when studying energy
metabolism) [31]. As noted above, we found no differ-
ences from the control Wistar rats when evaluating mark-
ers of oxidative stress — level of oxidative damages of pro-
teins and lipids in brain homogenates of young OXYS rats
[17, 18]. At the same time, differential evaluation of the
activity of free radical processes in various brain struc-
tures based on the level of products of lipid peroxidation
has shown that it is in the hippocampus of 2- and 18-
month-old OXYS rats that it is higher than in Wistar rats
[32], which is consistent with the results of the present
study.

Age-related increase in mitochondrial dysfunctions
was first identified in the liver of OXYS rats, and it is con-
sidered to be a possible reason for their accelerated aging
[33, 34]. Later structural and functional mitochondrial
disorders were found in muscles [13] and hippocampus
[17]: destruction of the cristae, matrix lysis, and reduc-
tion of the volume and surface density of mitochondria
are detected already in 3-month-old OXYS rats, and these
phenomena increase with age. Administration of SkQl1
not only slowed the development of destructive changes
of mitochondria in muscles [13] and hippocampus
(unpublished data), but also significantly improved their
condition in Wistar and OXYS rats with already pro-
nounced signs of accelerated aging. Long-term adminis-
tration of SkQI1 prevented age-related accumulation of
amyloid-f, increase in the level of protein precursor of
the amyloid, t-protein, and its phosphorylated form in
OXYS rats to their level in Wistar rats of the same age [7].

In the present study, we have shown that prophylac-
tic administration of SkQ1 during the period of active
manifestation of the signs of accelerated aging in OXYS
rats slowed the development of its behavioral manifesta-
tions: it increased locomotor and exploratory activities
and reduced the level of AmtDNAg3, in hippocampus.
SkQ1 also reduced the level of AmtDNA 43, in hippocam-
pus of Wistar rats, but it had no effect on their behavior.
This decrease in AmtDNA,g;, accumulation could be
caused by the direct antioxidant effect of SkQ1 [35] as
well as by its ability to suppress ROS generation in mito-
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chondria due to potentiation of mild uncoupling of oxi-
dation and phosphorylation caused by fatty acids [36]. It
should be noted that the reference preparation, vitamin
E, also increased (although to a lesser extent) locomotive
and exploratory activities in OXYS rats, but it had no sig-
nificant effect on AmtDNA,s;4 level. We could find no
reliable effects of antioxidants on the level of mtDNA in
the hippocampus.

Thus, the most significant increase in the level of
hippocampal AmtDNA,g;, in OXYS rats, compared to
Wistar rats, is observed during the period of completion of
the postnatal brain formation; it remains increased at the
stages preceding manifestation of phenotypic signs of
accelerated brain aging and the development of
Alzheimer’s disease as well as during their progression.
We have shown that mitochondria-targeted antioxidant
SkQ1 slows the accelerated aging of brain of OXYS rats,
reducing the level of hippocampal AmtDNA,g;,.
However, it does not seem possible that the reduction of
AmtDNA 434 level is solely responsible for the effect of
SkQ1, because vitamin E, while having no effect on
AmtDNA 44 level, also somewhat reduced the severity of
behavioral manifestations of accelerated brain aging in
OXYS rats. Overall, the results are consistent with the idea
that oxidative stress and mitochondrial dysfunction con-
tribute significantly to the pathogenesis of Alzheimer’s
disease and confirm the promising perspective of using
SkQ1 for prophylaxis of brain aging.
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