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Abstract: In this research, we compared the cognitive parameters of 2-, 7-, and 15-month-old mice,
changes in mitochondrial DNA (mtDNA) integrity and expression of genes involved in the nuclear
erythroid 2-related factor 2/antioxidant response element (Nrf2/ARE) signaling pathway. We showed
an age-related decrease in the Nfe2l2 expression in the cerebral cortex, not in the hippocampus. At
the same time, we find an increase in the mtDNA copy number in the cerebral cortex, despite the
lack of an increase in gene expression, which is involved in the mitochondrial biogenesis regulation.
We suppose that increase in mtDNA content is associated with mitophagy downregulation. We
supposed that mitophagy downregulation may be associated with an age-related increase in the
mtDNA damage. In the hippocampus, we found a decrease in the Bdnf expression, which is involved
in the pathways, which play an essential role in regulating long-term memory formation. We showed
a deficit of working and reference memory in 15-month-old-mice in the water Morris maze, and a
decrease in the exploratory behavior in the open field test. Cognitive impairments in 15-month-old
mice correlated with a decrease in Bdnf expression in the hippocampus, Nfe2l2 expression, and an
increase in the number of mtDNA damage in the cerebral cortex. Thus, these signaling pathways may
be perspective targets for pharmacological intervention to maintain mitochondrial quality control,
neuronal plasticity, and prevent the development of age-related cognitive impairment.

Keywords: aging; cognitive deficit; nuclear erythroid 2-related factor 2; mammalian target of
rapamycin complex 1; brain-derived neurotrophic factor; mitochondrial DNA damage; Morris water
maze

1. Introduction

Aging is a physiological process associated with a decrease in the functionality of
an organism’s cells. All cellular components require regeneration during life, which is
associated with significant energy costs. Mitochondria, which play a key role in maintaining
energy homeostasis and the metabolism of reactive oxygen species, also require constant
turnover [1]. Despite being only 2% of body weight, the brain consumes about 20% of
the energy received by the organism [2]. High energy requirements make this organ most
susceptible to age-related changes. Impaired coordination of maintaining mitochondrial
homeostasis leads to degenerative processes that may contribute to the pathogenesis of
such a socially significant neurodegenerative diseases such as Alzheimer’s and Parkinson’s
diseases [3]. Memory loss is a nonspecific symptom that occurs in many brain diseases, such
as dementia and cognitive impairment. Common to all such pathologies is a pronounced
decrease in neuronal plasticity, that is, the ability of neurons to change their functional
properties and connections in response to changes in environmental conditions [4].
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The development of pharmacological substances to support mitochondrial quality con-
trol and neuronal plasticity is an actual task for modern biological science. However, for this,
it is necessary to find suitable targets for pharmacological agents. The Nrf2/ARE (nuclear
erythroid 2-related factor 2/antioxidant response element) signaling pathway maintains
mitochondrial homeostasis by induction of the expression of phase II detoxifying and
oxidative-stress responsive genes and controls mitochondrial copy number by regulation
of mitochondrial biogenesis and mitophagy, which is important for maintaining neuronal
plasticity [5]. Mitochondrial DNA (mtDNA) is an optimal marker for the estimation of
mitochondrial integrity. The mtDNA is located in the mitochondrial matrix, where the
main production of reactive oxygen species (ROS) occurs [6]. The mtDNA is a histone-free
nucleoid, which is less resistant to ROS-related damage compared with nuclear DNA [7].
The mtDNA does not have some of the repair mechanisms, such as nucleotide excision
repair (NER), mismatch repair (MMR), homologous recombination, and non-homologous
end joining (NHEJ) repair, which protect nuclear DNA from the accumulation of oxidative
damage [8]. Probably, these features of mtDNA make it a relevant marker of age-related
loss of integrity of mitochondria.

It was found that the Nrf2/ARE signal pathway affects the metabolism of some
neurotransmitters, such as serotonin and dopamine [9]. Long-term memory formation
requires strengthening neuronal connections, mostly in the hippocampus, associated with
the structural rearrangement of neurons. The key role in the synthesis of proteins essential
for these rearrangements belongs to mTORC1 (mammalian target of rapamycin complex 1)
and the brain-derived neurotrophic factor (BDNF)/AKT1 pathway, which is involved in
mTORC1 regulation [10]. Suppression of mTORC1 activity may impair synaptic plasticity
and long-term memory [11].

There is evidence of a functional relationship between Nrf2 and mTORC1, which plays
a key role in forming long-term memory [12]. We hypothesize that there is an impairment
of functioning Nrf2/ARE and BDNF/AKT1/mTORC1 signal pathways with age. However,
so far, there have been no studies investigating how interrelated these signaling pathways
are in the process of age-related memory impairment. The aim of this research was to study
the relationship between age-related cognitive changes in the expression of the Nrf2/ARE
and BDNF/AKT1/mTORC1 signal pathways genes on 2-, 7- and 15-months old mice in
the cerebral cortex and hippocampus. For the estimation of cognitive function, the Morris
water maze (MWM) was performed. Age-related changes in anxiety and exploratory
behavior were estimated using open-field and dark-light box (DLB) tests. The string test
was used for the measurement of the strength and endurance of the mice of different
ages. In parallel, we conducted an estimation of the copy number and integrity of mtDNA
using long-range PCR, expression of genes involved in the mitochondrial biogenesis and
inflammation processes.

2. Results
2.1. mtDNA Lesions in the Cerebral Cortex

The number of mtDNA damage was measured in six fragments of mtDNA. During
the analysis of the mean number of damages through all studied fragments of mtDNA, it
should be noted that the 15-month-old mice had 46% more lesions than the 2-month-old
mice (p < 0.01) (Figure 1A).



Int. J. Mol. Sci. 2022, 23, 15197 3 of 21

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 19 
 

 

 
Figure 1. The age-related changes in mtDNA in the cerebral cortex in the three age groups of mice. 
(A) The mean number of damages through all studied fragments of mtDNA. (B) Normalized 
mtDNA level in the frontal cortex * p < 0.05, ** p < 0.01 differences between age groups were 
statistically significant according to the Mann–Whitney test. The 2-month-old mice (n = 9), 7-month-
old mice (n = 9), 15-month-old mice (n = 9). 

There was no age-related increase in the number of mtDNA damage in the fragments 
encoded Nd5 gene (F(2, 24) = 2.1801, p = 0.13490) and Nd6-CytB genes (F(2, 24) = 1.1213, p 
= 0.34233). In the region of mtDNA, which encoded ribosomal RNA genes, there was an 
increase in the number of damages in the group of 7-month-old mice compared with 2-
month-old mice (p < 0.01). A similar result was obtained for the region, encoded Nd1-Nd2 
genes (p < 0.05). For 15-month-old mice, the maximal number of mtDNA damage was 
noted in regions encoded 16s-Nd1 genes (p < 0.05 compared with 2-month-old mice) and 
RNA non-coding region D-loop (p < 0.001 compared with 2-month-old mice and p < 0.01 
compared with 7-month-old mice) (Table 1). 

Table 1. Number of mtDNA lesions in the cerebral cortex in the three age groups of mice. 

Fragment Number of mtDNA Lesions (per 10 kb) 
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12–16s (1st) 2.36 ± 0.39 4.01 ± 0.37 ** 3.34 ± 0.30 
16s-Nd1 (2nd) 2.45 ± 0.41 3.59 ± 0.71 4.11 ± 0.29 * 
Nd1-Nd2 (3th) 1.03 ± 0.36 2.86 ± 0.62 * 2.05 ± 0.15 

Nd5 (4th) 1.97 ± 0.43 3.12 ± 0.51 2.65 ± 0.11 
Nd6-CytB (5th) 2.16 ± 0.34 1.89 ± 0.59 2.73 ± 0.19 

D-loop (6th) 3.89 ± 0.54 3.02 ± 0.67 5.44 ± 0.07 ***†† 
* p < 0.05; ** p < 0.01; *** p < 0.001 differences are statistically significant compared with the 2-month-
old mice group. †† p < 0.01 differences are statistically significant for the 15-month-old compared 
with the 7-month-old mice group. The 2-month-old mice (n = 9), 7-month-old mice (n = 9), 15-month-
old mice (n = 9). 

2.2. mtDNA Copy Number in the Cerebral Cortex 
We have shown age-related changes in the number of mtDNA copies (F(2, 24) = 

3.7005, p = 0.03974). The normalized mean level of mtDNA in the group of 2-month-old 
mice was 1.7 ± 0.2. The mean level of mtDNA in the group of 7-month-old mice did not 
differ and was 1.8 ± 0.4. In the group of 15-month-old mice, the normalized level of 
mtDNA was 3 ± 0.4, which was statistically significantly higher compared with the 2-
month-old mice (p < 0.05), but not with the 7-month-old mice (p = 0.094) (Figure 1B). 

2.3. Gene Expression in the Cerebral Cortex 
Bdnf (brain-derived neurotrophic factor) expression did not differ between 

experimental groups (F(2, 24) = 1.6195, p = 0.21889) (Figure 2A). We observed Il1b 
(interleukin 1 beta) overexpression in 15-month-old mice, which was statistically 
significant compared with 2-month-old mice (p < 0.01), but compared with 7-month-old 
mice, the differences were statistically insignificant (p = 0.058) (Figure 2B). Nrf1 (nuclear 

Figure 1. The age-related changes in mtDNA in the cerebral cortex in the three age groups of mice.
(A) The mean number of damages through all studied fragments of mtDNA. (B) Normalized mtDNA
level in the frontal cortex * p < 0.05, ** p < 0.01 differences between age groups were statistically
significant according to the Mann–Whitney test. The 2-month-old mice (n = 9), 7-month-old mice
(n = 9), 15-month-old mice (n = 9).

There was no age-related increase in the number of mtDNA damage in the fragments
encoded Nd5 gene (F(2, 24) = 2.1801, p = 0.13490) and Nd6-CytB genes (F(2, 24) = 1.1213,
p = 0.34233). In the region of mtDNA, which encoded ribosomal RNA genes, there was
an increase in the number of damages in the group of 7-month-old mice compared with
2-month-old mice (p < 0.01). A similar result was obtained for the region, encoded Nd1-Nd2
genes (p < 0.05). For 15-month-old mice, the maximal number of mtDNA damage was
noted in regions encoded 16s-Nd1 genes (p < 0.05 compared with 2-month-old mice) and
RNA non-coding region D-loop (p < 0.001 compared with 2-month-old mice and p < 0.01
compared with 7-month-old mice) (Table 1).

Table 1. Number of mtDNA lesions in the cerebral cortex in the three age groups of mice.

Fragment Number of mtDNA Lesions (per 10 kb)

2-Month-Old 7-Month-Old 15-Month-Old

12–16s (1st) 2.36 ± 0.39 4.01 ± 0.37 ** 3.34 ± 0.30
16s-Nd1 (2nd) 2.45 ± 0.41 3.59 ± 0.71 4.11 ± 0.29 *
Nd1-Nd2 (3th) 1.03 ± 0.36 2.86 ± 0.62 * 2.05 ± 0.15

Nd5 (4th) 1.97 ± 0.43 3.12 ± 0.51 2.65 ± 0.11
Nd6-CytB (5th) 2.16 ± 0.34 1.89 ± 0.59 2.73 ± 0.19

D-loop (6th) 3.89 ± 0.54 3.02 ± 0.67 5.44 ± 0.07 ***††

* p < 0.05; ** p < 0.01; *** p < 0.001 differences are statistically significant compared with the 2-month-old mice
group. †† p < 0.01 differences are statistically significant for the 15-month-old compared with the 7-month-old
mice group. The 2-month-old mice (n = 9), 7-month-old mice (n = 9), 15-month-old mice (n = 9).

2.2. mtDNA Copy Number in the Cerebral Cortex

We have shown age-related changes in the number of mtDNA copies (F(2, 24) = 3.7005,
p = 0.03974). The normalized mean level of mtDNA in the group of 2-month-old mice was
1.7 ± 0.2. The mean level of mtDNA in the group of 7-month-old mice did not differ and
was 1.8 ± 0.4. In the group of 15-month-old mice, the normalized level of mtDNA was
3 ± 0.4, which was statistically significantly higher compared with the 2-month-old mice
(p < 0.05), but not with the 7-month-old mice (p = 0.094) (Figure 1B).
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2.3. Gene Expression in the Cerebral Cortex

Bdnf (brain-derived neurotrophic factor) expression did not differ between experimen-
tal groups (F(2, 24) = 1.6195, p = 0.21889) (Figure 2A). We observed Il1b (interleukin 1 beta)
overexpression in 15-month-old mice, which was statistically significant compared with
2-month-old mice (p < 0.01), but compared with 7-month-old mice, the differences were
statistically insignificant (p = 0.058) (Figure 2B). Nrf1 (nuclear respiratory factor 1) expres-
sion did not differ between experimental groups (F(2, 24) = 1.0504, p = 0.36535) (Figure 2C).
We found differences in the Nfe2l2 (nuclear factor, erythroid-derived 2, like 2) expression
(F(2, 24) = 6.2203, p = 0.00666). The level of expression of the Nfe2l2 gene significantly de-
creased in 15-month-old mice compared to 2-month-old mice (p < 0.01) and compared with
7-month-old mice (p < 0.01) (Figure 2D). The level of Cox1 (cytochrome c oxidase subunit 1)
expression in the forebrain did not differ (F(2, 24) = 0.49427, p = 0.61609) (Figure 2E). We
did not find differences in the expression of Tfam (transcription factor A, mitochondrial)
(F(2, 24) = 1.6137, p = 0.22003) (Figure 2F). We found differences in the Sod2 (superoxide
dismutase 2) expression (F(2, 24) = 12.305, p = 0.00021). In the group of 15-month-old
mice, Sod2 expression was significantly reduced compared to 2-month-old mice (p < 0.001)
and compared with 7-month-old mice (p < 0.01) (Figure 2G). We found differences in the
p62 expression (F(2, 24) = 5.0278, p = 0.01501). The level of expression of the p62 gene
significantly decreased in 15-month-old mice compared to 2-month-old mice (p < 0.05).

2.4. Gene Expression in the Hippocampus

We have shown age-related changes in the Akt1 (serine/threonine kinase 1) expression
(F(2, 24) = 14.960, p = 0.00006). Akt1 expression was maximal in 2-month-old mice and de-
creased in 7-month-old mice (p < 0.01) and in 15-month-old mice (p < 0.01) (Figure 3A). Mtor
(mechanistic target of rapamycin kinase) expression did not differ in different age groups
(F(2, 24) = 2.2781, p = 0.12421) (Figure 3B). ANOVA revealed an age-related difference in the
Nfe2l2 expression in the hippocampus, but post hoc tests did not show differences between
groups despite a tendency to increase the expression with age (Figure 3C).
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Figure 2. The normalized gene expression in the cerebral cortex: (A) Bdnf ; (B). Il1b; (C) Nrf1;
(D) Nfe2l2; (E) Cox1; (F) Tfam; (G) Sod2; (H) p62. ** p < 0.01 differences between age groups were
statistically significant according to the Mann–Whitney test. The 2-month-old mice (n = 9), 7-month-
old mice (n = 9), 15-month-old mice (n = 9).
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Figure 3. The normalized gene expression in the hippocampus: (A) Akt1; (B) Mtor; (C) Nfe2l2;
(D) Pten; (E) Bdnf ; (F) Il1b. The 2-month-old mice (n = 9), 7-month-old mice (n = 9), 15-month-old
mice (n = 9). * p < 0.05; ** p < 0.01 differences between age groups were statistically significant
according to the Mann–Whitney test.

The maximum expression of Pten (phosphatase and tensin homolog) in 7-month-old
mice was significantly higher than that in 2-month-old mice (p < 0.01) and 15-month-
old mice (p < 0.05) (Figure 3D). Expression of the Bdnf gene was maximal in 2-month-
old mice. Age-related decrease in the Bdnf expression was observed (F(2, 24) = 8.7934,
p = 0.00136). The Bdnf expression level was reduced in 7-month-old mice (p < 0.05 compared
with 2-month-old mice) and in 15-month-old mice (p < 0.01 compared with 2-month-old
mice) (Figure 3E). Expression of the Il1b gene in the hippocampus did not change with age
(F(2, 24) = 0.15217, p = 0.85966) (Figure 3F).
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2.5. The Behavioral Changes

The open field test showed that the duration of locomotor activity in mice did not differ
between the three different experimental groups (F(2, 24) = 0.72355, p = 0.49531) (Figure 4A).
There was a difference in the number of rearing acts (F(2, 24) = 7.2142, p = 0.00352). The
largest number of rearing acts was found in the group of 2-month-old mice (33.9 ± 3).
The smallest number was in the group of 15-month-old mice (14.3 ± 3.4) (differences with
2-month-old mice were statistically significant (p < 0.01)). This may indicate an age-related
decrease in exploratory behavior (Figure 4B). No differences were found in the number
of entries to the center area (F(2, 24) = 1.5954, p = 0.22361) (Figure 4C). The time spent by
the mice in the center of the open field also did not differ in the three experimental groups
(F(2, 24) = 2.5890, p = 0.09591) (Figure 4D). The number of grooming acts (F(2, 24) = 0.46847,
p = 0.63156) and the grooming time (F(2, 24) = 1.6499, p = 0.21311) did not differ, which may
indicate that the level of anxiety does not change with age (Figure 4E,F). The number of
hole-poking acts was highest in the group of 2-month-old mice (5.4 ± 1.2). In 7-month-old
mice, the mean number of hole-poking acts was 4.8 ± 1.2. In 15-month-old mice, the
mean number of hole-poking acts was 2.1 ± 0.6, which was statistically significantly lower
compared to 2-month-old mice (p < 0.05) and 7-month-old mice (p < 0.05) (Figure 4G). The
number of acts of defecation did not differ between the three different experimental groups
F(2, 24) = 1.7528, p = 0.19475 (Figure 4H).

The DLB test showed that the time spent by mice in the dark compartment did not
differ in the three age groups (F(2, 24) = 0.43954, p = 0.64942) (Figure 5A). There were
also no differences in the number of transitions between dark and light compartments
(F(2, 24) = 0.82031, p = 0.45227) (Figure 5B).

2.6. The Change of Cognitive Function

When assessing reference memory, no differences were found in the number of points
of the distances noted on the sixth day of the research (F(2, 24) = 2.2313, p = 0.12919)
(Figure 6A). On the twelfth day of the study, the mean points obtained by animals in the
group of 2-month-old mice was 2 ± 0.4, in 7-month-old animals was 3.9 ± 1.6, and in
15-month-old animals was 1 ± 0.3, which was statistically significantly less than in the
2-month-old group (p < 0.05) (Figure 6B). The most representative pathways for mice from
the three groups are shown in Figure 7.
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Figure 4. The results of the open field test for the three age groups. (A) Locomotor activity (s); (B) 
rearing acts (quantity); (C) entering to the center (quantity); (D) time in the center area (s); (E) 

Figure 4. The results of the open field test for the three age groups. (A) Locomotor activity (s);
(B) rearing acts (quantity); (C) entering to the center (quantity); (D) time in the center area (s);
(E) grooming acts (quantity); (F) grooming time (s); (G) hole-poking acts (quantity); (H) defecation
acts (quantity). * p < 0.05; ** p < 0.01 differences between age groups were statistically significant
according to the Mann–Whitney test. The 2-month-old mice (n = 9), 7-month-old mice (n = 9),
15-month-old mice (n = 9).
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The number of points of latency time on the sixth day of the study did not differ in the
three age groups (F(2, 24) = 2.5600, p = 0.09823) (Figure 6C). The latency time points on the
twelfth day of the study for the group of 2-month-old mice were 7 times higher than in the
group of 15-month-old mice (p < 0.01) (Figure 6D). The time spent in the quadrant with
the goal platform on the sixth and twelfth days did not differ for animals of different ages
(Figure 6E,F).

The MWM showed that the working memory of the mice was reduced by the age
of 7–15 months (F(2, 23) = 3.8386, p = 0.03643). The mean number of points received
by 2-month-old mice was 1 ± 0.2 and by 7-month-old mice was 0.4 ± 0.2, which was
statistically significantly lower than in the 2-month-old group (p < 0.05). In the group
of 15-month-old mice, the mean number of points was 0.5 ± 0.2, which was statistically
significantly lower than in the 2-month-old group (p < 0.05) (Figure 8).
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2.7. The Changes of Strength and Endurance

The string test showed that the strength and endurance of the mice were significantly
reduced by the age of 15 months (F(2, 24) = 6.4307, p = 0.00580). The mean number of
obtained points was 1.7 ± 0.6, which was significantly less than in 2-month-old mice
(3.6 ± 0.6 points) (p < 0.05)) and in 7-month-old mice (4.3 ± 0.4 points) (p < 0.01) (Figure 9).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 9 of 19 
 

 

The number of points of latency time on the sixth day of the study did not differ in 
the three age groups (F(2, 24) = 2.5600, p = 0.09823) (Figure 6C). The latency time points on 
the twelfth day of the study for the group of 2-month-old mice were 7 times higher than 
in the group of 15-month-old mice (p < 0.01) (Figure 6D). The time spent in the quadrant 
with the goal platform on the sixth and twelfth days did not differ for animals of different 
ages (Figure 6E,F). 

The MWM showed that the working memory of the mice was reduced by the age of 
7–15 months (F(2, 23) = 3.8386, p = 0.03643). The mean number of points received by 2-
month-old mice was 1 ± 0.2 and by 7-month-old mice was 0.4 ± 0.2, which was statistically 
significantly lower than in the 2-month-old group (p < 0.05). In the group of 15-month-old 
mice, the mean number of points was 0.5 ± 0.2, which was statistically significantly lower 
than in the 2-month-old group (p < 0.05) (Figure 8). 

 
Figure 8. The results of the Morris water maze for working memory (points). * p < 0.05 differences 
between age groups were statistically significant according to the Mann–Whitney test. The 2-month-
old mice (n = 9), 7-month-old mice (n = 9), 15-month-old mice (n = 9). 

2.7. The Changes of Strength and Endurance 
The string test showed that the strength and endurance of the mice were significantly 

reduced by the age of 15 months (F(2, 24) = 6.4307, p = 0.00580). The mean number of 
obtained points was 1.7 ± 0.6, which was significantly less than in 2-month-old mice (3.6 
± 0.6 points) (p < 0.05)) and in 7-month-old mice (4.3 ± 0.4 points) (p < 0.01) (Figure 9). 

 
Figure 9. The results of the string test (scores). * p < 0.05; ** p < 0.01 differences between age groups 
were statistically significant according to the Mann–Whitney test. The 2-month-old mice (n = 9), 7-
month-old mice (n = 9), 15-month-old mice (n = 9). 

  

Figure 9. The results of the string test (scores). * p < 0.05; ** p < 0.01 differences between age groups
were statistically significant according to the Mann–Whitney test. The 2-month-old mice (n = 9),
7-month-old mice (n = 9), 15-month-old mice (n = 9).



Int. J. Mol. Sci. 2022, 23, 15197 12 of 21

3. Discussion

The Nrf2/ARE signal pathway plays a key role in the regulation of intracellular
homeostasis protection of cells by induction of expression of phase II detoxifying and
oxidative-stress responsive genes. Nrf2 is inhibited by Kelch-like ECH-associated protein1
(Keap1), glycogen synthase kinase (GSK3β), and the E3 ubiquitin ligase Hrd1 [13]. Earlier,
it was suggested that a decline in Nrf2 function is a critical component of the aging
process [14]. We showed that Nfe2l2 expression was dramatically decreased in the 15-month-
old mice in the cerebral cortex (Figure 2D). A decrease in Nfe2l2 is consistent with the decline
of Sod2 expression (Figure 2G), which protects mitochondrial components from superoxide-
induced damage and may be positively regulated by the Nrf2/ARE signal pathway [15].
In recent years, the number of publications on the essential role of Nrf2/ARE signaling
in the regulation of mitochondrial biogenesis has grown exponentially. Surprisingly, we
found a negative correlation (rs = −0.44, p < 0.05) between the level of Nfe2l2 expression
in the cerebral cortex and copy number of mtDNA (Figure 1B), which appears surprising
in light of the fact that Nrf2 should regulate mitochondrial biogenesis [5]. It is likely that,
with aging, the positive feedback of the regulation of mitochondrial biogenesis is disrupted.
However, we have shown that the number of mtDNA copies increases with age in the
cerebral cortex (Figure 1B). Previous data on age-related changes in the number of copies of
mitochondria in the brain are different and sometimes opposite. According to Neuhaus et al.
(2017), the number of mtDNA copies in the adrenal cortex decreases with age [16]. An age-
related decrease in the activity of NADH dehydrogenase [17–19] and citrate synthase [20]
has also been shown. At the same time, there is evidence that cytochrome c oxidase activity
increases with age [21] and increases the amount of cytochrome oxidase protein [20,22].

However, it is unlikely that the age-related increase in the number of mtDNA copies is
associated with the activation of mitochondrial biogenesis. We did not find an age-related
increase in the expression of the Nrf1 and Tfam genes, which are responsible for mtDNA
replication [23]. Mitochondrial biogenesis is not the exclusive process that regulates the
mtDNA and mitochondria copy number. Mitophagy is a mitochondrial quality control
mechanism that enables the degradation of damaged mitochondria [24]. We showed that ex-
pression of the p62 gene significantly decreased with age in the cerebral cortex (Figure 2H).
It is understandable since p62 expression is also known to be regulated by the Nrf2/ARE
signaling pathway [25]. P62 acts as a shuttle protein to transport polyubiquitinated protein
for both lysosomal and proteasomal degradation in the autophagy and mitophagy pro-
cesses [26]. Age-related mitophagy pathologies may be reasons for an increase in mtDNA
copy number in the 15-month-old mice. In this case, the amount of mtDNA with a damaged
base should increase. Indeed, we found that the number of mtDNA damage increased
significantly in the 15-month-old mice (Figure 1A).

Thus, it is more probable that the age-related increase in the number of mtDNA
copies is associated with mitophagy dysregulation but not with mitochondrial biogenesis
dysfunction. In general, these processes may disrupt mitochondrial quality control in the
cerebral cortex. Indeed, the MWM showed a deficit in working (Figure 8) and reference
memory (Figures 6 and 7) for 15-month-old-mice. It should be noted that on the sixth day
of the experiment, there were no statistically significant differences in the latency time and
distance that the mice swam in search of the platform (Figure 6A,C). Differences were found
on the 12th day of the experiment, after moving the platform to the opposite quadrant
(Figure 6B,D). Reversal learning and subsequent trial reveal whether or not animals can
extinguish their initial learning of the platform’s position and acquire a direct path to the
new goal position [27]. It may indicate that 15-month-old mice switch their attention to a
new platform location that is significantly worse.

Early age-related deficits were shown for C57BL/6 mice repeatedly [28–32]. We can
assume that Nrf2/ARE downregulation in the cerebral cortex may be associated with
cognitive decline in aged mice. Our data confirmed that Nrf2 had a positive effect on
the oxidative status of the cell, as we found a negative correlation between the number
of mtDNA lesions and the level of Nfe2l2 expression in the cerebral cortex (rs = −0.37,
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p < 0.05). The level of mtDNA damage also negatively correlated with the results of the
MWM (latency on the 12th day of the experiment) (rs = −0.57, p < 0.05). This may indicate
that the functional integrity of mitochondria, in particular mtDNA, plays a key role in
maintaining long-term memory. In general, it can be noted that the amount of mtDNA
damage increases significantly with age, which may be a consequence of dysregulation of
the Nrf2 function, as well as one of the causes of impaired cognitive function [33].

There is evidence that the transcription factor, Nrf2, also plays an important role in
long-term potentiation. Nrf2 can indirectly participate in this process by maintaining the
energy homeostasis of mitochondria and directly, by forming a regulatory loop with the
BDNF/AKT1/mTORC1 axis [12]. The promotor region of the Mtor gene is contained in
the ARE sequence, and therefore its expression may be regulated by Nrf2 [34]. These
data indicate that the Nrf2/ARE signaling pathway must be involved in the formation of
long-term memory. However, no positive correlation was found between the level of Nfe2l2
expression in the hippocampus and points of long-term memory. Meanwhile, a positive
correlation was found between the expression of Nfe2l2 in the cerebral cortex and the point
of latency on the sixth (rs = 0.44, p < 0.05) and twelfth trial days (rs = 0.44, p < 0.05). It
is known that the cortex (especially the prefrontal cortex) is more involved in long-term
memory retrieval [35]. For this reason, we can assume that Nrf2 plays an essential role
in maintaining the mitochondrial homeostasis of the cortical neurons, and a high level of
Nfe2l2 expression is important for long-term memory retrieval.

It is widely known that the BDNF/AKT1/mTORC1 axis plays an essential role in
regulating long-term memory formation. This process takes place mainly in the hippocam-
pus [12]. We have shown that age-related changes in gene expression of these signaling
pathways are extremely heterogeneous. The expression of Akt1, Mtor, and Bdnf in the
hippocampus was maximal in 2-month-old mice, but in Akt1 and Mtor, it was minimal in
7-month-old mice (Figure 3). At the same time, the expression of Pten, which is a negative
regulator of the BDNF/AKT1/mTORC1 axis, on the contrary, was maximal in 7-month-old
mice (Figure 3). There was a positive correlation between the expression of Bdnf in the
hippocampus and the point of latency on the sixth day of the trial (rs = 0.37, p < 0.05) and
the twelfth day of the trial (rs = 0.52, p < 0.05), which may confirm a relationship between
the formation of long-term memory and Bdnf gene expression.

Another aspect of aging is the increase in inflammation [36]. We have shown that the
expression of Il1b in the cerebral cortex significantly increases with age (Figure 2B), which
may indicate a course of intense inflammatory processes [37]. At the same time, there was
a pronounced negative correlation between the level of expression of the Nfe2l2 and Il1b
genes (rs = −0.45, p < 0.05). This assumes that Nrf2 binds to the proximity of inflammatory
cytokine genes, including IL1b, and inhibits their transcription [38]. An increase in the
expression of pro-inflammatory cytokines may be one of the causes of some cognitive and
behavioral deviations [39].

In general, we identified age-related deviation of physiological parameters in almost
every test used. The open-field test showed an age-related decrease in the number of rearing
acts (Figure 4B) and hole-poking (Figure 4G), which may indicate a decrease in exploratory
behavior [40]. Malatynska et al. (2012) showed the following similar age-related changes in
mice: a decrease in nose-poke behavior and a decrease in rearing were demonstrated [41].
In studies by Benice et al. (2006) [42], Lalonde and Strazielle (2009) [43], and Shoji et al.
(2016) [44], it was shown that distance traveled and time spent in the center decreased with
age, which may also indicate a decrease in the level of exploratory behavior and increased
anxiety-related behavior [45]. However, in our study, these indicators did not change with
age (Figure 4A,D). Perhaps this can be explained by the fact that Benice et al. (2006) [42],
Lalond and Strazielle, (2009) [43], and Shoji et al. (2016) [44] used C57BL/6J mice, while
in our work, the C57BL/6N strain was used. It is known that the C57BL/6N strain has
greater fear of learning and anxiety than in C57BL/6J, whereas pain sensitivity and rotarod
performance are greater in C57BL/6J than in C57BL/6N [46–48]. In our experiment, we
used males only. It may be another reason for the lack of age-related differences in the
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anxiety level because it is known that males have lower levels of anxiety compared with
females [49].

The differences were also shown using the DLB test. A study by Shoji et al. (2016),
using the C57BL/6J strain, showed an age-related decrease in the number of transitions
and time spent in the light compartment [44], while the C57BL/6N strain did not show
any changes in our experiment (Figure 5) and a study by Malatynska et al. (2012), who
also used the C57BL/6N strain [41]. In our study, the string test showed an age-related
decrease in strength and endurance (Figure 9), while in the study of Shoji et al. (2016), there
was an age-related decrease in average latency in the rotarod test, while grip strength was
unchanged [44]. Thus, differences between our data and early observed results may be
explained by differences between C57BL/6J and C57BL/6N mice.

4. Materials and Methods
4.1. Animals

In total, 27 males of C57BL/6N mice, which were obtained from the Stolbovaya
nursery (Russia, Moscow region), were used in the experiment. Animals were divided into
three groups according to their age (2-month-old, 7-month-old, and 15-month-old) with
nine animals in each group. The choice of the following age groups is based on our earlier
study, where it was shown that at the age of 15 months, mice begin to show behavioral
abnormalities [50]. Growing, keeping, and sacrificing animals were performed according to
the rules set by the Voronezh State University Ethical Committee on Biomedical Research
(Section of Animal Care and Use, protocol 42-03 dated 8 October, 2020). Animals were
housed per 3 mice in a plastic cage (30 cm × 20 cm × 18 cm). Standard laboratory diet
(Ssniff Spezialdiaten GmbH, Soest, Germany) and drinking water were available ad libitum.
On the 1st day of experiment, open field test was performed. On the 2nd day, the dark-light
box test was performed. On the 3rd day, the string test was performed. From the 4th to 36th
day of experiment, Morris water maze was performed. Timeline of experiment is presented
in Figure 10. After the physiological experiments, mice were sacrificed by anesthetization
with a mixture (1 mL/kg) of xylazine (10 mg/kg) and ketamine (90 mg/kg) administered
intraperitoneally. After decapitation, the brain was removed and dissected. The cerebral
cortex and hippocampus tissues [51] were immediately frozen at −80 ◦C and subsequently
used for RNA and DNA extraction.
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Figure 10. Timeline of the experiment. The open field was performed at the 1st day. The string test
was performed at the 2nd day. The dark-light box (DLB) test was performed at the 3rd day. Morris
water maze (MWM) for assessment of reference memory was performed from the 4th to the 15th day.
MWM for assessment of working memory was performed from the 16th to the 36th day. Mice were
sacrificed at the 37th day of experiment.

4.2. The Open Field Test

The animal was placed in the open arena (40 × 40 × 60 cm) with five randomly
distributed holes (0.5 cm diameter). Lighting conditions were set to 100 lux. The arena was
a square white box marked with square crossings on the floor to determine the position
of the animal. Center of arena was square 20 × 20 cm. The new environment could cause
the following two types of reactions: exploratory behavior and defensive behavior caused
by fear.
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In this experiment, we evaluated such indicators as locomotor activity (s), activity in
the center of area (s), the number of exits to the center of area, the level of hole poking, the
number of rearing acts, defecation acts, and the duration (s) and quantity of grooming acts.
The grooming act was completed if the mouse touched any part of its body by nose and
performed the grooming act at least a second. If the mouse paused for 3 s or more, then this
was considered the next act of grooming. The duration of the experiment was 5 min [50].

4.3. The String Test

The mouse, holding its forelimbs, was suspended on a string (wire 3 mm diameter
and 50 cm long) at a height of 50 cm above the soft surface. Foam supports for string were
located along the edges of the string. The state of the animal was assessed at points after
1 min according to the following scheme: 0 = mouse fell; 1 = the mouse holds on to the
string with two forelimbs; 2 = holds the string with two forelimbs and moves along the
string; 3 = two forelimbs + one or two hind limbs; 4 = four limbs and a tail around the
string; 5 = escape from the string to the foam support; more than five points were assigned
if the escape faster than 60 s (e.g., 5.5 = exit to the end of the string in 30 s) [52].

4.4. The Dark-Light Box Test

DLB consisted of two compartments. The light compartment (24 × 20 × 25 cm) took
up 2/3 of the test system and did not have a lid (lighting conditions were set to 100 lux),
while the dark compartment (12 × 20 × 25 cm) took up 1/3 and was covered with a lid on
top. There was a small hole (door 4 × 5 cm) between the compartments for the free moving.
At the beginning of the experiment, the animal was placed in the light compartment and
had the ability to move freely between the dark and light parts of the chamber for 5 min.
The time spent in the light or dark part of the chamber, as well as the number of transitions
between compartments, served as an indicator to assess the anxiety of the animal. All
four paws of the animal should be located in the opposite part of the chamber so that the
transition was considered completed [53].

4.5. The Morris Water Maze Test

To study reference and working memory of the mice, the MWM was used [27]. The
MWM was conducted in a round arena (diameter 150 cm) with a platform in the target
quadrant. The arena was filled with water so that the platform was hidden below the
water’s surface (0.5 cm). The water was colored with titanium dioxide so that the mouse
could not see the bottom. The water temperature was 25 ◦C. The study of reference
memory took place in two stages. In the first stage (acquisition), the animals were trained
for five days to reach the platform in under 1 min. The animal must learn to use distal
cues (squares, circles, and triangles cut from cardboard) to navigate a direct path to the
platform when starting from different locations around the perimeter of the arena. To
assess reference memory at the end of learning on the 6th day, a probe trial is given. Each
animal was given one trial to reach the platform in under 1 min. The second stage (reversal)
of the study of reference memory included the same stages as the first, but platform was
located in the opposite quadrant. Relocation platform in the MWM reveals whether or
not animals can extinguish their initial learning of the platform’s position and acquire
a direct path to the new goal position. Reversal learning was conducted from 7th to
11th day of experiment. On the 12th day, each animal was given one trial to reach the
platform in under 1 min. The scheme of location of starting point and goal platform are
presented in Table 2. The following parameters were evaluated: latency (points) to reach
the goal; distance from the starting point to the platform (points); the time the animal
spent in the goal quadrant (s) were measured to study reference memory. Latency points
were calculated as points = 60 − latency time (s)/60. Distance points were calculated as
points = (1/distance (cm)) × 1000.
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Table 2. Scheme of Morris water maze experiment for the study of reference memory with an
indication of starting point and goal platform.

Acquisition. Start Located in the SW

Day Trial 1 Trial 2 Trial 3 Trial 4

1 N E SE NW
2 SE N NW E
3 NW SE E N
4 E NW N SE
5 N SE E NW

6 (Probe) NE - - -

Reversal. Start Located in the NE

Day Trial 1 Trial 2 Trial 3 Trial 4
1 S W NW SE
2 NW S SE W
3 SE NW W S
4 W SE S NW
5 S NW W SE

6 (Probe) SW - - -

To study working memory, the animal was given two attempts to find the platform
(interval was 15 s). In this case, the difference in latency(s) to reach the platform was an
important indicator. The scheme of the location of the starting point and goal platform are
presented in Table 3. The study lasted 21 days. Tracking the animals from the starting point
to the platform was carried out using the ToxTrac software [54].

Table 3. Scheme of Morris water maze experiment for the study of working memory with an
indication of starting point and goal platform.

Day Start Goal Day Start Goal

1 N SE 11 E SW
2 E NE 12 N SW
3 S SW 13 E NW
4 W SE 14 W NE
5 S NE 15 N SE
6 N NW 16 S SW
7 W NE 17 N NE
8 E SE 18 S NW
9 W NW 19 E NW
10 S SE 20 W SW

21 N SE

4.6. DNA and RNA Extraction

Total DNA from brain compartment evaluation was performed with a ProbaGS kit
(DNA-Technology, Moscow, Russia) according to its protocol. To extract RNA from the
sample, a commercial ExtractRNA kit (Evrogen, Moscow, Russia) was used according to its
protocol.

4.7. Reverse Transcription

For reverse transcription, the “Eppendorf Mastercycler personal” instrument was
used. In total, 5 µg of RNA was mixed with 0.5 µg of oligo (dT) and deionized water, and
incubated for 5 min at 70 ◦C. Further 2 µL of 10× buffer (SybEnzyme®, Moscow, Russia)
and 2 µL of 10 mM dNTP, M-MuLV reverse transcriptase (SybEnzyme®) (40 units) were
used for the reverse transcription reaction. Incubation continued for 60 min at 37 ◦C.
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4.8. Quantitative PCR Analysis

The Bio-Rad CFX96TM Real-Time System was used for quantitative PCR analysis. The
reaction mixture contained 5 µL qPCRmix-HS SYBR + ROX; 20 pM primer combination
(forward and reverse); 10 ng DNA template. The 18s rRNA gene and Gapdh (glyceraldehyde-
3-phosphate dehydrogenase) were used as the reference genes. The primer sequences are
presented in Table 4.

Table 4. Primer sequences for gene expression assessment.

Gene
Name

Transcript Accession
Number Forward Primer 5′–3′ Reverse Primer 5′–3′

18s NR_003278.3 CGGCTACCACATCCAAGGAA GCTGGAATTACTGTGGCT
Gapdh NC_000072.7 GGCTCCCTAGGCCCCTCCTG TCCCAACTCGGCCCCCAACA
Nfe2l2 NM_010902.4 CTCTCTGAACTCCTGGACGG GGGTCTCCGTAAATGGAAG
Bdnf NM_007540.4 AAGGACGCGGACTTGTACAC CGCTAATACTGTCACACACGC
Mtor NM_020009.2 AGATAAGCTCACTGGTCGGG GTGGTTTTCCAGGCCTCAGT
Akt1 NM_009652.3 TGATCAAGATGACAGCATGGAGTG GATGATCCATGCGGGGCTT
Pten NM_008960.2 AGGGACGAACTGGTGTAATGA GGGAATAGTTACTCCCTTTTTGTCT
Il1b NM_008361.4 TTGACGGACCCCAAAAGATG AGAAGGTGCTCATGTCCTCA
Nrf1 NM_001164226.1 AGCACGGAGTGACCCAAA TGTACGTGGCTACATGGACCT
Cox1 NC_005089.1 TCGCAATTCCTACCGGTCTC CGTGTAGGGTTGCAAGTCAGC
p62 U17961.1 GCCAGAGGAACAGATGGAGT TCCGATTCTGGCATCTGTAG
Sod2 NM_013671.3 CAGACCTGCCTTACGACTATGG CTCGGTGGCGTTGAGATTGTT
Tfam NC_000076.7 ATTCCGAAGTGTTTTTCCAGCA TCTGAAAGTTTTCGATCTGGGT

Total denaturation was observed at 95 ◦C for 3 min; denaturation at the beginning
of the cycle at 95 ◦C for 30 s; primer annealing at 61 ◦C for 30 s, elongation at 72 ◦C for
30 s; number of cycles 38; total elongation 72 ◦C for 5 min; melting curve from 65 ◦C to
95 ◦C. Quantitatively normalized expression of genes was expressed as relative single
fluorescence.

4.9. Measurement of mtDNA Damage

The number of mtDNA damage was evaluated by long-range PCR using Encyclo
polymerase (Evrogen, Russia) on a CFX96TM Real-Time System thermal cycler (Bio-Rad,
Hercules, CA, USA), according to the protocol described by Gureev et al. (2017) [55]. The
method of measurement of mtDNA damage by long-range PCR based on the assump-
tion that DNA damage such as single-strand breaks slows down accumulation of the PCR
product due to the inhibition of elongation process. Therefore, the rate of PCR product accu-
mulation would be inversely proportional to the number of damaged DNA molecules [55].
Measurement of damage number was carried out in the six long fragments of mtDNA
(NC_005089.1) [56]. In this research we used mtDNA fragments, which were not duplicated
in the nuclear genome. Primer sequences were present in Table 5.

Table 5. Primer sequences for measurement of mtDNA damage.

Fragment Name Forward Primer 5′–3′ Reverse Primer 5′–3′ Length Fragment

Short ACGAGGGTCCAACTGTCTCTTA AGCTCCATAGGGTCTTCTCGT 97 bp
12–16s (1st) TAAATTTCGTGCCAGCCACC ATGCTACCTTTGCACGGTCA 1739 bp

16s-Nd1 (2nd) ACGAGGGTCCAACTGTCTCTTA CCGGCTGCGTATTCTACGTT 1326 bp
Nd1-Nd2 (3th) CTAGCAGAAACAAACCGGGC TTAGGGCTTTGAAGGCTCGC 1675 bp

Nd5 (4th) TCATTCTTCTACTATCCCCAATCC TGGTTTGGGAGATTGGTTGATG 1942 bp
Nd6-CytB (5th) CCCCAATCCCTCCTTCCAAC GGTGGGGAGTAGCTCCTTCTT 1732 bp

D-loop (6th) AAGAAGGAGCTACTCCCCACC GTTGACACGTTTTACGCCGA 1308 bp
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The ∆Cq value of the control and experimental long fragments were compared with the
∆Cq of the control and experimental short fragments. Short fragments used as references
for normalization of mtDNA copy number. The amount of additional damage in mtDNA
was calculated at 10 kb according to the following formula:

Damage = (1 − 2−(∆long − ∆short)) × (10,000 (bp)/length of the fragment (bp))

4.10. MtDNA Copy Measurement

The amount of mtDNA was evaluated by quantitative PCR. For this, amplification of
mtDNA fragments was performed using the following primers:

F: 5′-ACGAGGGTCCAACTGTCTCTTA-3′; R: 5′-AGCTCCATAGGGTCTTCTCGT-3′.
The nuclear DNA encoded Gapdh gene was used as a reference. The primer sequences

were as follows:
F: 5′-GGCTCCCTAGGCCCCTCCTG-3′; R: 5′-TCCCAACTCGGCCCCCAACA-3′.
The normalized level of mtDNA relative to nuclear DNA was calculated by the

following formula: 2(−∆∆Cq).

4.11. Statistical Analysis

Statistical analysis was performed using the Statistica 10.0 software package (StatSoft.,
Inc., Tulsa, OK, USA). The normality of data distribution was determined using the Shapiro–
Wilk test. The result is presented as the mean± SEM. The results were analyzed by one-way
analysis of variance (ANOVA). Tukey’s post-hoc test was used to determine the significance
level. Correlation analysis was performed using Spearman’s rank correlation coefficient
(rs). For cluster analysis, a hierarchical algorithm (single-linkage clustering) was used. The
Euclidean distance and 1 – Pearson R were used for measuring distances between groups
of variables.

5. Conclusions

Thus, we showed that the Nrf2/ARE signal pathway was downregulated in the
cerebral cortex of 15-month-old mice. Despite the fact that Nrf2 is involved in the regulation
of mitochondrial biogenesis, we showed an increase in the mtDNA copy number in aged
mice. Possibly, it is associated with the downregulation of mitophagy, which is also under
Nrf2 control. As a result, damaged mtDNA accumulated in the cells of the cerebral cortex
in the 15-month-old mice. In the hippocampus, we did not find an age-related decrease in
Nrf2 signaling, but Bdnf suppression may be associated with the cognitive and behavioral
decline of aged mice.

Author Contributions: Conceptualization, A.P.G. and V.N.P.; methodology, V.G.K. and E.A.S.; soft-
ware, V.G.K.; validation, A.P.G., formal analysis, V.G.K.; investigation, V.G.K., E.A.S., V.R.C., I.S.S.
and I.Y.B.; resources, V.N.P.; data curation, A.P.G.; writing—original draft preparation, A.P.G. and
V.G.K.; writing—review and editing, V.N.P. and E.Y.P.; visualization, V.R.C.; supervision, V.N.P.;
project administration, V.N.P.; funding acquisition, E.Y.P. All authors have read and agreed to the
published version of the manuscript.

Funding: The study was supported by the Russian science foundation. Study of mitochondria
oxidative damage and Nrf2 signaling was supported by grant #21-75-30009 to E.Y.P. Study of cognitive
function of aging mice was supported by grant #22-74-00115 to A.P.G.

Institutional Review Board Statement: The animal study protocol was approved by the Voronezh
State University Ethical Committee on Biomedical Research (Section of Animal Care and Use, protocol
42-03 dated 8 October 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: E.Y.P. was a member of the Scientific and Education School Molecular technolo-
gies of live systems and synthetic biology at the Moscow State University.



Int. J. Mol. Sci. 2022, 23, 15197 19 of 21

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Patrushev, M.V.; Mazunin, I.O.; Vinogradova, E.N.; Kamenski, P.A. Mitochondrial Fission and Fusion. Biochemistry 2015, 80,

1457–1464. [CrossRef] [PubMed]
2. Herculano-Houzel, S. Scaling of brain metabolism with a fixed energy budget per neuron: Implications for neuronal activity,

plasticity and evolution. PLoS ONE 2011, 6, e17514. [CrossRef]
3. Van Bulck, M.; Sierra-Magro, A.; Alarcon-Gil, J.; Perez-Castillo, A.; Morales-Garcia, J.A. Novel Approaches for the Treatment of

Alzheimer’s and Parkinson’s Disease. Int. J. Mol. Sci. 2019, 20, 719. [CrossRef]
4. Park, D.C.; Bischof, G.N. The aging mind: Neuroplasticity in response to cognitive training. Dialogues Clin. Neurosci. 2013, 15,

109–119. [CrossRef] [PubMed]
5. Gureev, A.P.; Shaforostova, E.A.; Popov, V.N. Regulation of Mitochondrial Biogenesis as a Way for Active Longevity: Interaction

Between the Nrf2 and PGC-1a Signaling Pathways. Front. Genet. 2019, 10, 435. [CrossRef]
6. de Grey, A.D. Reactive oxygen species production in the mitochondrial matrix: Implications for the mechanism of mitochondrial

mutation accumulation. Rejuvenation Res. 2005, 8, 13–17. [CrossRef]
7. Bogenhagen, D.F. Mitochondrial DNA nucleoid structure. Biochim. Biophys. Acta 2012, 1819, 914–920. [CrossRef]
8. Zinovkina, L.A. Mechanisms of Mitochondrial DNA Repair in Mammals. Biochemistry 2018, 83, 233–249. [CrossRef]
9. Muramatsu, H.; Katsuoka, F.; Toide, K.; Shimizu, Y.; Furusako, S.; Yamamoto, M. Nrf2 deficiency leads to behavioral, neurochemi-

cal and transcriptional changes in mice. Genes Cells 2013, 18, 899–908. [CrossRef] [PubMed]
10. Schratt, G.M.; Nigh, E.A.; Chen, W.G.; Hu, L.; Greenberg, M.E. BDNF regulates the translation of a select group of mRNAs by a

mammalian target of rapamycin- phosphatidylinositol 3-kinase-dependent pathway during neuronal development. J. Neurosci.
2004, 24, 7366–7377. [CrossRef] [PubMed]

11. Stoica, L.; Zhu, P.J.; Huang, W.; Zhou, H.; Kozma, S.C.; Costa-Mattioli, M. Selective pharmacogenetic inhibition of mammalian
target of Rapamycin complex I (mTORC1) blocks long-term synaptic plasticity and memory storage. Proc. Natl. Acad. Sci. USA
2011, 108, 3791–3796. [CrossRef] [PubMed]

12. Gureev, A.P.; Popov, V.N.; Starkov, A.A. Crosstalk between the mTOR and Nrf2/ARE signaling pathways as a target in the
improvement of long-term potentiation. Exp. Neurol. 2020, 328, 113285. [CrossRef] [PubMed]

13. Dinkova-Kostova, A.T.; Abramov, A.Y. The emerging role of Nrf2 in mitochondrial function. Free. Radic. Biol. Med. 2015, 88,
179–188. [CrossRef]

14. Schmidlin, C.J.; Dodson, M.B.; Madhavan, L.; Zhang, D.D. Redox regulation by NRF2 in aging and disease. Free. Radic. Biol. Med.
2019, 134, 702–707. [CrossRef]

15. Kasai, S.; Shimizu, S.; Tatara, Y.; Mimura, J.; Itoh, K. Regulation of Nrf2 by Mitochondrial Reactive Oxygen Species in Physiology
and Pathology. Biomolecules 2020, 10, 320. [CrossRef]

16. Neuhaus, J.F.; Baris, O.R.; Kittelmann, A.; Becker, K.; Rothschild, M.A.; Wiesner, R.J. Catecholamine Metabolism Induces
Mitochondrial DNA Deletions and Leads to Severe Adrenal Degeneration during Aging. Neuroendocrinology 2017, 104, 72–84.
[CrossRef]

17. Genova, M.L.; Bovina, C.; Marchetti, M.; Pallotti, F.; Tietz, C.; Biagini, G.; Pugnaloni, A.; Viticchi, C.; Gorini, A.; Villa, R.F.; et al.
Decrease of rotenone inhibition is a sensitive parameter of complex I damage in brain non-synaptic mitochondria of aged rats.
FEBS Lett. 1997, 410, 467–469. [CrossRef]

18. Lenaz, G.; D’Aurelio, M.; Merlo Pich, M.; Genova, M.L.; Ventura, B.; Bovina, C.; Formiggini, G.; Parenti Castelli, G. Mitochondrial
bioenergetics in aging. Biochim. Biophys. Acta 2000, 1459, 397–404. [CrossRef] [PubMed]

19. Tatarkova, Z.; Kovalska, M.; Timkova, V.; Racay, P.; Lehotsky, J.; Kaplan, P. The Effect of Aging on Mitochondrial Complex I and
the Extent of Oxidative Stress in the Rat Brain Cortex. Neurochem. Res. 2016, 41, 2160–2172. [CrossRef]

20. Crescenzo, R.; Spagnuolo, M.S.; Cancelliere, R.; Iannotta, L.; Mazzoli, A.; Gatto, C.; Iossa, S.; Cigliano, L. Effect of Initial Aging
and High-Fat/High-Fructose Diet on Mitochondrial Bioenergetics and Oxidative Status in Rat Brain. Mol. Neurobiol. 2019, 56,
7651–7663. [CrossRef]

21. Davies, S.M.; Poljak, A.; Duncan, M.W.; Smythe, G.A.; Murphy, M.P. Measurements of protein carbonyls, ortho- and meta-tyrosine
and oxidative phosphorylation complex activity in mitochondria from young and old rats. Free. Radic. Biol. Med. 2001, 31,
181–190. [CrossRef] [PubMed]

22. Nicoletti, V.G.; Tendi, E.A.; Lalicata, C.; Reale, S.; Costa, A.; Villa, R.F.; Ragusa, N.; Giuffrida Stella, A.M. Changes of mitochondrial
cytochrome c oxidase and FoF1 ATP synthase subunits in rat cerebral cortex during aging. Neurochem. Res. 1995, 20, 1465–1470.
[CrossRef] [PubMed]

23. Li, P.A.; Hou, X.; Hao, S. Mitochondrial biogenesis in neurodegeneration. J. Neurosci. Res. 2017, 95, 2025–2029. [CrossRef]
[PubMed]

24. Chen, G.; Kroemer, G.; Kepp, O. Mitophagy: An Emerging Role in Aging and Age-Associated Diseases. Front. Cell Dev. Biol. 2020,
8, 200. [CrossRef]

25. Gureev, A.P.; Sadovnikova, I.S.; Starkov, N.N.; Starkov, A.A.; Popov, V.N. p62-Nrf2-p62 Mitophagy Regulatory Loop as a Target
for Preventive Therapy of Neurodegenerative Diseases. Brain Sci. 2020, 10, 847. [CrossRef] [PubMed]

http://doi.org/10.1134/S0006297915110061
http://www.ncbi.nlm.nih.gov/pubmed/26615436
http://doi.org/10.1371/journal.pone.0017514
http://doi.org/10.3390/ijms20030719
http://doi.org/10.31887/DCNS.2013.15.1/dpark
http://www.ncbi.nlm.nih.gov/pubmed/23576894
http://doi.org/10.3389/fgene.2019.00435
http://doi.org/10.1089/rej.2005.8.13
http://doi.org/10.1016/j.bbagrm.2011.11.005
http://doi.org/10.1134/S0006297918030045
http://doi.org/10.1111/gtc.12083
http://www.ncbi.nlm.nih.gov/pubmed/23890231
http://doi.org/10.1523/JNEUROSCI.1739-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15317862
http://doi.org/10.1073/pnas.1014715108
http://www.ncbi.nlm.nih.gov/pubmed/21307309
http://doi.org/10.1016/j.expneurol.2020.113285
http://www.ncbi.nlm.nih.gov/pubmed/32165256
http://doi.org/10.1016/j.freeradbiomed.2015.04.036
http://doi.org/10.1016/j.freeradbiomed.2019.01.016
http://doi.org/10.3390/biom10020320
http://doi.org/10.1159/000444680
http://doi.org/10.1016/S0014-5793(97)00638-8
http://doi.org/10.1016/S0005-2728(00)00177-8
http://www.ncbi.nlm.nih.gov/pubmed/11004456
http://doi.org/10.1007/s11064-016-1931-z
http://doi.org/10.1007/s12035-019-1617-z
http://doi.org/10.1016/S0891-5849(01)00576-7
http://www.ncbi.nlm.nih.gov/pubmed/11440830
http://doi.org/10.1007/BF00970595
http://www.ncbi.nlm.nih.gov/pubmed/8789609
http://doi.org/10.1002/jnr.24042
http://www.ncbi.nlm.nih.gov/pubmed/28301064
http://doi.org/10.3389/fcell.2020.00200
http://doi.org/10.3390/brainsci10110847
http://www.ncbi.nlm.nih.gov/pubmed/33198234


Int. J. Mol. Sci. 2022, 23, 15197 20 of 21

26. Liu, H.; Dai, C.; Fan, Y.; Guo, B.; Ren, K.; Sun, T.; Wang, W. From autophagy to mitophagy: The roles of P62 in neurodegenerative
diseases. J. Bioenerg. Biomembr. 2017, 49, 413–422. [CrossRef]

27. Vorhees, C.V.; Williams, M.T. Morris water maze: Procedures for assessing spatial and related forms of learning and memory. Nat.
Protoc. 2006, 1, 848–858. [CrossRef]

28. Bellush, L.L.; Wright, A.M.; Walker, J.P.; Kopchick, J.; Colvin, R.A. Caloric restriction and spatial learning in old mice. Physiol.
Behav. 1996, 60, 541–547. [CrossRef]

29. Magnusson, K.R.; Scruggs, B.; Aniya, J.; Wright, K.C.; Ontl, T.; Xing, Y.D.; Bai, L. Age-related deficits in mice performing working
memory tasks in a water maze. Behav. Neurosci. 2003, 117, 485–495. [CrossRef]

30. van Praag, H.M. Can stress cause depression? World J. Biol. Psychiatr. 2005, 6, 5–22. [CrossRef]
31. Harburger, L.L.; Lambert, T.J.; Frick, K.M. Age-dependent effects of environmental enrichment on spatial reference memory in

male mice. Behav. Brain Res. 2007, 185, 43–48. [CrossRef]
32. Wong, A.A.; Brown, R.E. Age-related changes in visual acuity, learning and memory in C57BL/6J and DBA/2J mice. Neurobiol.

Aging 2007, 28, 1577–1593. [CrossRef]
33. Lovell, M.A.; Markesbery, W.R. Oxidative DNA damage in mild cognitive impairment and late-stage Alzheimer’s disease. Nucleic

Acids Res. 2007, 35, 7497–7504. [CrossRef]
34. Bendavit, G.; Aboulkassim, T.; Hilmi, K.; Shah, S.; Batist, G. Nrf2 transcription factor can directly regulate mTOR: Linking

cytoprotective gene expression to a major metabolic regulator that generates redox activity. J. Biol. Chem. 2016, 291, 25476–25488.
[CrossRef]

35. Hasegawa, I.; Hayashi, T.; Miyashita, Y. Memory retrieval under the control of the prefrontal cortex. Ann. Med. 1999, 31, 380–387.
[CrossRef]

36. Ferrucci, L.; Fabbri, E. Inflammageing: Chronic inflammation in ageing, cardiovascular disease, and frailty. Nat. Rev. Cardiol.
2018, 15, 505–522. [CrossRef]

37. Dinarello, C.A. Overview of the IL-1 family in innate inflammation and acquired immunity. Immunol. Rev. 2018, 281, 8–27.
[CrossRef] [PubMed]

38. Kobayashi, E.H.; Suzuki, T.; Funayama, R.; Nagashima, T.; Hayashi, M.; Sekine, H.; Tanaka, N.; Moriguchi, T.; Motohashi, H.;
Nakayama, K.; et al. Nrf2 suppresses macrophage inflammatory response by blocking proinflammatory cytokine transcription.
Nat. Commun. 2016, 23, 11624. [CrossRef]

39. Khairova, R.A.; Machado-Vieira, R.; Du, J.; Manji, H.K. A potential role for pro- inflammatory cytokines in regulating synaptic
plasticity in major depressive disorder. Int. J. Neuropsychopharmacol. 2009, 12, 561–578. [CrossRef] [PubMed]

40. Brenes, J.C.; Padilla, M.; Fornaguera, J. A detailed analysis of open-field habituation and behavioral and neurochemical
antidepressant-like effects in postweaning enriched rats. Behav. Brain Res. 2009, 197, 125–137. [CrossRef] [PubMed]

41. Malatynska, E.; Steinbusch, H.W.; Redkozubova, O.; Bolkunov, A.; Kubatiev, A.; Yeritsyan, N.B.; Vignisse, J.; Bachurin, S.;
Strekalova, T. Anhedonic-like traits and lack of affective deficits in 18-month-old C57BL/6 mice: Implications for modeling
elderly depression. Exp. Gerontol. 2012, 47, 552–564. [CrossRef] [PubMed]

42. Benice, T.S.; Rizk, A.; Kohama, S.; Pfankuch, T.; Raber, J. Sex-differences in age- related cognitive decline in C57BL/6J mice
associated with increased brain microtubule- associated protein 2 and synaptophysin immunoreactivity. Neuroscience 2006, 137,
413–423. [CrossRef] [PubMed]

43. Lalonde, R.; Strazielle, C. The relation between open-field and emergence tests in a hyperactive mouse model. Neuropharmacology
2009, 57, 722–724. [CrossRef]

44. Shoji, H.; Takao, K.; Hattori, S.; Miyakawa, T. Age-related changes in behavior in C57BL/6J mice from young adulthood to middle
age. Mol. Brain 2016, 28, 11. [CrossRef] [PubMed]

45. Sturman, O.; Germain, P.L.; Bohacek, J. Exploratory rearing: A context- and stress- sensitive behavior recorded in the open-field
test. Stress 2018, 21, 443–452. [CrossRef]

46. Bryant, C.D. The blessings and curses of C57BL/6 substrains in mouse genetic studies. Ann. N. Y. Acad. Sci. 2011, 1245, 31–33.
[CrossRef]

47. Bryant, C.D.; Zhang, N.N.; Sokoloff, G.; Fanselow, M.S.; Ennes, H.S.; Palmer, A.A.; McRoberts, J.A. Behavioral differences among
C57BL/6 substrains: Implications for transgenic and knockout studies. J. Neurogenet. 2008, 22, 315–331. [CrossRef] [PubMed]

48. Matsuo, N.; Takao, K.; Nakanishi, K.; Yamasaki, N.; Tanda, K.; Miyakawa, T. Behavioral profiles of three C57BL/6 substrains.
Front. Behav. Neurosci. 2010, 14, 29. [CrossRef]

49. An, X.L.; Zou, J.X.; Wu, R.Y.; Yang, Y.; Tai, F.D.; Zeng, S.Y.; Jia, R.; Zhang, X.; Liu, E.Q.; Broders, H. Strain and sex differences in
anxiety-like and social behaviors in C57BL/6J and BALB/cJ mice. Exp. Anim. 2011, 60, 111–123. [CrossRef]

50. Gureev, A.P.; Syromyatnikov, M.Y.; Gorbacheva, T.M.; Starkov, A.A.; Popov, V.N. Methylene blue improves sensorimotor
phenotype and decreases anxiety in parallel with activating brain mitochondria biogenesis in mid-age mice. Neurosci. Res. 2016,
113, 19–27. [CrossRef]

51. Paxinos, G.; Franklin, K. The Mouse Brain in Stereotaxic Coordinates; Academic: San Diego, CA, USA, 2001.
52. Cardozo-Pelaez, F.; Song, S.; Parthasarathy, A.; Hazzi, C.; Naidu, K.; Sanchez-Ramos, J. Oxidative DNA damage in the aging

mouse brain. Mov. Disord. 1999, 14, 972–980. [CrossRef] [PubMed]

http://doi.org/10.1007/s10863-017-9727-7
http://doi.org/10.1038/nprot.2006.116
http://doi.org/10.1016/S0031-9384(96)80029-1
http://doi.org/10.1037/0735-7044.117.3.485
http://doi.org/10.1080/15622970510030018
http://doi.org/10.1016/j.bbr.2007.07.009
http://doi.org/10.1016/j.neurobiolaging.2006.07.023
http://doi.org/10.1093/nar/gkm821
http://doi.org/10.1074/jbc.M116.760249
http://doi.org/10.3109/07853899908998795
http://doi.org/10.1038/s41569-018-0064-2
http://doi.org/10.1111/imr.12621
http://www.ncbi.nlm.nih.gov/pubmed/29247995
http://doi.org/10.1038/ncomms11624
http://doi.org/10.1017/S1461145709009924
http://www.ncbi.nlm.nih.gov/pubmed/19224657
http://doi.org/10.1016/j.bbr.2008.08.014
http://www.ncbi.nlm.nih.gov/pubmed/18786573
http://doi.org/10.1016/j.exger.2012.04.010
http://www.ncbi.nlm.nih.gov/pubmed/22583982
http://doi.org/10.1016/j.neuroscience.2005.08.029
http://www.ncbi.nlm.nih.gov/pubmed/16330151
http://doi.org/10.1016/j.neuropharm.2009.07.010
http://doi.org/10.1186/s13041-016-0191-9
http://www.ncbi.nlm.nih.gov/pubmed/26822304
http://doi.org/10.1080/10253890.2018.1438405
http://doi.org/10.1111/j.1749-6632.2011.06325.x
http://doi.org/10.1080/01677060802357388
http://www.ncbi.nlm.nih.gov/pubmed/19085272
http://doi.org/10.3389/fnbeh.2010.00029
http://doi.org/10.1538/expanim.60.111
http://doi.org/10.1016/j.neures.2016.07.006
http://doi.org/10.1002/1531-8257(199911)14:6&lt;972::AID-MDS1010&gt;3.0.CO;2-0
http://www.ncbi.nlm.nih.gov/pubmed/10584672


Int. J. Mol. Sci. 2022, 23, 15197 21 of 21

53. Gureev, A.P.; Shaforostova, E.A.; Vitkalova, I.Y.; Sadovnikova, I.S.; Kalinina, Y.I.; Cherednichenko, V.R.; Reznikova, K.A.;
Valuyskikh, V.V.; Popov, V.N. Long-term mildronate treatment increased Proteobacteria level in gut microbiome, and caused
behavioral deviations and transcriptome change in liver, heart and brain of healthy mice. Toxicol. Appl. Pharmacol. 2020,
398, 115031. [CrossRef] [PubMed]

54. Antunes, M.; Biala, G. The novel object recognition memory: Neurobiology, test procedure, and its modifications. Cogn. Process.
2012, 13, 93–110. [CrossRef]

55. Gureev, A.P.; Shaforostova, E.A.; Starkov, A.A.; Popov, V.N. Simplified qPCR method for detecting excessive mtDNA damage
induced by exogenous factors. Toxicology 2017, 382, 67–74. [CrossRef] [PubMed]

56. Khorolskaya, V.G.; Gureev, A.P.; Shaforostova, E.A.; Laver, D.A.; Popov, V.N. The Fenofibrate Effect on Genotoxicity in Brain and
Liver and on the Expression of Genes Regulating Fatty Acids Metabolism of Mice. Biochem. (Mosc.) Suppl. Ser. B Biomed. Chem.
2020, 14, 23–32. [CrossRef]

http://doi.org/10.1016/j.taap.2020.115031
http://www.ncbi.nlm.nih.gov/pubmed/32389661
http://doi.org/10.1007/s10339-011-0430-z
http://doi.org/10.1016/j.tox.2017.03.010
http://www.ncbi.nlm.nih.gov/pubmed/28286206
http://doi.org/10.1134/S1990750820010084

	Introduction 
	Results 
	mtDNA Lesions in the Cerebral Cortex 
	mtDNA Copy Number in the Cerebral Cortex 
	Gene Expression in the Cerebral Cortex 
	Gene Expression in the Hippocampus 
	The Behavioral Changes 
	The Change of Cognitive Function 
	The Changes of Strength and Endurance 

	Discussion 
	Materials and Methods 
	Animals 
	The Open Field Test 
	The String Test 
	The Dark-Light Box Test 
	The Morris Water Maze Test 
	DNA and RNA Extraction 
	Reverse Transcription 
	Quantitative PCR Analysis 
	Measurement of mtDNA Damage 
	MtDNA Copy Measurement 
	Statistical Analysis 

	Conclusions 
	References

