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INTRODUCTION 

Alzheimer’s disease (AD) is a progressive, age-
dependent neurodegenerative disorder featuring 
progressive impairments in memory and cognition and 
ultimately leads to death [1]. According to the most 
widely accepted theory, the “amyloid cascade” 
hypothesis [2], AD arises when amyloid precursor 
protein (APP) is processed into amyloid-β, which 
accumulates in plaques. The form of this protein that is 
most toxic to cells (amyloid-β42) promotes tau 
hyperphosphorylation, which leads to formation of 
neurofibrillary tangles: the effect directly causing 
mitochondrial dysfunction, synaptic damage, and 

neuronal cell death [3-4]. In many ways, the above 
hypothesis has been highly successful, in that it unites 
findings from many different investigative approaches 
to the disease and, most compellingly, helps to explain 
how mutations in genes APP, presenilin 1 (PSEN1), or 
PSEN2 can cause the familial early-onset form of AD, 
which accounts for ~5% of all cases [4-5]. Nonetheless, 
the therapeutic strategies designed to eliminate amyloid-
β production as the key precipitating event in 
Alzheimer’s pathogenesis have not been successful [1]. 
Consequently, the factors that initiate (or affect the risk 
and onset of) amyloid-β accumulation in sporadic late-
onset AD, which accounts for ~95% of all disease cases, 
remain poorly understood [6]. 

An antioxidant specifically targeting mitochondria delays progression 
of Alzheimer’s disease-like pathology 

Natalia A. Stefanova1, Natalia A. Muraleva1, Kseniya Yi. Maksimova2, Ekaterina A. Rudnitskaya1, 
Elena Kiseleva1, Darya V. Telegina1, Nataliya G. Kolosova1,3 

1 Institute of Cytology and Genetics SB RAS, 630090, Novosibirsk, Russia 
2 Siberian State Medical University, 634055, Tomsk, Russia 
3Novosibirsk State University, 630090, Novosibirsk, Russia 

Correspondence to: Natalia A. Stefanova; Nataliya G. Kolosova; email:  stefanovan@mail.ru; kolosova@bionet.nsc.ru 
Keywords: Alzheimer’s disease, mitochondria, amyloid, synapse, neurodegeneration 
Abbreviations: APP, amyloid precursor protein, SkQ1, plastoquinonyl-decyltriphenylphosphonium 

Received: June 14, 2016 Accepted: September 18, 2016 Published: October 6, 2016 

ABSTRACT 

Mitochondrial aberrations are observed in human Alzheimer’s disease (AD) and in medical conditions that 
increase the risk of this disorder, suggesting that mitochondrial dysfunction may contribute to pathophysiology 
of AD.  Here, using OXYS rats that simulate key characteristics of sporadic AD, we set out to determine the role 
of mitochondria in the pathophysiology of this disorder. OXYS rats were treated with a mitochondria-targeted 
antioxidant SkQ1 from age 12 to 18 months, that is, during active progression of AD-like pathology in these 
animals. Dietary supplementation with SkQ1 caused this compound to accumulate in various brain regions, and 
it was localized mostly to neuronal mitochondria. Via improvement of structural and functional state of 
mitochondria, treatment with SkQ1 alleviated the structural neurodegenerative alterations, prevented the 
neuronal loss and synaptic damage, increased the levels of synaptic proteins, enhanced neurotrophic supply, 
and decreased amyloid-β1-42 protein levels and tau hyperphosphorylation in the hippocampus of OXYS rats, 
resulting in improvement of the learning ability and memory. Collectively, these data support that 
mitochondrial dysfunction may play a key role in the pathophysiology of AD and that therapies with target 
mitochondria are potent to normalize a wide range of cellular signaling processes and therefore slow the 
progression of AD. 
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There is growing evidence that mitochondrial damage 
and oxidative stress lead to activation of the amyloid-β 
cascade and, accordingly, the mitochondrial dysfunction 
is a significant contributing factor of the onset and 
progression of AD. According to the “mitochondrial 
cascade hypothesis” [7] amyloid-β is a marker of brain 
aging, and not a singular cause of AD [8]. Many studies 
have confirmed that mitochondrial dysfunction is likely 
to be the leading cause of synaptic loss and neuronal 
death by apoptosis, representing the most likely 
mechanism underlying cortical shrinkage, especially in 
brain regions involved in learning and memory, such as 
the hippocampus [9]. The mitochondrial changes 
increase amyloid-β production and cause its 
accumulation, which in turn can directly exert toxic 
action on mitochondria, thus aggravating the 
neurodegenerative processes. Triggering of the “vicious 
circle” of neurodegeneration leads to tau hyper-
phosphorylation, synaptic damage, and neuronal cell 
death and serves as a fatal hallmark event of 
Alzheimer’s pathophysiology. Naturally, the mitochon-
drial dysfunction is called the missing link separating 
brain aging and AD [10], and recent studies have 
provided substantial evidence that therapeutic strategies 
targeting mitochondria may shed some light on new 
strategies for treatment of AD [1, 11]. A promising 
approach to this problem may be the use of antioxidants 
specifically targeting mitochondria, for example, 
mitochondria-targeted antioxidants of the SkQ family 
[11]. These membrane-penetrating cations specifically 
accumulate in the inner mitochondrial membrane 
because the mitochondrial interior is the only negatively 
charged compartment in the cell; such compounds have 
been shown to have a beneficial effect in a number of 
age-related diseases [12-15]. In our studies involving 
senescence-accelerated OXYS rats, we demonstrated 
that dietary supplementation with plastoquinonyl-
decyltriphenylphosphonium (SkQ1) in OXYS rats 
starting at a young age is clearly pleiotropic in nature, 
inhibits a large set of typical traits of aging, and 
suppress age-related diseases [16-23], including 
development of signs of AD [24-25]. Recently, we 
showed that OXYS rats simulate key characteristics of 
the sporadic form of AD [25-27]. More recently, we 
reported that an age-dependent increase in the levels of 
amyloid-β1–42 and extracellular amyloid-β deposits in 
the brain of OXYS rats occur later than do 
mitochondrial structural abnormalities, hyperphos-
phorylation of the tau protein, synaptic loss, and 
neuronal cell death [28]. On the basis of our results, we 
theorized that multiple age-associated degenerative 
processes may precede the toxic accumulation of 
amyloid-β, which in turn triggers the final, currently 
irreversible stage of AD. 

In the present study, we explored the role of mitochon-
dria in the brain affected by AD using mitochondria-

targeted antioxidant SkQ1 as a possible therapeutic 
agent for alleviation of the deleterious consequences of 
this disease in a rat model. To obtain evidence of the 
hypothesized role of mitochondrial damage in AD, 
treatment with SkQ1 was started at the progressive 
stage of AD-like pathology in OXYS rats. Via 
improvement of the structural and functional state of 
mitochondria in the hippocampus of OXYS rats by 
SkQ1, we showed alleviation of structural neuro-
degenerative alterations, prevention of the neuronal loss 
and synaptic damage, improvement of the neurotrophic 
supply, a decrease in the toxic amyloid-β protein levels 
and in tau hyperphosphorylation, and a recovery of 
reference memory. All these changes suggest that 
mitochondrial damage may play a key role in AD. 

RESULTS 

SkQ1 is predominantly localized to neuronal 
mitochondria in the brain  

We first assessed the localization of SkQ1 in the brain, 
using a rhodamine derivative of SkQ1, 10(6′-plastoqui-
nonyl) decylrhodamine 19 (SkQR1), which, as shown 
elsewhere [11, 14], also has neuroprotective properties. 
We found high-intensity fluorescent signals of SkQR1 
in the brain neurons of OXYS rats treated with this 
antioxidant for 7 or 14 days (n=4). Depending on 
duration of administration, the signal of SkQR1 
increased (7 day < 14 days) and was most noticeable in 
neurons of the hippocampus (Fig. 1A–D), cortex (Fig. 
S1A), thalamus, myelencephalon, and cerebellum (Fig. 
S1B) of OXYS rats, suggesting that SkQ1 accumulates 
in cerebral neurons. Moreover, using the antibody to 
COX-IV (cytochrome c oxidase subunit 4, mitochon-
drial loading control), we found that SkQR1 is localized 
to neuronal mitochondria (Fig. 1C and D), suggesting 
that this antioxidant may play an important 
neuroprotective role by regulating and restoring the 
mitochondrial function. 

SkQ1 retards mitochondrial alterations 

We next tested whether SkQ1 treatment from age 12 to 
18 months (that is, during active progression of AD-like 
pathology in OXYS rats) affects mitochondrial 
alterations in the hippocampus. To this end, in OXYS 
rats, we evaluated the influence of SkQ1 administration 
on the ultrastructural state of the mitochondrial 
apparatus in pyramidal neurons of the hippocampal 
CA1 region, as the most vulnerable region of the 
hippocampus during the development of AD [29-30]. 
According to electron-microscopic analysis, in contrast 
to Wistar rats and SkQ1-treated OXYS rats, untreated 
OXYS rats showed significant changes in structural 
organization of the mitochondrial apparatus, such as 
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large intramitochondrial cristae-free areas of low 
electron density with an uneven contour of the external 
and internal membranes as well as localization of cristae 
near the periphery only; the latter picture corresponds to 
a de-energized state (Fig. 2A). In some locations, we 
could see contacts of the mitochondria with the nuclear 
envelope, the endoplasmic reticulum, and Golgi 
complex. SkQ1 treatment substantially improved the 
ultrastructure of the mitochondrial apparatus (Fig. 2A) 
and increased the specific area of mitochondria (Fig. 

2B) in neurons in the hippocampal CA1 region of 
OXYS rats. In addition, in untreated OXYS rats, we 
seldom found mitochondria touching each other via 
membranes: this touching can be a sign of fusion or 
fission and was observed more frequently in Wistar rats 
and SkQ1-treated OXYS rats. To determine the state of 
mitochondrial dynamics, we immunostained rat brain 
tissue for Drp1 (dynamin-1-like protein; mitochondria 
in fission) and for Mfn2 (mitofusin 2; mitochondria in 
fusion).  

Figure 1. SkQ1 is predominantly localized to (and accumulates in) neuronal mitochondria. Four-month-old OXYS 
rats were treated with SkQR1 (250 nmol/kg) for 7 or 14 days (n = 4) to assess localization and accumulation of SkQ1. (A) High 
intensity of fluorescence signals of fluorescence signals of rhodamine-labeled of SkQ1 (red fluorescence) in neurons of the 
hippocampus in SkQR1-treated OXYS rats and the absence of specific signals in untreated (control) OXYS rats. The SkQR1 
signal increased depending on the duration of treatment with the antioxidant (7 days < 14 day). (B) An example of 
accumulation of SkQR1 (in red) in hippocampal neurons of an OXYS rat. (C and D) Immunolabeling with an anti-COX-IV 
antibody (mitochondrial loading control; in green) shows that SkQR1 (in red) is localized to neuronal mitochondria. The 
arrows show colocalization of SkQR1 and COX-IV. Cell nuclei are stained with DAPI (in blue). The scale bars are 20 µm (A and 
B) and 5 µm (C and D).
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In the hippocampus, we found increased expression of 
Drp1 and Mfn2 in SkQ1-treated OXYS rats and Wistar 
rats compared to untreated OXYS rats (Fig. 2C); this 
result was suggestive of improvement of the 
mitochondria biogenesis processes in OXYS rats by 
SkQ1. Finally, using Microplate Assay Kits we found 
that enzymatic activity of complexes I and IV in the 
hippocampus of untreated OXYS rats was ~30% lower 
than that in Wistar rats. Less pronounced interstrain 
differences in these parameters compared to the scale of 
detected by electron microscopy mitochondrial 
destructions, we can assume methodological reasons. 

The enzymatic activity of the respiratory chain 
complexes was determined in the isolated mitochondria, 
in which severely damaged mitochondria do not fall. 
Administration of SkQ1 slightly but not significantly 
increased enzymatic activity of complex I and 
significantly increased enzymatic activity of complex 
IV in OXYS rats to the level of Wistar rats (Fig. 2D). 
Taken together, these findings indicate that the 
mitochondrial alterations involved in progression of 
AD-like pathology in OXYS rats can be significantly 
attenuated by SkQ1-driven improvement of 
mitochondrial function. 

Figure 2. SkQ1 retards mitochondrial alterations in the hippocampus. (A) Alterations in the ultrastructure of the 
mitochondrial apparatus of CA1 pyramidal neurons in OXYS rats were attenuated by SkQ1 administration. (B) The area occupied 
by mitochondria within the hippocampal pyramidal neurons as a percentage of the total neuronal area in 18-month-old Wistar 
rats, untreated OXYS rats, and SkQ1-treated OXYS rats (n=4). Compared to Wistar rats, the untreated OXYS rats had a 
considerably smaller mitochondrial area. SkQ1 administration increased the mitochondria-occupied portion of the neuronal 
area. (C) Immunolabeling for mitochondrial fission mediator Drp1 (green) and mitochondrial fusion mediator Mfn2 (red) and 
cell nuclei (DAPI, blue) in the CA3 region of the hippocampus. (D) Enzymatic activities of complexes I and IV in the hippocampus 
of OXYS rats were ~30% lower than those in Wistar rats (p<0.03 and p<0.02, respectively). Enzymatic activity did not change 
significantly in complex I but increased by ~30% in complex IV (p<0.001) in the hippocampus of SkQ1-treated OXYS rats (n=6). 
The data are shown as mean ± SEM. Statistical significance (p<0.05) is denoted by the asterisk. The scale bar is 2 µm (A). 
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SkQ1 prevents neuronal loss and retards structural 
neurodegenerative alterations 

An important and distinct feature of OXYS rats is that 
these rats show an overt neuronal loss in the 
hippocampus at the progressive stage of AD-like 
pathology [27]. When we evaluated the effects of SkQ1 
in this crucial period, we stained brain tissue with 

Cresyl violet to visualize cell nuclei and stereologically 
quantified the number of neurons in the hippocampus 
(Fig. 3A). Quantification of neuronal populations 
revealed a significant decrease in neuronal numbers in 
the CA1 and CA3 regions and in the dentate gyrus of 
OXYS rats, whereas SkQ1 treatment prevented this 
decrease (Fig. 3B). In addition, quantification using 
stereological counts revealed that the specific 

Figure 3. SkQ1 prevents neuronal loss and retards structural neurodegenerative alterations. (A) Representative 100 × 
histological Cresyl violet images of neurons of the hippocampal CA1 region in 18-month-old Wistar rats, untreated OXYS rats, and 
SkQ1-treated OXYS rats (n=4). The damaged neurons are indicated by solid arrows, and a dead neuron is indicated by a dashed 
arrow. (B) Quantification of neuronal populations revealed a significant decrease in neuronal number in the CA1 and CA3 regions 
and in the dentate gyrus of untreated OXYS rats compared to Wistar rats (p<0.05). Treatment with SkQ1 significantly increased 
neuronal populations in the hippocampus of OXYS rats (p<0.05). (C) The percentages of normal neurons were smaller in the 
examined hippocampal regions of OXYS rats compared to Wistar rats. Oral SkQ1 administration improved neuronal health in all 
the hippocampal regions examined in OXYS rats. (D) The small area of neuronal bodies in the CA3 region and dentate gyrus of the 
hippocampus in OXYS rats (n=5) is enlarged in response to SkQ1 treatment (p<0.05). (E) The small area of neuronal nuclei in the 
hippocampal CA1 region of OXYS rats (n=5) is enlarged in response to SkQ1 treatment (p<0.05). (F)  SkQ1 improved the 
ultrastructure of pyramidal neurons in the hippocampal CA1 region in 18-month-old OXYS rats (n=4). The electron micrographs 
show examples of the normal ultrastructure of pyramidal neurons of Wistar rats and SkQ1-treated OXYS rats, and the substantial 
changes in the structural organization of cellular organelles in the CA1 region of untreated OXYS rats. The figure shows a 
pyramidal neuron containing a large cluster of lipofuscin granules (indicated by arrows), and massively swollen mitochondria (m). 
N: nucleus. The scale bars are 2 µm. DG: dentate gyrus. The data are shown as mean ± SEM. Statistical significance (p<0.05) is 
denoted by the asterisk.  
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proportion of unaffected neurons in the СА1 and СА3 
areas in the dentate gyrus of the OXYS hippocampus 
was lower, whereas the proportion of dead or damaged 
neurons was higher than that in Wistar rats, in all 
hippocampal regions (Fig. 3C, Fig. S2). Administration 
of SkQ1 slowed the progression of degenerative 
alterations of hippocampal neurons in OXYS rats (Fig. 
S2): the number of damaged neurons in all the analyzed 
hippocampal regions in SkQ1-treated OXYS rats was 
substantially lower than that in untreated OXYS rats, 
and did not differ from these parameters in Wistar rats. 
Accordingly, the number of normal neurons in all 
hippocampal regions of SkQ1-treated OXYS rats was at 
the level of Wistar rats and higher than in untreated 
OXYS rats (Fig. 3C). Next, we analyzed the effects of 
SkQ1 treatment on the size of pyramidal neurons in the 
hippocampal CA1 and CA3 regions and dentate gyrus 
of OXYS rats. We found that in OXYS rats in the CA1 
region, the average area of neuronal bodies and 
nuclei—and in the CA3 region, the average area of 
neuronal bodies—were less than those in the Wistar 
strain (Fig. 3D, E). SkQ1 treatment increased the area of 
neuronal bodies in the СА3 region and dentate gyrus of 
the OXYS hippocampus (Fig. 3D).  

Besides, in SkQ1-treated OXYS rats, the area of the 
nuclei in the СА1 region was larger than that in 
untreated OXYS rats and was not different from this 
parameter in Wistar rats (Fig. 3E). Further analyses of 
the ultrastructural state of pyramidal neurons in the 
hippocampal СА1 region of the rats revealed significant 
changes (similar to those showed recently [31]) in the 
structural organization of the nucleus, nucleolus, Golgi 
complex, endoplasmic reticulum (Fig. 3F) and 
mitochondria (Fig. 2B) in OXYS rats compared to the 
Wistar strain. In addition, in many neurons of OXYS 
rats, there were numerous vacuoles and 
phagolysosomes of various sizes and shapes (Fig. 3F). 
Administration of SkQ1 substantially improved the 
ultrastructural state of neurons in OXYS rats (Fig. 3F) 
and according to morphometric analysis, significantly 
increased specific area of mitochondria (Fig. 2B) and 
the endoplasmic reticulum, decreased specific area of 
lysosomes and vacuoles, and slightly but not 
significantly decreased the specific area of the Golgi 
complex (Table S1). These data corroborate previous 
reports of neuronal loss and neurodegenerative changes 
in the hippocampus of OXYS rats at this age [31] and 
indicate that SkQ1 treatment prevented the neuronal 
loss and progression of neurodegeneration in these rats. 

SkQ1 improves the neurotrophic supply 

We next assessed the effects of SkQ1 treatment on the 
levels of brain-derived neurotrophic factor (BDNF) and 
of neurotrophic receptors tyrosine kinase B (TrkB) and 

p75 neurotrophin receptor (p75NTR), because we 
recently reported [32] that in OXYS rats, the cerebral 
level of BDNF compensatory increases in response to 
the development of neurodegenerative changes at early 
stages of AD-like pathology and dramatically decreases 
with age. Enzyme immunoassay analysis of BDNF (Fig. 
4A) revealed no significant differences in protein levels 
of total BDNF between OXYS rats and Wistar rats. In 
addition, we found no effects of SkQ1 treatment on the 
BDNF protein level in OXYS rats. After that, we 
immunolabeled tissue samples with antibodies against 
the mature form of BDNF (mBDNF) and immature 
BDNF (proBDNF) to assess the contribution of each 
protein form to the total BDNF protein level in 
untreated or chronically SkQ1-treated OXYS rats and in 
Wistar rats (Fig. 4B). In the hippocampus, we found 
decreased mBDNF and increased proBDNF 
concentrations in OXYS rats and no differences in these 
proteins’ levels between SkQ1-treated OXYS rats and 
Wistar rats. Therefore, the downregulation of mBDNF 
and upregulation of proBDNF in OXYS rats is 
indicative of a shift in the proBDNF/mBDNF balance in 
the direction of the immature form of the protein 
(proBDNF), which activates apoptosis.  

Western blot analysis of the phospho-TrkB/TrkB ratio, 
which reflects activity of TrkB (a mBDNF receptor), 
revealed that in the OXYS hippocampus, this ratio was 
lower than that in Wistar rats (Fig. 4C). 
Immunolabeling of tissue samples with anti-TrkB and 
anti-phospho-TrkB antibodies confirmed this result 
(Fig. 4D). Moreover, immunolabeling for proBDNF and 
p75NTR revealed increased colocalization of proBDNF 
with p75NTR, apparently caused by upregulation of 
proBDNF in the OXYS hippocampus (Fig. 4E). This 
result is suggestive of initiation of neuronal apoptosis, 
and as a consequence, of progression of 
neurodegenerative changes. SkQ1 treatment of OXYS 
rats increased the protein level of mBDNF and 
decreased that of proBDNF (Fig. 4B). Thus, the 
increase in the phospho-TrkB/TrkB ratio (Fig. 4C, D), 
downregulation of proBDNF, upregulation of mBDNF 
(Fig. 4B), and reduced immunoreactivity of p75NTR as 
well as its colocalization with proBDNF (Fig. 4E) in the 
hippocampus of SkQ1-treated OXYS rats indicate 
activation of cellular processes promoting the growth of 
neurites, formation of new synapses, and neuronal 
survival. 

SkQ1 reverses synaptic deficits 

In line with their hippocampus-dependent cognitive 
deficits, OXYS rats show a synaptic loss [31], 
prominent alterations of synaptic functions [33], and 
significant ultrastructural changes [28] in the 
hippocampus. Ultrastructural abnormalities in synaptic  
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Figure 4. SkQ1 improves neurotrophic supply in the hippocampus. (A) Enzyme immunoassay analysis showed no 
differences in the levels of total hippocampal BDNF among 18-month-old Wistar rats, untreated OXYS rats, and SkQ1-treated 
OXYS rats (n=8). (B) Representative 40 × immunofluorescent images of staining for mBDNF (red), proBDNF (green), and cell nuclei 
(DAPI, blue) in the CA1 region of the hippocampus. (C) Hippocampus levels of TrkB and phTrkB were not different between Wistar 
rats and untreated OXYS rats (n=6). The level of TrkB decreased in the hippocampus of SkQ1-treated OXYS rats (p<0.05). 
Measurement of the phTrkB/TrkB ratio showed a significant decrease of this ratio in the hippocampus of OXYS rats (p<0.04). 
Treatment with SkQ1 increased the phTrkB/TrkB ratio in OXYS rats (p<0.05). (D) Representative 40× immunofluorescent images of 
staining for receptors TrkB (red; upper row) and phTrkB (red; lower row) and for cell nuclei (DAPI, blue) in the CA1 region of the 
hippocampus. (E) Representative 40× immunofluorescent images of colocalization of proBDNF (red), p75NTR receptor (green), and 
cell nuclei (DAPI, blue) in the CA1 region of hippocampus. A.u.: arbitrary units. The data are shown as mean ± SEM. Statistical 
significance (p<0.05) is denoted by the asterisk.  
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terminals of OXYS rats in the period of progression of 
AD-like pathology are characterized by decreased 
numbers of synaptic vesicles, by signs of their 
disorganization and destruction, by increased numbers 
of various vacuoles, and by swelling and disintegration 
of mitochondria [31]. To determine whether chronic 
SkQ1 treatment alleviates synaptic deficits in OXYS 
rats, we measured SkQ1’s effects on synaptic density in 
the CA1 region of the hippocampus. Electron-
microscopic analysis showed that the synaptic density 
was significantly lower in OXYS rats (Fig. 5A) than in 
Wistar rats. Furthermore, the number of asymmetric 
(excitatory) synapses (classified by morphometric 
criteria) was almost twofold lower in OXYS rats (Fig. 
5C) than in Wistar rats. In SkQ1-treated OXYS rats, the 
synaptic density was 17% higher (Fig. 5A) than that in 
untreated OXYS rats (insignificantly). In contrast, the 

number of excitatory synapses in SkQ1-treated OXYS 
rats was 42% greater (Fig. 5C) than that in untreated 
OXYS rats. The proportion of symmetric (inhibitory) 
synapses classified by morphometric criteria was 
twofold smaller in the SkQ1-treated OXYS rats than in 
untreated OXYS rats (Fig. 5B). In contrast to Wistar 
rats (Fig. 5D) and SkQ1-treated OXYS rats (Fig. 5F), in 
untreated OXYS rats, we observed degenerating 
synaptic terminals substantially more frequently (Fig. 
5E); they showed characteristic clarification and 
swelling  of  the  cytoplasm,  disintegration  of synaptic 
vesicles, an increase in the number of various vacuoles, 
and swelling and disintegration of mitochondria.  

In addition, in SkQ1-treated OXYS rats, the share of 
excitatory synapses was 94% of total synaptic density, 
in untreated OXYS rats: 78%, and in Wistar rats: 86%.  

Figure 5. SkQ1 increased the density of asymmetric synapses and improved synaptic structure in the CA1 
region of the hippocampus. (A) The low density of synapses in the hippocampus of OXYS rats (n=4; p<0.05) and an 
increase by 17% in response to SkQ1 treatment. (B) A decrease in the number of symmetric synapses in response to SkQ1 
treatment (p< 0.05). (C) The low number of asymmetric synapses in the hippocampus of OXYS rats and an increase in 
response to SkQ1 treatment (p<0.05). (D–F) Typical synaptic neuropil of the CA1 region in a Wistar rat, untreated OXYS rat, 
and SkQ1-treated OXYS rat. (D) Asymmetric synapses (white arrows) on a dendritic spine (sp) and on a nonspiny dendrite (ns) 
in a Wistar rat. (E) Symmetric synapse (black arrow) on a nonspiny dendrite (ns) containing a large mitochondrion (mito), and 
a degenerative myelinated axon in neuropil of an untreated OXYS rat. (F) Asymmetric synapses (black arrows) on a nonspiny 
dendrite (ns) in neuropil of an SkQ1-treated OXYS rat. The scale bar is 1 µm. The data are shown as mean ± SEM. Statistical 
significance (p<0.05) is denoted by an asterisk. 
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Figure 6. SkQ1 increased the number of presynaptic active zones in the hippocampal CA1 region and increased the 
levels of pre- and postsynaptic proteins in the hippocampus. (A) The low number of presynaptic active zones in the 
hippocampus of OXYS rats (n=4; p<0.05) and an increase in response to SkQ1 treatment (p<0.05). (B) The elevated number of 
large presynaptic active zones (judging by the length of an active zone in the micrographs) in the hippocampus of OXYS rats 
(p<0.05) and an increase in the number of medium presynaptic active zones in response to SkQ1 treatment (p<0.05). (C) The 
electron micrographs show an active zone (AZ) in the CA1 region of the hippocampus in a Wistar rat and untreated and SkQ1-
treated OXYS rats. (D, E) Synapsin I and PSD-95 levels were low in the hippocampus of untreated OXYS rats (p<0.05) and increased 
in response to SkQ1 treatment (p<0.05) according to western blot analyses (n=6-8). (F) Immunohistochemical staining (n=4) of 
synapsin I (red) and PSD-95 (green). The DAPI (blue) staining shows cell nuclei. The scale bar is 1 µm in (C) and 5 µm in (F). Mito: 
mitochondria, Syn I: synapsin I, a.u.: arbitrary units. The data are shown as mean ± SEM. Statistical significance (p<0.05) is 
denoted by an asterisk. 
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Accordingly, the proportion of active zones – a 
specialized portion of the presynaptic membrane to 
which synaptic vesicles dock and where they get primed 
for the release [34] – was greater in SkQ1-treated 
OXYS rats than in untreated OXYS rats (Fig. 6A). In 
this context, the increase in the proportion of large 
active zones in untreated OXYS rats (Fig. 6B) may 
reflect the processes of plastic reorganization directed at 
compensation for the regressive alterations of synaptic 
connections. Although in SkQ1-treated OXYS rats, the 
number of presynaptic active zones significantly 
increased (Fig. 6A, B), mostly due to medium active 
zones (300–500 nm), this change probably represents 
the mechanism of plastic reorganization of synapses and 
formation of new contacts among neurons. The result of 
the rearrangement of synaptic organization of the 
hippocampus in SkQ1-treated OXYS rats was an 
increased number of synaptic vesicles docked with the 
presynaptic membrane (Fig. 6C). 

The conclusions of the morphometric assessment of the 
synaptic status were confirmed by the results of 
evaluation of SkQ1’s influence on the hippocampal 
amounts of  protein markers of pre- and postsynaptic 
density: synapsin I, participating in the regulation of the 
process of neurotransmitter release in synapses, and 
postsynaptic density protein 95 (PSD-95): the main 
protein of postsynaptic density. According to western 
blot analysis, the hippocampal level of both proteins in 
untreated OXYS rats was significantly lower (Fig. 6D, 
E) than that in Wistar rats. Prolonged administration of
SkQ1 significantly increased the levels of synapsin I
and PSD-95 in the hippocampus of OXYS rats (Fig. 6D,
E), to the level of the Wistar strain. Finally, we
immunolabeled tissue samples with anti-synapsin I and
anti-PSD-95 antibodies to assess the effects of SkQ1
treatment on expression of the proteins (Fig. 6F). In the
hippocampus, we observed decreased levels of synapsin
I and PSD-95 in OXYS rats and no differences in these
proteins’ levels between SkQ1-treated OXYS rats and
Wistar rats. Thus, these results indicate that chronic
SkQ1 treatment probably not only ensured integrity of
the existing neuronal connections but also promoted
formation of new functionally active neuronal relations.

SkQ1 decreases amyloid-β levels, tau 
hyperphosphorylation, and attenuates memory 
deficits 

Because progressive accumulation of toxic amyloid-β  
species in the brain of OXYS rats starts at age 12 
months [27-28], we tested whether treatment with SkQ1 
since 12 months of age affects amyloid-β1-40 and 
amyloid-β1-42 levels in the hippocampus of 18-month-
old OXYS rats. Enzyme immunoassay analysis of 
amyloid-β1-40 and amyloid-β1-42 (Fig. 7A) revealed 

significantly increased levels of these polypeptides in 
OXYS rats compared to Wistar rats. SkQ1 significantly 
lowered the protein levels of amyloid-β1-40 and amyloid-
β1-42 in OXYS rats, to the level of Wistar rats. Finally, 
we immunolabeled tissue samples with an anti-amyloid-
β1-42 antibody, to assess the influence of SkQ1 treatment 
on protein expression (Fig. 7B). In the hippocampus, we 
found increased amyloid-β1-42 levels in OXYS rats and 
no differences in amyloid-β1-42 content between SkQ1-
treated OXYS rats and Wistar rats. 

Because the levels of tau protein and of its 
phosphorylated form are increased in the brain of 
OXYS rats already at age 3 months [28], we then 
evaluated the ability of SkQ1 to slow down the 
hyperphosphorylation of tau protein in the hippocampus 
during progression of AD-like pathology. Western blot 
analysis of Tau and of its phosphorylated forms pТ181, 
pS262, and pS396 (Fig. 7C, D) revealed significantly 
increased protein levels of all of the above in 18-month-
old OXYS rats compared to Wistar rats. SkQ1 
significantly lowered the protein expression of Tau, 
pТ181, and pS262 in OXYS rats, to the level of Wistar 
rats (Fig. 7C, D).  

Finally, we assessed hippocampus-dependent learning 
and memory of untreated or chronically SkQ1-treated 
OXYS rats in the Morris water maze as compared with 
Wistar rats. In the spatial (hidden-platform) component 
of the test, Wistar rats and SkQ1-treated OXYS rats 
learned better and faster than OXYS rats did (Fig. 7E). 
Moreover, untreated OXYS rats did not show any 
decrease in escape latency during the training. In 
addition, compared to Wistar rats, OXYS rats spent 2.5-
fold less time in the target quadrant (Fig. 7F) on the 
sixth day (when the platform was removed); this is an 
indication of worsened reference memory. SkQ1-treated 
OXYS rats showed a significant decrease in escape 
latency already on the second trial day (Fig. 7E) and 
spent almost 2.5-fold as much time in the target 
quadrant on the sixth day (Fig. 7F) as compared to the 
untreated OXYS rats. Taken together, these data 
confirm our previous findings of increased amyloid-β 
levels, tau hyperphosphorylation, and cognitive deficits 
in OXYS rats at the progressive stage of AD-like 
pathology [28] and indicate that chronic SkQ1 treatment 
attenuates these processes, by decreasing amyloid-β 
levels and tau hyperphosphorylation and by restoring 
reference memory. 

DISCUSSION 

The main purpose of this study was to assess the impact 
of mitochondrial dysfunction on the development of the 
sporadic form of AD using a nontransgenic rat model of 
this  disease  (the  OXYS  strain)  and  to  test  whether  
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Figure 7. SkQ1 decreases amyloid-β levels and tau hyperphosphorylation and attenuates memory deficits. (A) 
The increased levels of amyloid-β1-40 and amyloid-β1-42 in the hippocampus of untreated OXYS rats (n=8; p<0.05) were 
attenuated in response to SkQ1 treatment (p<0.05). (B) Immunostaining for amyloid-β1-42 (Aβ1-42 in green) in the hippocampus 
of Wistar rats, untreated OXYS rats, and SkQ1-treated OXYS rats. The DAPI (blue) staining shows cell nuclei. (C and D) The 
increased levels of Tau, pТ181, pS262, and pS396 in the hippocampus of untreated OXYS rats (n=6; p<0.05) were significantly 
attenuated (except for pS396) in response to SkQ1 treatment (p<0.05). (E) Compared to Wistar rats, OXYS rats (n=8) showed 
increased escape latencies on all trial days (p<0.01) and (F) spent less time in the target quadrant on the sixth day (p<0.05). 
SkQ1 decreased escape latency of OXYS rats on the second trial day (p<0.02) and increased the time spent by OXYS rats in the 
target northwest quadrant on the sixth day (p<0.02). The scale bar is 5 µm. Aβ: amyloid-β, a.u.: arbitrary units. The data are 
shown as mean ± SEM. *p<0.05; #p<0.05 for effects of SkQ1. 
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correction of mitochondrial dysfunction by means of the 
mitochondria-targeted antioxidant SkQ1 is an effective 
way to slow AD. According to our past and present 
data, we believe that the development and progression 
of AD-like pathology in OXYS rats may be caused by 
mitochondrial dysfunction. Five lines of evidence 
support this conclusion.  

First, the development of early disturbances in 
mitochondrial function in OXYS rats is indicated by the 
significant increase in the prevalence of a common 
deletion (4834 bp) in mitochondrial DNA (mtDNA), 
especially at the stage of completion of brain 
development in the postnatal period [35]; this event is 
much earlier than accumulation of toxic forms of 
amyloid-β in the brain [28]. Meanwhile, the prevalence 
of mtDNA with the deletion in the hippocampus of 
OXYS rats stays elevated both at the stages preceding 
the development of signs of AD and during their 
progression. Accumulation of mtDNA deletions is 
considered one of the causes of the age-related decrease 
in the efficiency of oxidative phosphorylation. It also 
affects age-associated development of 
neurodegenerative diseases, including AD [36]. In 
particular, the lowered efficiency of the respiratory 
chain leads to enhanced accumulation of mtDNA 
deletions and oxidative damage to mtDNA; these 
processes may promote the buildup of toxic forms of 
amyloid-β, including because of the disruption in the 
production/clearance balance of this protein [37]. 

Second, the expression profile of mitochondrial genes in 
the brain of OXYS rats is significantly different from 
that of normal control rats [38], including the possible 
mitochondrial energy deficiency.  

Third, enzymatic activity of complexes of the 
respiratory chain is decreased, and biosynthetic 
processes are aberrant in the hippocampus of old OXYS 
rats. Downregulation of oxidative phosphorylation and 
functional insufficiency of the fusion/fission system of 
mitochondria (associated with the development of AD) 
trigger mitochondrial disorders and activation of 
apoptotic processes. Both high activity of mitophagy in 
neurons and weakened elimination of mitochondria with 
structural or functional disturbances tend to shift the 
balance between functionally normal and defective 
mitochondria in favor of the latter [39-42]. 

Fourth, OXYS rats have (increasing with age) structural 
and functional mitochondrial alterations, detectable in 
various tissues and cells [20-22, 28, 31, 43-44], pointing 
to systemic disturbances in mitochondrial function; 
these problems can result in accelerated aging.  

And fifth, treatment with the mitochondria-targeted 

antioxidant SkQ1 slows the development and 
progression of age-dependent diseases in OXYS rats 
[16-23], including AD-like pathology [24-25]. Recently, 
we showed that treatment of OXYS rats with SkQ1—
starting at a young age—protected the rats from 
accumulation of mtDNA deletions in the hippocampus 
[35] and from neurodegeneration [25].

The main finding in the present study is that restoration 
of mitochondrial function by means of SkQ1 prevents 
and/or significantly slows the development of all signs 
of AD-like pathology in OXYS rats in the period of its 
active progression. We found that the proportion of 
damaged neurons in the hippocampus of SkQ1-treated 
OXYS rats was significantly smaller than that in 
untreated OXYS rats and was not different from this 
proportion in the Wistar strain. At the same time, 
according to analysis of the ultrastructural state of 
pyramidal neurons in the hippocampal СА1 region, in 
SkQ1-treated OXYS rats, there was a significant 
improvement of structural organization of organelles as 
well as increased specific area of mitochondria and 
endoplasmic reticulum, with decreased specific area of 
lysosomes and vacuoles. Our results revealed that SkQ1 
did not affect the level of total BDNF in the OXYS 
hippocampus but upregulated mBDNF and 
downregulated proBDNF; these changes are suggestive 
of a shift in the proBDNF/mBDNF balance in favor of 
the mature form of the protein. Indeed, the increased 
phospho-TrkB/TrkB ratio and normalization of the 
balance of mature/immature forms of BDNF in the 
hippocampus of SkQ1-treated OXYS rats reflects 
activation of cellular processes promoting the growth of 
neurites, formation of new synapses, and neuronal 
survival. 

The progression of AD-like pathology in OXYS rats is 
linked with substantial structural and functional 
alterations of synapses and with decreased synaptic 
density [31, 45]. Administration of SkQ1 not only 
ensured preservation of numerical density of synapses 
in the hippocampus of OXYS rats but, possibly, also 
facilitated activation of the remaining undamaged 
neurons and synapses and improved intraneuronal 
processes and axonal transport. This notion is supported 
by the increased proportion of asymmetric (excitatory) 
synapses and a greater number of active zones of 
synaptic contact as well as upregulation of pre- and 
postsynaptic proteins synapsin I and PSD-95, whose 
downregulation is considered an indicator event in AD 
[46-47]. 

We found that supplementation with SkQ1 in OXYS 
rats during active progression of AD-like pathology 
substantially improved their cognitive abilities, possibly 
as a result of the unique ability of SkQ1 to restore the 
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processes of synaptic plasticity (as demonstrated in this 
study), not so much as a result of amyloid-β 
downregulation. Our hypothesis is that the pathogenesis 
of the familial form of AD differs from that of the 
sporadic form of this disease. We obtained additional 
evidence that the consequence of toxic accumulation of 
amyloid-β (in the brain of patients with the familial 
form of AD) is a disruption of АβРР processing, 
whereas in patients with the sporadic form of AD, the 
accumulation of amyloid-β can be mediated by synaptic 
processes [48]. Lately, the decisive role in progression 
of AD is attributed to trans-synaptic migration of toxic 
amyloid-β under the conditions of reorganization of 
interneuronal connections [49]. 

It should be emphasized that accumulation of amyloid-β 
in the brain of OXYS rats is a secondary event during 
the development of AD signs [28]. Manifestation of 
behavioral aberrations and deterioration of cognitive 
abilities in OXYS rats take place during mitochondrial 
dysfunction and hyperphosphorylation of tau protein 
[25, 27-28, 31]. Oxidative stress, chronic inflammation, 
and cellular stress are conducive to hyperphosphoryla-
tion of tau protein [50-53], whose consequence is 
disturbances of axonal transport [54]. These alterations 
can lead to destructive changes in axons, accumulation 
of damaged mitochondria there (mitochondrial 
abnormalities) and of other defective organelles [55-
56], as we frequently saw in the hippocampus of 18-
month-old untreated OXYS rats and in rare cases, in 
Wistar rats and in SkQ1-treated OXYS rats. Recently, 
in OXYS rats, we uncovered signs structural 
disturbances of myelin fibers of axons, structural 
changes in microtubules, and their disarray [31], which, 
to a substantial extent, can be a consequence of hyper-
phosphorylation of tau protein, as we demonstrated 
previously [25, 27-28] and in the present work. The 
neurotoxic action of tau protein can be mediated by 
amyloid-β, which promotes enhanced phosphorylation 
of tau protein and therefore, formation of neurofibrillary 
tangles via activation of kinases Cdk5 and GSK3b and 
by activating caspase 3, caspase 9, and calpain [57-58]. 
As shown in our previous studies, progression of the 
signs of AD in OXYS rats is accompanied by 
downregulation of the Gsk3b gene’s mRNA in the 
cortex and increased mRNA expression of genes Cdk5, 
Casp9, and Capn1; these changes may also be triggered 
by the toxic forms of amyloid-β from neurodegenerative 
processes [38]. On the basis of the present results, we 
can hypothesize that the observed substantial 
improvement in the structure of myelin fibers and in the 
structure and organization of microtubules in SkQ1-
treated OXYS rats are related to the ability of this 
antioxidant to attenuate the age-associated enhancement 
of tau protein phosphorylation; the latter improvement 

apparently led to normalization of transport pathways in 
cerebral neurons. 

Studies involving primary neuronal cultures and 
hippocampal slices from AβPP transgenic mice showed 
that mitochondria-targeted antioxidants can prevent 
and/or slow down the amyloid-β-driven increase in 
ROS production, mitochondrial aberrations, 
disturbances of long-term post-tetanic potentiation, and 
neuronal death [59-61]. The ability of SkQ1 to slow 
down toxic effects of exogenous amyloid-β on 
formation of long-term post-tetanic potentiation in the 
hippocampus has also been demonstrated in vitro as 
well as in vivo [62]. Previously, we have shown that 
prophylactic dietary supplementation with SkQ1, 
starting before the manifestation of AD-like pathology 
(at the age of 1.5 months), significantly suppresses the 
accumulation of toxic forms of amyloid-β in the OXYS 
rats’ brain and inhibits the development of all other 
signs of the disease [25]. Here, for the first time, we 
showed the ability of SkQ1 to suppress their 
development in elderly OXYS rats during active 
progression of AD-like pathology. 

We cannot name the specific mechanisms of action of 
SkQ1 today, but the focus of this study is on the novel 
finding (by means of SkQR1) that dietary 
supplementation with SkQ1 allows this compound to 
penetrate and accumulate in the mitochondria of 
cerebral neurons. Earlier, effective penetration of 
SkQR1 into brain structures was shown only for its 
intranasal administration [63]. We can assume that the 
effects of SkQ1 are due to a direct antioxidant effect 
[64] as well as the ability to suppress mitochondrial
production of ROS, and thereby to enhance the fatty-
acid-driven mild decoupling of oxidation and
phosphorylation [65]. We can also speculate that the
effects of SkQ1, like those of another powerful
neuroprotector, melatonin [31; 66], which are
considered in recent years as a mitochondria-targeted
antioxidant, are mediated by improved coordination of
cellular signaling pathways responsible for tissue
homeostasis [67]. In any case, this hypothesis is
supported by the improved structural and functional
state of mitochondria (and neurons on the whole) in
SkQ1-treated OXYS rats as well as downregulation of
amyloid-β and of tau protein hyperphosphorylation,
recovery of synaptic processes and as a consequence,
restoration of cognitive functions.

Thus, although the specific mechanisms of action of 
SkQ1 remain unclear, the fact that it specifically 
restores mitochondrial function and inhibits the 
development and progression of AD in a rat model is a 
compelling argument for its testing in clinical strategies 
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targeting mitochondria for prevention and possibly 
treatment of this disease. 

MATERIALS AND METHODS 

Compounds 

SkQ1 and SkQR1 (a rhodamine derivative of the 
former: SkQ1 decylrhodamine 19) were synthesized and 
provided by the Institute of Mitoengineering of Moscow 
State University (Moscow, Russia). 

Animal treatments 

All experimental procedures were in compliance with 
the European Communities Council Directive of 24 
November 1986 (86/609/EEC). The protocol of the 
animal study was approved by the Commission on 
Bioethics of the Institute of Cytology and Genetics, 
Novosibirsk, Russia. Male senescence-accelerated 
OXYS rats and Wistar rats were obtained from the 
Center for Genetic Resources of Laboratory Animals at 
the Institute of Cytology and Genetics, the Siberian 
Branch of the Russian Academy of Sciences 
(RFMEFI61914X0005 and RFMEFI61914X0010). The 
OXYS strain was derived from the Wistar strain of rats 
at the Institute of Cytology and Genetics as described 
earlier [24] and was registered in the Rat Genome 
Database (http://rgd.mcw.edu/). At this point, we have 
the 109th generation of OXYS rats, with spontaneously 
developing cataract and accelerated senescence 
syndrome inherited in a linked manner.  

At the age of 4 weeks, the pups were weaned, housed in 
groups of five animals per cage (57 × 36 × 20 cm), and 
kept under standard laboratory conditions (22°C ± 2°C, 
60% relative humidity, and 12-hour light/12-hour dark 
cycle; lights on at 9 a.m.). The animals were provided 
with standard rodent feed (PK-120-1; Laboratorsnab, 
Ltd., Moscow, Russia) and water ad libitum. 

To assess the influence of oral SkQ1 administration 
(from age 12 to 18 months) on progression of AD-like 
pathology, 12-month-old male OXYS rats were 
randomly assigned to one of two groups (n=15). One 
group consumed a control diet with addition of dried 
bread slices, and the other the same diet supplemented  
with SkQ1 (250 nmol/[kg body weight]) on the dried 
bread slices. Each rat in the treatment group received 
SkQ1 daily. As controls, we used a group of Wistar rats 
(n=15). 

To assess the localization and accumulation of SkQ1 in 
the brain by means of SkQR1, 4-month-old OXYS rats 
were randomly assigned to one of four groups (n=4). 
Two groups consumed a control diet supplemented with 

dried bread slices for 7 days or 14 days. The other two 
groups consumed the same diet supplemented with 
SkQR1 (250 nmol/kg) for 7 days or 14 days, 
respectively. 

After treatment with SkQR1 in the 4.2- to 4.5-month-
old cohorts, and after behavioral testing in the 18-
month-old cohort, the rats were euthanized via CO2 
asphyxiation. In both series of experiments, brains were 
carefully excised, and hemispheres were separated 
along the midline. For histological and immunohisto-
chemical assays, the hemispheres were immediately 
fixed in 4% paraformaldehyde in phosphate-buffered 
saline. Fixed hemispheres were sliced at 5 or 20 μm 
(n=4-5; 4–6 serial tissue sections per animal) using a 
Microm HM-505 N cryostat. For western blot analysis 
and an enzyme-linked immunosorbent assay (ELISA), 
the hippocampus of 18-month-old rats (n=6-8) was 
separated from the brain, placed in a microcentrifuge 
tube for protein isolation, and frozen in liquid nitrogen. 
For assays of activities of mitochondrial complexes I 
and IV, the mitochondrial fraction was isolated from the 
rat hippocampus. For electron microscopic examination, 
the hippocampus samples (n=4) were fixed with 2.5% 
glutaraldehyde in sodium cacodylate buffer.  

Western blotting 

Immunoblotting was performed as previously described 
[28]. Antibodies and dilutions used in this study 
include: anti-TrkB (1:1000; # ab18987, Abcam), anti-
phospho-TrkB (phTrkB Y817; 1:1000; # ab81288, 
Abcam), anti-synapsin I (1:1000; # ab64581, Abcam), 
anti-PSD-95 (1:1000; # ab12093, Abcam), anti-tau 
(1:1000; # ab75714, Abcam), anti-phospho-tau 
(phospho T181; 1:1000; # ab75679, Abcam), anti-
phospho-tau (phospho S262; 1:1000; # ab131354, 
Abcam), anti-phospho-tau (phospho S396; 1:1000; # 
ab109390, Abcam), and anti-β-actin (1:1000; # ab1801, 
Abcam). Quantitative densitometric analyses were 
performed on digitized images of immunoblots in the 
ImageJ software (NIH, USA).  

ELISAs 

ELISAs for BDNF (BDNF [Rat] ELISA Kit; #KA0330, 
Abnova), for amyloid-β1-40 (Human/Rat ELISA Kit; # 
294-62501, Wako), and for amyloid-β1-42 (Human/Rat 
ELISA Kit; # 290-62601, Wako) were performed on the 
isolated protein samples. Quantitation was carried out 
by measuring optical density on a microtiter plate 
reader, and the concentration was calculated in 
picograms of BDNF per milligram of hippocampal 
tissue or in picograms of amyloid-β1-40 or amyloid-β1-42 
protein per milligram of total protein of hippocampal 
tissue. 

http://rgd.mcw.edu/
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Assays of activity of mitochondrial complexes I and 
IV 

Mitochondrial complex I activity was determined with 
the Complex I Rodent Enzyme Activity Microplate 
Assay Kit (# ab109721, Abcam) by quantifying 
oxidation of NADH to NAD+ and the simultaneous 
reduction of a dye, which causes an absorbance increase 
at 450 nm within 30 min using a CLARIO Star 
spectrophotometer (BMGLabtech). The Mitochondrial 
Complex IV Rodent Enzyme Activity Microplate Assay 
Kit (# ab109911, Abcam) was used to determine the 
activity of cytochrome c oxidase by quantifying 
oxidation of reduced cytochrome c using the absorbance 
change at 550 nm within 2 hours by means of CLARIO 
Star. The linear rate was examined, and enzymatic 
activity was expressed as an optic density (OD) 
alteration rate (OD/min) per μg of the isolated protein 
samples added per well. 

Histological examination 

This analysis was performed as described elsewhere 
[31]. For the estimates of neuron numbers and to 
evaluate morphological features of the neurons in the 
middle molecular layer of the dentate gyrus, and CA1 
and CA3 pyramidal layer, a set of 4–6 serial sections 
from each animal was used. A 100× objective lens 
(Axioplan 2, Zeiss) was used to count >200 neurons per 
visual field. The dead and damaged neurons were 
identified by their morphological features. The data 
were presented as a percentage of normal (no change), 
damaged, and dead neurons among all neurons in each 
visual field of a hippocampus sample. We measured the 
average area of the body and nucleus of the neurons per 
mm2. Images of the same region of the hippocampus 
were analyzed using the ImageJ software. 

Immunofluorescent staining 

This procedure was performed by a standard indirect 
method as described previously [28]. Primary 
antibodies and dilutions were as follows: anti-COX IV 
(1:250; # ab16056, Abcam), anti-DRP1 (1:250; # 
ab56788, Abcam), anti-Mfn2 (1:250; # ab50838, 
Abcam), anti-proBDNF (1:250; # ab72440, Abcam), 
anti-mBDNF (1:250; # GF35L, Millipore), anti-TrkB 
(1:250; # ab18987, Abcam), anti-phospho-TrkB 
(phospho TrkB Y817; 1:250; # ab81288, Abcam), anti-
p75NTR (1:250;  # ab93934, Abcam), anti-synapsin I 
(1:250; # ab64581, Abcam), anti-PSD-95 (1:250; # 
ab12093, Abcam), and anti-amyloid beta peptide 
(MOAB-2; 1:250; # MABN254, Millipore). After 
incubation with the respective secondary antibodies 
DyLight-650 or Alexa Fluor 488 (## ab96886, 

ab150073, Abcam) diluted 1:250, the slices were 
coverslipped with the Fluoro-shield mounting medium 
containing 4′,6-diamidino-2-phenylindole (DAPI; # 
ab104139, Abcam) and examined under an Axioplan 2 
microscope (Zeiss). 

Electron-microscopic examination 

The hippocampal samples of rats were prepared as 
described elsewhere [31]. For quantitative analysis, 
electron-transparent regions were identified on the 
electron micrographs of synapses and pyramidal 
neurons of the CA1 region (30 photos per animal). 
Then, all organelles that are located in these regions 
were painted using software. The photos were processed 
in Adobe Photoshop; for each photo, the following 
parameter was determined: the total area of each type of 
organelle located in the electron-transparent areas of the 
neurons. Then, the organelle-occupied proportion of the 
neuron area was calculated. We determined the number 
of interneuronal contacts (per visual field of 50 µm2) 
and calculated the numerical density of synapses per 
100 µm2. Asymmetrical and symmetrical synapses were 
also counted. The synapses were classified (by the 
length of the active contact zone) into small (<300 nm), 
medium (300–500 nm), large (500–700 nm), and very 
large (>700 nm). 

Cognitive testing 

The Morris water maze test [68] was used to analyze 
spatial memory: the rats (n=7) had to find a submerged 
platform in a pool of water, using external visual cues. 
Behavioral testing was carried out from 17.5 to 18 
months of age as described previously [25]. 

Statistical analysis 

The data were subjected to ANOVA (Statistica 8.0 
software). The Newman–Keuls test was applied to 
significant main effects and interactions in order to 
assess the differences between some sets of means. The 
data were presented as mean ± SEM. The differences 
were considered statistically significant at p<0.05. 

ACKNOWLEDGEMENTS 

The experiments on cognitive abilities and 
neurochemistry in OXYS and Wistar rats were 
supported by grants from the Russian Foundation for 
Basic Research (15-04-01938 and 15-04-06066), 
whereas the histological examination and electron-
microscopic analysis were supported by a Russian 
Scientific Foundation grant (16-15-10005). 



www.aging-us.com 2728 AGING (Albany NY) 

CONFLICTS OF INTEREST 

The authors declare no conflicts of interest. 

REFERENCES 

1. Feng Y, Wang X. Antioxidant therapies for Alz-
heimer’s disease. Oxid Med Cell Longev. 2012;
2012:472932. doi: 10.1155/2012/472932

2. Hardy JA, Higgins GA. Alzheimer’s disease: the amy-
loid cascade hypothesis. Science. 1992; 256:184–85.
doi: 10.1126/science.1566067

3. Morley JE, Armbrecht HJ, Farr SA, Kumar VB. The
senescence accelerated mouse (SAMP8) as a model
for oxidative stress and Alzheimer's disease. Biochim
Biophys Acta. 2012; 1822:650-56.

4. Schon EA, Area-Gomez E. Mitochondria-associated
ER membranes in Alzheimer disease. Mol Cell
Neurosci. 2013; 55:26–36.
doi: 10.1016/j.mcn.2012.07.011

5. Krstic D, Knuesel I. Deciphering the mechanism un-
derlying late-onset Alzheimer disease. Nat Rev Neu-
rol. 2013; 9:25–34. doi: 10.1038/nrneurol.2012.236

6. Castellano JM, Deane R, Gottesdiener AJ, Verghese
PB, Stewart FR, West T, Paoletti AC, Kasper TR,
DeMattos RB, Zlokovic BV, Holtzman DM. Low-
density lipoprotein receptor overexpression
enhances the rate of brain-to-blood Aβ clearance in
a mouse model of β-amyloidosis. Proc Natl Acad Sci
USA. 2012; 109:15502–07.
doi: 10.1073/pnas.1206446109

7. Swerdlow RH, Khan SM. A “mitochondrial cascade
hypothesis” for sporadic Alzheimer’s disease. Med
Hypotheses. 2004; 63:8–20.
doi: 10.1016/j.mehy.2003.12.045

8. Swerdlow RH, Burns JM, Khan SM. The Alzheimer’s
disease mitochondrial cascade hypothesis: progress
and perspectives. Biochim Biophys Acta. 2014;
1842:1219–31. doi: 10.1016/j.bbadis.2013.09.010

9. Mattson MP. Pathways towards and away from Alz-
heimer’s disease. Nature. 2004; 430:631–39. doi:
10.1038/nature02621

10. Grimm A, Friedland K, Eckert A. Mitochondrial dys-
function: the missing link between aging and
sporadic Alzheimer’s disease. Biogerontology. 2016;
17:281–96. doi: 10.1007/s10522-015-9618-4

11. Skulachev VP. Mitochondria-targeted antioxi¬dants
as promising drugs for treatment of age-related
brain diseases. J Alzheimers Dis. 2012; 28:283–89.

12. Neroev VV, Archipova MM, Bakeeva LE, Fursova AZ,
Grigorian EN, Grishanova AY, Iomdina EN, Ivash-
chenko ZN, Katargina LA, Khoroshilova-Maslova IP,
Kilina OV, Kolosova NG, Kopenkin EP, et al. Mito-
chondria-targeted plastoquinone derivatives as tools
to interrupt execution of the aging program. 4. Age-
related eye disease. SkQ1 returns vision to blind an-
imals. Biochemistry (Mosc). 2008; 73:1317–28.
doi: 10.1134/S0006297908120043

13. Skulachev VP, Anisimov VN, Antonenko YN, Bakeeva
LE, Chernyak BV, Erichev VP, Filenko OF, Kalinina NI,
Kapelko VI, Kolosova NG, Kopnin BP, Korshunova GA,
Lichinitser MR. An attempt to prevent senescence: a
mitochondrial approach. Biochim Biophys Acta.
2009; 1787: 437-61.

14. Plotnikov EY, Morosanova MA, Pevzner IB, Zorova
LD, Manskikh VN, Pulkova NV, Galkina SI, Skulachev
VP, Zorov DB. Protective effect of mitochondria-
targeted antioxidants in an acute bacterial infection.
Proc Natl Acad Sci USA. 2013; 110:E3100–08.
doi: 10.1073/pnas.1307096110

15. Weidinger A, Müllebner A, Paier-Pourani J, Banerjee
A, Miller I, Lauterböck L, Duvigneau JC, Skulachev VP,
Redl H, Kozlov AV. Vicious inducible nitric oxide syn-
thase-mitochondrial reactive oxygen species cycle
accelerates inflammatory response and causes liver
injury in rats. Antioxid Redox Signal. 2015; 22:572–
86. doi: 10.1089/ars.2014.5996

16. Obukhova LA, Skulachev VP, Kolosova NG. Mito-
chondria-targeted antioxidant SkQ1 inhibits age-
dependent involution of the thymus in normal and
senescence-prone rats. Aging (Albany NY). 2009;
1:389–401. doi: 10.18632/aging.100043

17. Amstislavskaya TG, Maslova LN, Gladkikh DV, Bel-
ousova II, Stefanova NA, Kolosova NG. Effects of the
mitochondria-targeted antioxi¬dant SkQ1 on
sexually motivated behavior in male rats. Pharmacol
Biochem Behav. 2010; 96:211–16.
doi: 10.1016/j.pbb.2010.05.007

18. Markovets AM, Fursova AZ, Kolosova NG.
Therapeutic action of the mitochondria-targeted
antioxidant SkQ1 on retinopathy in OXYS rats linked
with improvement of VEGF and PEDF gene
expression. PLoS One. 2011; 6:e21682.
doi: 10.1371/journal.pone.0021682

19. Kolosova NG, Stefanova NA, Muraleva NA, Skulachev
VP. The mitochondria-targeted antioxidant SkQ1 but
not N-acetylcysteine reverses aging-related bi-
omarkers in rats. Aging (Albany NY). 2012; 4:686–94.
doi: 10.18632/aging.100493



www.aging-us.com 2729 AGING (Albany NY) 

20. Kolosova NG, Stefanova NA, Korbolina EE, Fursova
AZ, Kozhevnikova OS. Senescence-accelerated OXYS
rats: A genetic model of premature aging and age-
related diseases. Adv Gerontol. 2014; 4:294–98.
doi: 10.1134/S2079057014040146

21. Saprunova VB, Lelekova MA, Kolosova NG, Bakeeva
LE. SkQ1 slows development of age-dependent de-
structive processes in retina and vascular layer of
eyes of wistar and OXYS rats. Biochemistry (Mosc).
2012; 77:648–58. doi: 10.1134/S0006297912060120

22. Vays VB, Eldarov CM, Vangely IM, Kolosova NG,
Bakeeva LE, Skulachev VP. Antioxidant SkQ1 delays
sarcopenia-associated damage of mitochondrial ul-
trastructure. Aging (Albany NY). 2014; 6:140–48. doi:
10.18632/aging.100636

23. Rumyantseva YV, Ryabchikova EI, Fursova AZ, Ko-
losova NG. Ameliorative effects of SkQ1 eye drops
on cataractogenesis in senescence-accelerated OXYS
rats. Graefes Arch Clin Exp Ophthalmol. 2015;
253:237–48. doi: 10.1007/s00417-014-2806-0

24. Stefanova NA, Fursova AZ, Kolosova NG. Behavioral
effects induced by mitochondria-targeted
antioxidant SkQ1 in Wistar and senescence-
accelerated OXYS rats. J Alzheimers Dis. 2010; 21:
479–91.

25. Stefanova NA, Muraleva NA, Skulachev VP, Kolosova
NG. Alzheimer’s disease-like pathology in senes-
cence-accelerated OXYS rats can be partially retard-
ed with mitochondria-targeted antioxidant SkQ1. J
Alzheimers Dis. 2014; 38:681–94.

26. Kozhevnikova OS, Korbolina EE, Stefanova NA, Mura-
leva NA, Orlov YL, Kolosova NG. Association of AMD-
like retinopathy development with an Alzheimer’s
disease metabolic pathway in OXYS rats. Biogeron-
tology. 2013; 14:753–62.
doi: 10.1007/s10522-013-9439-2

27. Stefanova NA, Kozhevnikova OS, Vitovtov AO,
Maksimova KY, Logvinov SV, Rudnitskaya EA, Korbo-
lina EE, Muraleva NA, Kolosova NG. Senescence-
accelerated OXYS rats: a model of age-related cogni-
tive decline with relevance to abnormalities in Alz-
heimer disease. Cell Cycle. 2014; 13:898–909. doi:
10.4161/cc.28255

28. Stefanova NA, Muraleva NA, Korbolina EE, Kiseleva
E, Maksimova KY, Kolosova NG. Amyloid
accumulation is a late event in sporadic Alzheimer’s
disease-like pathology in nontransgenic rats.
Oncotarget. 2015; 6:1396–413.
doi: 10.18632/oncotarget.2751

29. Brun A, Englund E. Regional pattern of degeneration
in Alzheimer’s disease: neuronal loss and histopatho- 

logical grading. Histopathology. 1981; 5:549–64. 
doi: 10.1111/j.1365-2559.1981.tb01818.x 

30. Wright AL, Zinn R, Hohensinn B, Konen LM, Beynon
SB, Tan RP, Clark IA, Abdipranoto A, Vissel B. Neu-
roinflammation and neuronal loss precede Ab
plaque deposition in the hAPP-J20 mouse model of
Alzheimer’s disease. PLoS One. 2013; 8:1–14.
doi: 10.1371/journal.pone.0059586

31. Stefanova NA, Maksimova KY, Kiseleva E,
Rudnitskaya EA, Muraleva NA, Kolosova NG.
Melatonin attenuates impairments of structural
hippocampal neuro-plasticity in OXYS rats during
active progression of Alzheimer’s disease-like
pathology. J Pineal Res. 2015; 59:163–77.
doi: 10.1111/jpi.12248

32. Rudnitskaya EA, Maksimova KY, Muraleva NA, Logvi-
nov SV, Yanshole LV, Kolosova NG, Stefanova NA.
Beneficial effects of melatonin in a rat model of spo-
radic Alzheimer’s disease. Biogerontology. 2015;
16:303–16. doi: 10.1007/s10522-014-9547-7

33. Beregovoy NA, Sorokina NS, Starostina MV, Kolosova
NG. Age-specific peculiarities of formation of long-
term posttetanic potentiation in OXYS rats. Bull Exp
Biol Med. 2011; 151:71–73. doi: 10.1007/s10517-
011-1262-7

34. Harris KM, Weinberg RJ. Ultrastructure of synapses
in the mammalian brain. Cold Spring Harb Perspect
Biol. 2012; 4:a005587.
doi: 10.1101/cshperspect.a005587

35. Loshchenova PS, Sinitsyna OI, Fedoseeva LA, Stefa-
nova NA, Kolosova NG. Influence of antioxidant SkQ1
on accumulation of mitochondrial DNA deletions in
the hippocampus of senescence-accelerated OXYS
rats. Biochemistry (Mosc). 2015; 80:596–603.
doi: 10.1134/S0006297915050120

36. Krishnan KJ, Ratnaike TE, De Gruyter HL, Jaros E,
Turnbull DM. Mitochondrial DNA deletions cause the
biochemical defect observed in Alzheimer’s disease.
Neurobiol Aging. 2012; 33:2210–14.
doi: 10.1016/j.neurobiolaging.2011.08.009

37. Mawuenyega KG, Sigurdson W, Ovod V, Munsell L,
Kasten T, Morris JC, Yarasheski KE, Bateman RJ. De-
creased clearance of CNS beta-amyloid in Alz-
heimer’s disease. Science. 2010; 330:1774. doi:
10.1126/science.1197623

38. Stefanova NA, Korbolina EE, Ershov NI, Rogaev EI,
Kolosova NG. Changes in the transcriptome of the
prefrontal cortex of OXYS rats as the signs of Alz-
heimer’s disease development. Vavilov Journal of
Genetics and Breeding. 2015; 19:74–82. doi:
10.18699/VJ15.059



www.aging-us.com 2730 AGING (Albany NY) 

39. Sullivan PG, Dragicevic NB, Deng JH, Bai Y, Dimayuga
E, Ding Q, Chen Q, Bruce-Keller AJ, Keller JN. Pro-
teasome inhibition alters neural mitochondrial ho-
meostasis and mitochondria turnover. J Biol Chem.
2004; 279:20699–707.
doi: 10.1074/jbc.M313579200

40. Lee CS, Han ES, Han YS, Bang H. Differential effect of
calmodulin antagonists on MG132-induced mito-
chondrial dysfunction and cell death in PC12 cells.
Brain Res Bull. 2005; 67:225–34.
doi: 10.1016/j.brainresbull.2005.07.003

41. Sierra A, Gottfried-Blackmore AC, McEwen BS,
Bulloch K. Microglia derived from aging mice exhibit
an altered inflammatory profile. Glia. 2007; 55:412–
24. doi: 10.1002/glia.20468

42. Navarro A, Boveris A. Brain mitochondrial dysfunc-
tion and oxidative damage in Parkinson’s disease. J
Bioenerg Biomembr. 2009; 41:517–21.
doi: 10.1007/s10863-009-9250-6

43. Shabalina IG, Kolosova NG, Grishanova AI, Solov’ev
VN, Salganik RI, Solov’eva NA. [Oxidative phosphory-
lation activity, F0F1-ATPase and level of liver mito-
chondrial cytochromes in rats with congenitally in-
creased ability for free radical formation].
Biokhimiia. 1995; 60:2045–52.

44. Kolosova NG, Aidagulova SV, Nepomnyashchikh GI,
Shabalina IG, Shalbueva NI. Dynamics of structural
and functional changes in hepatocyte mitochondria
of senescence-accelerated OXYS rats. Bull Exp Biol
Med. 2001; 132:814–19.
doi: 10.1023/A:1013014919721

45. Maksimova KY, Logvinov SV, Stefanova NA. Ultra-
structure of synapses in the hippocampus of rats in
aging. Bull Siberian Medicine. 2014; 13:49–54.

46. Gylys KH, Fein JA, Yang F, Wiley DJ, Miller CA, Cole
GM. Synaptic changes in Alzheimer’s disease: in-
creased amyloid-beta and gliosis in surviving termi-
nals is accompanied by decreased PSD-95 fluores-
cence. Am J Pathol. 2004; 165:1809–17.
doi: 10.1016/S0002-9440(10)63436-0

47. Scheff SW, Neltner JH, Nelson PT. Is synaptic loss a
unique hallmark of Alzheimer’s disease? Biochem
Pharmacol. 2014; 88:517–28.
doi: 10.1016/j.bcp.2013.12.028

48. Shinohara M, Fujioka S, Murray ME, Wojtas A, Baker
M, Rovelet-Lecrux A, Rademakers R, Das P, Parisi JE,
Graff-Radford NR, Petersen RC, Dickson DW, Bu G.
Regional distribution of synaptic markers and APP
correlate with distinct clinicopathological features in
sporadic and familial Alzheimer’s disease. Brain.
2014; 137: 1533–49. doi: 10.1093/brain/awu046

49. S pires-Jones TL, Hyman BT. The intersection of
amyloid beta and tau at synapses in Alzheimer’s
disease. Neuron. 2014; 82:756–71.  
doi: 10.1016/j.neuron.2014.05.004 

50. Zhu X, Raina AK, Perry G, Smith MA. Alzheimer’s dis-
ease: the two-hit hypothesis. Lancet Neurol. 2004;
3:219–26. doi: 10.1016/S1474-4422(04)00707-0

51. Gómez-Ramos A, Díaz-Nido J, Smith MA, Perry G,
Avila J. Effect of the lipid peroxidation product
acrolein on tau phosphorylation in neural cells. J
Neurosci Res. 2003; 71:863–70.
doi: 10.1002/jnr.10525

52. Lovell MA, Xiong S, Xie C, Davies P, Markesbery WR.
Induction of hyperphosphorylated tau in primary rat
cortical neuron cultures mediated by oxidative stress
and glycogen synthase kinase-3. J Alzheimers Dis.
2004; 6:659–71.

53. Krstic D, Madhusudan A, Doehner J, Vogel P, Notter
T, Imhof C, Manalastas A, Hilfiker M, Pfister S,
Schwerdel C, Riether C, Meyer U, Knuesel I. Systemic
immune challenges trigger and drive Alzheimer-like
neuropathology in mice. J Neuroinflammation. 2012;
9:151. doi: 10.1186/1742-2094-9-151

54. Kanaan NM, Morfini GA, LaPointe NE, Pigino GF, Pat-
terson KR, Song Y, Andreadis A, Fu Y, Brady ST,
Binder LI. Pathogenic forms of tau inhibit kinesin-
dependent axonal transport through a mechanism
involving activation of axonal phosphotransferases. J
Neurosci. 2011; 31:9858–68.
doi: 10.1523/JNEUROSCI.0560-11.2011

55. Shemesh OA, Erez H, Ginzburg I, Spira ME. Tau-
induced traffic jams reflect organelles accumulation
at points of microtubule polar mismatching. Traffic.
2008; 9:458–71.
doi: 10.1111/j.1600-0854.2007.00695.x

56. Shahpasand K, Uemura I, Saito T, Asano T, Hata K,
Shibata K, Toyoshima Y, Hasegawa M, Hisanaga S.
Regulation of mitochondrial transport and inter-
microtubule spacing by tau phosphorylation at the
sites hyperphosphorylated in Alzheimer’s disease. J
Neurosci. 2012; 32:2430–41.
doi: 10.1523/JNEUROSCI.5927-11.2012

57. Chung CW, Song YH, Kim IK, Yoon WJ, Ryu BR, Jo DG,
Woo HN, Kwon YK, Kim HH, Gwag BJ, Mook-Jung IH,
Jung YK. Proapoptotic effects of tau cleavage
product generated by caspase-3. Neurobiol Dis.
2001; 8:162–72. doi: 10.1006/nbdi.2000.0335

58. Cho JH, Johnson GV. Glycogen synthase kinase 3
beta induces caspase-cleaved tau aggregation in situ.
J Biol Chem. 2004; 279:54716–23.
doi: 10.1074/jbc.M403364200



www.aging-us.com 2731 AGING (Albany NY) 

59. Manczak M, Mao P, Calkins MJ, Cornea A, Reddy AP,
Murphy MP, Szeto HH, Park B, Reddy PH. Mitochon-
dria-targeted antioxidants protect against amyloid-
beta toxicity in Alzheimer’s disease neurons. J Alz-
heimers Dis. 2010 (Suppl 2); 20:S609–31.

60. Ma T, Hoeffer CA, Wong H, Massaad CA, Zhou P,
Iadecola C, Murphy MP, Pautler RG, Klann E. Amyloid
β-induced impairments in hippocampal synaptic
plasticity are rescued by decreasing mitochondrial
superoxide. J Neurosci. 2011; 31:5589–95. doi:
10.1523/JNEUROSCI.6566-10.2011

61. Calkins MJ, Manczak M, Reddy PH. Mitochondria-
targeted antioxidant SS31 prevents amyloid beta-
induced mitochondrial abnormalities and synaptic
degeneration in Alzheimer’s disease. Pharmaceuti-
cals (Basel). 2012; 5:1103–19.
doi: 10.3390/ph5101103

62. Kapay NA, Popova OV, Isaev NK, Stelmashook EV,
Kondratenko RV, Zorov DB, Skrebitsky VG, Skulachev
VP. Mitochondria-targeted plastoquinone antioxi-
dant SkQ1 prevents amyloid-β-induced impairment
of long-term potentiation in rat hippocampal slices. J
Alzheimers Dis. 2013; 36:377–83.

63. Silachev DN, Plotnikov EY, Zorova LD, Pevzner IB,
Sumbatyan NV, Korshunova GA, Gulyaev MV,
Pirogov YA, Skulachev VP, Zorov DB. Neuroprotective
effects of mitochondria-targeted plastoquinone and
thymoquinone in a rat model of brain ische-
mia/reperfusion injury. Molecules. 2015; 20:14487–
503. doi: 10.3390/molecules200814487

64. Skulachev VP, Antonenko YN, Cherepanov DA,
Chernyak BV, Izyumov DS, Khailova LS, Korshunova
GA, Lyamzaev KG, Pletjushkina OY, Roginsky VA,
Rokitskaya TI, Severin FF, Severina II. Prevention of
cardiolipin oxidation and fatty acid cycling as two an-
tioxidant mechanisms of cationic derivatives of plas-
toquinone (SkQs). Biochim Biophys Acta. 2010;
1797:878-89.

65. Plotnikov EY, Silachev DN, Jankauskas SS, Rokitskaya
TI, Chupyrkina AA, Pevzner IB, Zorova LD, Isaev NK,
Antonenko YN, Skulachev VP, Zorov DB. Mild uncou-
pling of respiration and phosphorylation as a mech-
anism providing nephro- and neuroprotective effects
of penetrating cations of the SkQ family.
Biochemistry (Mosc). 2012; 77:1029–37.
doi: 10.1134/S0006297912090106

66. Rudnitskaya EA, Muraleva NA, Maksimova KY,
Kiseleva E, Kolosova NG, Stefanova NA. Melatonin
attenuates memory impairment, amyloid-β accumu-
lation, and neurodegeneration in a rat model of spo-
radic Alzheimer’s disease. J Alzheimers Dis. 2015;
47:103–16. doi: 10.3233/JAD-150161

67. Lambeth JD. Nox enzymes, ROS, and chronic disease:
an example of antagonistic pleiotropy. Free Radic
Biol Med. 2007; 43:332–47.
doi: 10.1016/j.freeradbiomed.2007.03.027

68. Morris R. Developments of a water-maze procedure
for studying spatial learning in the rat. J Neurosci
Methods. 1984; 11:47–60.
doi: 10.1016/0165-0270(84)90007-4



www.aging-us.com 2732 AGING (Albany NY) 

SUPPLEMENTARY MATERIAL 

Figure S1. Accumulation of SkQ1 in the brain of OXYS rats. (A and B) Representative images showing accumulation of 
SkQR1 (a rhodamine derivative of SkQ1: SkQ1 decylrhodamine 19, red) in the frontal cortex (40×) and cerebellum (10×) of 4-
month-old OXYS rats (n=4) depending on the duration of treatment. Cell nuclei are stained with DAPI (blue).  

Figure S2. SkQ1 retards structural neurodegenerative alterations. The percentages of dead or damaged neurons in the 
examined hippocampal regions were greater in OXYS rats compared to Wistar rats. Oral SkQ1 administration improved neuronal 
health in all the hippocampal regions examined in OXYS rats. DG: dentate gyrus. The data are shown as mean ± SEM; *p< 0.05. 
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Table S1. The specific area of organelles in the cytoplasm of neurons (according to electron 
micrographs) 

Mitochondria, % Lysosomes, % 
Golgi 

apparatus, % 

Rough ER, 

% 

Vacuoles, 

% 

Wistar 10.3±0.12 8.5±0.24 1.04±0.04 25.8±0.32 4.11±0.29 

OXYS 3.1±0.1# 12.1±0.28# 1.19±0.03# 10.4±0.34# 8.58±0.32# 

OXYS+SkQ1 7.8±0.16* 9.4±0.25* 1.08±0.05 18.1±0.42* 6.81±0.38 

The data are presented as mean ± SEM (n=4). ER: endoplasmic reticulum. #p< 0.05 compared to Wistar rats; *p<0.05 
compared to OXYS rats. 


