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Chronic cerebral hypoperfusion is a widespread pathological condition caused by chronically reduced cerebral blood flow lea-
ding to brain damage, but the specific molecular mechanisms that regulate these phenomena remain poorly understood. In this study,
we investigated brain damage and neuronal DNA injury in a vulnerable region of the brain, the hippocampus, as well as the involve-
ment of apolipoprotein E (ApoE), sirtuins of 1 (SIRT1) and 3 (SIRT3) types and insulin-like growth factor 1 (IGF-1) in pathogenetic
mechanisms in mice with chronic cerebral hypoperfusion caused by the permanent occlusion of the left unilateral common carotid
artery. Male C57/6j (C57, wild type) and ApoE(-/-) mice were divided into four experimental groups (10 mice per group): sham-
operated C57, C57 with chronic cerebral hypoperfusion, sham-operated ApoE(-/-) mice, ApoE(-/-) mice with chronic cerebral hypo-
perfusion. Our results showed that the number of damaged neurons in the hippocampus at 8 weeks after surgical manipulation in-
creased in both groups of mice with chronic cerebral hypoperfusion, with more pronounced rates in ApoE(~/-) mice than in C57
mice. However, ApoE deficiency in moderate chronic cerebral hypoperfusion was accompanied by a higher level of undamaged
DNA (class 0) and a low level of maximally damaged DNA (class 4) in brain cell nuclei in contrast to group C57. In ApoE-deficient
mice, reduced expression of SIRT1, SIRT3, and IGF-1 was found. In chronic cerebral hypoperfusion, expression of sirtuins was
preserved, but IGF-1 expression was significantly reduced in ApoE(-/~) mice in comparison to C57. The obtained results indicate that
ApoE deficiency leads to downregulation of SIRT1, SIRT3 and IGF-1 in the brain; this lack of cytoprotection is enhanced in chronic

cerebral hypoperfusion and may participate in the mechanisms of neuronal damage.
Keywords: chronic cerebral hypoperfusion; ApoE(-/-); DNA damage; SIRT1; SIRT3; IGF-1; hippocampus.

Introduction

Chronic cerebral hypoperfusion is a widespread pathogenic factor as-
sociated with development of cerebrovascular diseases including neuronal
demyelination, aging-related neurodegeneration, brain atherosclerosis etc.
Insufficiency of blood supply may be caused by diseases of large and
small vessels of the head and neck, which appear as hypoxic and metabo-
lic neuronal disorders, vascular cognitive deficits, and is one of the major
causes of acute ischaemic stroke (He et al., 2023). The decrease in cerebral
blood flow due to carotid artery disease leads to cognitive decline which is
proportional to the degree of vascular stenosis (Buratti et al., 2014). Occlu-
sive and stenotic pathology in the carotid artery has a high prevalence and
morbidity, the clinical spectrum of which varies from an asymptomatic
course to severe stroke or death (Mortimer et al., 2018). Therefore, there is
great clinical significance in deeply studying the pathogenesis of chronic
cerebral ischemia for the prevention and treatment of ischemic cerebro-
vascular diseases (Yamashita & Abe, 2016).

Apolipoprotein E (ApoE) is an important risk factor for neurodege-
nerative and cardiovascular diseases as one of the key regulators of lipid
metabolism. ApoE is the main ligand for the low-density lipoprotein
receptor, which transports cholesterol and other lipids through the cerebro-
spinal fluid and plasma (Yin & Wang, 2018). Information on the involve-
ment of ApoE in the mechanisms of brain damage in acute and chronic
ischemic lesions is ambiguous (Martinez-Gonzalez & Sudlow, 2006;
Kumar et al., 2016; Lindgren & Maguire, 2016). The involvement of the
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ApoE gene polymorphism in the development of stroke has been shown
(Zhong et al., 2018), but the role of ApoE was negligible in the chronic
experiment (Kitagawa et al., 2005). Most studies of ApoE implicate it as a
genetic risk factor for Alzheimer’s disease and vascular dementia (Mon-
tagne et al., 2020; Onyango et al., 2021; Palmer et al., 2021). The effect of
ApoE genotype on ApoE modification, lipidation or their levels, can
change the resistance of neurons to pathogenic factors and change the
duration and intensity of neuroinflammation (Flowers & Rebeck, 2020),
which is the pathway to any cerebrovascular disease.

All these processes are accompanied by DNA damage (Li et al.,
2018), which can be prevented by cytoprotective molecular pathways.
Sirtuins (Sirtuins, Silent Information Regulator 2 proteins, SIR2) are a
class of regulatory proteins that carry out epigenetic control of many bio-
logical processes, in particular, metabolism, cell growth, apoptosis, auto-
phagy, aging, and regulate the response to cellular stress in pathological
conditions (Li et al., 2018). Seven animal homologues of sirtuins (SIRT1-
7) have been identified, they are localized in the nucleus (SIRT1, SIRT6,
SIRT?7), mitochondria (SIRT3, SIRT4, SIRTS), or cytoplasm (SIRT2).
In the brain, high levels of SIRT are expressed in the nucleus, and a small
amount in the mitochondria. SIRT3 is primarily localized in mitochondria
(Michishita et al., 2005), which suggests their participation in the mecha-
nisms of diseases of the central nervous system. Data point to the in-
volvement of SIRT1 and SIRT3 in aging-related diseases (Jiao et al.,
2020; Park et al., 2020; Zhao et al., 2021). Despite intensive study of sir-
tuins, their role in the chronic cerebral hypoperfusion caused by occlusive-
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stenotic pathology of the brachiocephalic arteries is still unclear. Insuffi-
ciency of blood supply in the brain can result in tissue hypoxia. Therefore
hypoxia-inducible insulin-like growth factor IGF-1 is of interest among
other neuroprotective factors. Recent studies indicate that this protein can
exert neurotrophic and regenerative effects in the central nervous system,
stimulate protein synthesis, neuronal and synaptic plasticity, promote the
survival of neurons, glia, oligodendrocytes, prevent apoptosis and gluta-
mate-mediated excitotoxicity (Bianchi et al., 2017; Lu et al., 2020; Bhalla
et al,, 2022; Ge et al., 2022). IGF-1 has been shown to be involved in
neuroprotection in brain ischemic stroke, cerebral trauma, Alzheimer’s
disease, amyotrophic lateral sclerosis, epilepsy, neurological dysfunctions,
and, in vessels, can prevent atherosclerotic lesions (Bianchi et al., 2017; Lu
et al.,, 2020; Bhalla et al., 2022; Ge et al., 2022; Wang et al., 2022; Sukha-
nov et al., 2023). However, the role of IGF-1 and its receptors in chronic
cerebral hypoperfusion has been investigated only in a few works (Yous-
sefetal.,, 2020; Chen etal., 2021; Kim et al., 2021) and needs clarification.

Thus, all of the above points to the fact that chronic cerebral hypoper-
fusion is a public health concern that constitutes one of the most common
serious conditions worldwide with chronic cerebral blood flow reduction,
which causes brain damage and cell DNA injury. Therefore, the molecu-
lar pathways of brain damage or protection (in particular, role of ApoE,
sirtuins of 1 and 3 types, and IGF-1) in chronic cerebral hypoperfusion
caused by chronic pathology of the brachiocephalic arteries require de-
tailed study. Based on the previous information, the first aim of the present
study was to investigate the effect of chronic cerebral hypoperfusion in-
duced by unilateral common carotid artery occlusion in C57/6j mice and
ApoE(--) mice on damage to one of brain areas vulnerable to global
cerebral ischemia, particularly the hippocampus (Gao et al., 2019), and on
injury to DNA of neurons. The further aim of the work was to evaluate the
possible role of SIRT1, SIRT3 and IGF-1 in these events.

Materials and methods

Experimental animals and experimental design. The animal studies
were performed in accordance with the ARRIVE (Animal Research:
Reporting In Vivo Experiments) guidelines 2.0 (Percie du Sert et al., 2020)
and were approved by The Local Ethics Committee at Bogomoletz Insti-
tute of Physiology (Kyiv, Ukraine) (protocol No. 13, 12.05.2020), as
investigations conducted according to requirements of the European Con-
vention for the Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes (Strasbourg, 1986), and the current legisla-
tion of Ukraine on protection of experimental animals (No. 3447-1V,
21.02.2006).

Experiments were performed on 20 male C57/6j (C57) mice and
20 male ApoE(-/-) mice 6 weeks old (body weight 15-18 g). The animals
were randomized into the following groups: 1) sham operated C57 mice
(control C57, n = 10); 2) C57 mice with chronic cerebral hypoperfusion
(n=10); 3) sham operated ApoE(-/-) mice (control ApoE(-/-)); 4) ApoE(-
/-) mice with chronic cerebral hypoperfusion (n = 10). The animals were
kept under standard vivarium conditions on a 12 h light/dark cycle for a
period of 8 weeks of the experiment with free access to standard mouse
chow and water. At the end of the experiment, the animals were anesthe-
tized with ketamine (60 mg/kg, i.p.), and tissue samples were removed for
further examination.

Surgical model of chronic cerebral hypoperfusion. The mice under-
went a left common carotid artery occlusion surgery, as previously de-
scribed, to elicit chronic cerebral hypoperfusion (Zuloaga et al., 2016).
Briefly, under ketamine (60 mg/kg, ip.) anesthesia, the left common
carotid artery was ligated with two 6-0 silk sutures. The sham surgery
consisted of exposing the carotid artery without ligation.

Tissue sample preparation and histological examination. At 8 weeks
after surgery, the mice were anesthetized with ketamine. The brain was
quickly removed after decapitation and washed three times with a cooled
PBS solution (NaCl 8.0 /L, KCl 0.2 g/L, Na,HPO, *12H,0 2.8 g/L,
KH,PO,4 0.2 g/L, pH 7.4, 4 °C). Then brain tissues were fixed with 10%
neutral-buffered formalin solution for 24 h. The paraffin-embedded brain
blocks were sliced at a thickness of 2 pm to the brain sections including
the hippocampus. The obtained sections were stained with hematoxylin
and eosin solutions (H&E) for histopathological examination using XSP-
139-TP microscope (“400) (China, 2018) equipped with digital camera
Levenhuk M1400 PLUS (USA, 2020). Three images were used in each
area of interest and separated into ipsilateral and contralateral hemispheres.
The viable and dead cells were counted using ImageJ software (USA, 2022).

DNA-comet assay (alkaline). To detect DNA single-strand breaks of
neurons, the method of alkaline gel electrophoresis of isolated cells was
used (DNA-comet assay) (Sribna et al., 2019; Afanasieva et al., 2010).
Electrophoresis of preparations was performed after stabilization for
20 minutes in alkaline electrophoresis buffer using the device MultiphorIl
(“LKB”, Sweden, 2000) at a voltage of 24 V and a current of 100 mA for
30 minutes. The DNA comet analysis on electrophoregrams painted by
Hoechst 33342 (700 pmol/L) was performed visually using a luminescent
microscope LUMAM I-1 (Russia, 1995) using a water-immersion lens
("30). In each micropreparate up to 400 separately located DNA comets
were analyzed. By the ratio of DNA in the “head” and “tail”, the comets
were divided into 5 classes (0-4) (Collins, 2004) (Fig. 1), and their num-
ber was separately counted.

Fig. 1. Comet shape changes during the degradation process of nuclear DNA in brain of mice under 8 weeks
of the chronic cerebral hypoperfusion: @ — 1-2 classes of DNA comets, b — 34 classes of DNA comets

RNA Isolation, Reverse Transcription and Real-Time PCR. For gene
expression determination, total RNA was isolated from frozen brain he-
misphere samples with Trizol reagent (Invitrogen, USA). RNA concentra-
tion was determined using the NanoDrop spectrophotometer ND1000
(NanoDrop Technologies Inc, USA, 2010). cDNA was synthesized from
Sug of total RNA by reverse transcription with 10 mM Tris-HCI

(pH 9.0), 5 mM MgCly; 1 mm dNTPs; 20 U Ribo-Lock, Random hex-
amer primers (0.5 pg/ul) and 200 U RevertAid H Minus M-MuLV
Reverse Transcriptase. Quantitative PCR was performed using the 7500
Fast Real-time PCR (Applied Biosystems, USA, 2015) with TagMan®™
Gene Expression Assays (“Applied Biosystems™) for SIRTI
(Mm01168521_ml) and SIRT3 (Mm00452131_m1). Gene expression
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in each probe was normalized by GADPH expression, using TagMan
Rodent GADPH Control Reagent (VICT™Probe, lot number 0608014).
The thermal cycles of PCR amplification were the following: initial dena-
turation step at 95 °C for 20 s, followed by 60 cycles of treatment at 95 °C
for 3 s, and at 60 °C for 30 s using 7500 Fast Real-time PCR (Applied
Biosystems, USA, 2015). Analysis of expression data was carried out
with 7500 Fast Real-time PCR Software.

Western blot analysis. Protein expression was assayed in frozen brain
hemisphere samples by immunoblotting as previously described (Portny-
chenko et al., 2023). Briefly, tissue lysates (100 pg of protein) were sub-
jected to SDS-PAGE and transferred onto PVDF membrane (Sigma).
Blots were blocked with PierceTM Clear Milk Blocking Buffer (37587,
ThermoScientific), and incubated ovemight with anti-IGF-1 (MAS-
12247, Invitrogen; 1:500) and anti-GADPH (G8795, Sigma; 1:5000) anti-
bodies. After washing, the blots were treated with peroxidase-conjugated
anti-mouse IgG (31432, Pierce; 1:2500) and stained using 1-Step™
TMB-Blotting Substrate Solution (34018, Thermo Scientific). Densito-
metric values were evaluated with ImageJ (NIH Image, USA, 2022) and
normalized to expression of house-keeping GADPH protein.

Statistical analysis. All data are presented as x + SE (means + stan-
dard error). Data were analyzed using GraphPad Prism version 8.1.0.325

for Windows (GraphPad Software, USA, No GPS-1461670-TEQH-
6AC22). The Shapiro-Wilk test was used to evaluate the distribution
normality of data. To detect the homogeneity of variance among groups
Levine’s test was used. Two-way ANOVA with Tukey’s post hoc test
was used to determine the significant differences between the groups. P <
0.05 was considered as statistically significant difference.

Results

Effect of chronic cerebral hypoperfusion on neuronal damage. The
data on hyppocampal neuronal damage under chronic cerebral hypoperfu-
sion are presented in Figure 1. In C57 mice, chronic cerebral hypoperfu-
sion caused changes in the qualitative composition of neurons in the CA1
area of the hippocampi, the number of damaged neurons increased by
almost two times (Fig. 2a, 2b, 3).

In ApoE(-/-) mice, neuronal damage caused by chronic cerebral hy-
poperfusion was more pronounced compared to C57 mice (Fig. 2, 3).
Atthe same time, in ApoE(--) mice, the number of damaged neurons
increased by two times compared to the group control (Fig. 2, 3), i.e., the
changes of the indicators were similar to the changes in C57 mice (P <
0.05).

Fig. 2. Photomicrograph of hippocampus at the bregma by hematoxylin-eosin staining in 8 weeks after left common carotid artery occlusion in mice:
a, b, ¢, d—photomicrographs of the C1 area of the hippocampi in control C57 mice (a), C57 mice with chronic cerebral hypoperfusion (b),
control ApoE(-/-) mice (c), ApoE(-/-) mice with chronic cerebral hypoperfusion (d); n = 10 mice per group; scale bar
indicated the distance of 100 pm; arrows indicated injured neurons of the C1 area of the hippocampi

Effect of chronic cerebral hypoperfision on neuronal DNA damage
in mice. The data about distribution of the classes of neuronal DNA co-
mets under the chronic cerebral hypoperfusion are presented in Table 1.
The DNA-comet assay showed that for the damaged neurons in the con-
trol group of C57 mice the total proportion of cells with nuclei of classes

0-1 (the lowest level of neuronal DNA damage) was 94.0 + 1.3%, and the
total proportion of cells with nuclei of 34 classes (the highest level of
neuronal DNA damage) was 2.5 +0.9%.

The number of cells with DNA damage increased under the condi-
tions of chronic cerebral hypoperfusion. Thus, the proportion of cells with
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nuclei of classes 0-1 was 68.9 + 1.3% (P < 0.05), and the proportion of
cells with nuclei of classes 34 grew to 17.2 + 0.9%, increasing almost
7 times (P < 0.05, Table 1). The level of cells of the second class (a border-
line condition in which a cell can pass into groups with less or more da-
mage) increased in chronic cerebral hypoperfusion to 13.9%, increasing
by four times compared to the control (P <0.05, Table 1).
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Fig. 3. Neuronal damage in the C1 area of the hippocampi of C57
or ApoE(~/-) mice, control and at 8 weeks with chronic cerebral hypo-
perfusion; each bar represents the number of injured neurons per 100 cells
in the C1 area of the hippocampi of 10 mice per experimental group;
CCH — chronic cerebral hypoperfusion; x + SE; different letters indicate
statistical samples that are significantly different from each other accor-
ding to one-way ANOVA with Tukey’s post hoc test results (P < 0.05)

It was shown, that in the control group of ApoE(-/-) mice, the propor-
tion of cells with nuclei of classes 0-1 was 92.6 + 1.3%, and the propor-
tion of cells with nuclei of classes 3—4 was 2.0 = 0.9%, there was no dif-
ference with the control group of C57 mice (Table 1).

The level of cells with DNA damage increased in ApoE(-/-) mice un-
der chronic cerebral hypoperfusion. Thus, the proportion of cells with nuc-
lei of classes 0—1 was 84.7 + 1.3% (P < 0.05), and the proportion of cells
with nuclei of classes 34 increased to 6.1 + 0.9%, and mainly at in 3rd
class cells; relative to the control, the proportion of cells of classes 3-4 in-
creased by three times (P < 0.05, Table 1). The level of cells of the 2nd
class increased in chronic cerebral hypoperfusion to 9.1%, rising compa-
red to the control by two times (P < 0.05, Table 1), at the same time, this
indicator was lower compared to the chronic cerebral hypoperfusion C57
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group (P < 0.05, Table 1). In the absence of ApoE, the proportion of cells
with nuclei of class 0 (without DNA damage) increased, and those of clas-
ses 3 and 4 (with DNA damage) decreased compared to the chronic cere-
bral hypoperfusion C57 group (P < 0.05, Table 1), i.e, DNA damage
generally diminished.

Table 1

Distributions of DNA comets from nuclei of brain cells

in the groups under the mild chronic cerebral hypoperfusion
(%, x £ SE, n= 10 mice per group)

. Classes of DNA comets
Animal groups 0 1 5 3 2
(1) Control sham 860 8.0 35 20 0.5
operated C57 mice £11° £12°  £11% £09°  £00°
(2) Chronic cerebral 554 135 139 8.1 92
hypoperfision of C57 mice +17° £11° £11° +09° +08
(3) Control sham 844 82 54 13 08
operated ApoE(/-) mice £13*  xLI1°  £09* 08" £01°
(4) Chronic cerebral 704 143 9.1 44 17
hypoperfusion of ApoE(-/-) mice  +18 +£12° +08 £05 +0.I°

Notes: the effect of chronic cerebral hypoperfusion on the damage of DNA in nuclei
of the left temporal lobe of brain of mice in the comet assay estimated 8 weeks after
surgical modeling of chronic cerebral hypoperfusion; 0-4 — classes of DNA comets;
different letters indicate statistical samples that are significantly different from each
other according to one-way ANOVA with Tukey’s post hoc test results (P < 0.05).

Thus, the obtained results indicate the pathogenetic role of ApoE in
the neuronal DNA damage in moderate chronic cerebral hypoperfusion.

Changes of the expression of sirtuins and IGF-1 in the brain under
chronic cerebral hypoperfusion. In the control, both types of sirtuins
(SIRT1 and SIRT3) are expressed in the brain of C57 mice, while the
expression of SIRT3 was twofold higher than that of SIRT1 (Fig. 2).
Chronic cerebral hypoperfusion caused a dramatic fall in the expression of
SIRT1 and SIRT3 in the brain by almost 10 times compared to the control
group (P < 0.05, Fig. 2). The obtained data indicate the inhibitory effect of
blood circulation changes on the expression of SIRT1 and SIRT3 genes in
the brain.

We found a significant difference in the expression of SIRT1 and
SIRT3 in the brain of ApoE(~/-) mice compared to C57 mice. Both types
of sirtuins (SIRT1 and SIRT3) were expressed at low levels in the brain in
the control (Fig. 4). The expression of SIRT1 in the control group of
knockout ApoE mice was almost 30 times lower compared to C57 mice,
and the expression of SIRT3 was reduced to a lesser extent — by 9 times
(P<0.05,Fig. 4).

25
a
20 T
T,
E 2
2 g 15
S m mC57
- &
=510 T ApoE(-/-)
]
n
> b bc ¢
-
0 [ B
control CCH

Fig. 4. Relative values of mRNA expression of SIRTs (¢ — SIRT1, »— SIRT3) in the brain of C57 or ApoE(~/-) mice estimated 8 weeks after surgical
modeling of chronic cerebral hypoperfusion: each bar represents the mRNA expression of SIRTs in the left temporal lobe of the brain expressed in arbi-
trary units normalized to GADPH expression level; 10 mice per experimental group; CCH — chronic cerebral hypoperfusion; x + SE; different letters
indicate statistical samples that are significantly different from each other according to one-way ANOVA with Tukey’s post hoc test results (P < 0.05)

Similar to the changes in C57 mice, chronic cerebral hypoperfusion
caused a fall in SIRT1 and SIRT3 expressions in the brain, but these
changes were not as critical. Thus, the expression level of SIRT1 decrea-
sed by 15%, and the expression level of SIRT3 — by 31% compared to the
control group (P <0.05, Fig. 4).

The obtained data demonstrate the fall in expression of SIRT1 and
SIRT3 in the brain in chronic cerebral hypoperfusion. However, in
ApoE(-/-) mice with chronic cerebral hypoperfusion ,this reduction occurs
to a lesser extent than in C57, with a greater effect on the expression level
of SIRT3.
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Regarding IGF-1 protein expression, we found another pattem of
changes (Fig. 5). Unlike SIRTS, chronic cerebral hypoperfusion caused a
tendency to elevation of IGF-1 protein expression in wild type C57 mice,
but in ApoE-deficient mice the changes were opposite (P < 0.05). Here-
with, in ApoE(-/-) mice with or without chronic cerebral hypoperfusion,
IGF-1 expression was markedly lower than in C57 mice (P < 0.05, Fig. 5).

(53]
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Fig. 5. IGF-1 protein expression in the brain of mice estimated 8 weeks
after surgical modeling of chronic cerebral hypoperfusion: a —representa-
tive blot; b —relative densitometric values of IGF-1 protein expression in
the left temporal lobe of the brain expressed in arbitrary units normalized
to GADPH in brain tissue; CCH — chronic cerebral hypoperfusion;
1-C57;2—C57+CCH; 3 — ApoE(-/-); 4 — ApoE(-/-) + CCH;

10 mice per experimental group; x + SE; different letters indicate
statistical samples that are significantly different from each other accor-
ding to one-way ANOVA with Tukey’s post hoc test results (P < 0.05)

Taken together, the data of SIRTs and IGF-1 expression demonstra-
ted the failure of these cytoprotective pathways in ApoE-deficient mice in
comparison to wild type animals in response to chronic cerebral hypoper-
fusion.

Discussion

Chronic ischemic brain damage is the subject of many experimental
studies, but brain damage in moderate chronic cerebral hypoperfusion,
which develops over time, is much less studied, despite its relevance for
chronic cerebrovascular pathology of any genesis. The main mechanisms
of brain damage in chronic hypoperfusion are associated with dysfunction
of the vascular endothelium, damage to the blood-brain barrier, oxidative
stress and neuroinflammation, a violation of the transmission of neuro-
transmitters and energy metabolism, which causes apoptosis, damage to
the white matter of the brain, synapses, and the structure of neurons, and
ultimately leads to to cognitive dysfunction (Choi et al., 2016; Du et al.,
2017). To the best of our knowledge, we are the first to reveal the possible
relationship between ApoE, cellular DNA damage, and the expression of
SIRT1 and SIRT3 in the brain in moderate chronic cerebral hypoperfu-
sion.

The present study revealed that the total number of damaged neurons
in the C1 area of the hippocampi in ApoE(-/-) mice was greater in all
groups compared to C57 mice. This means that chronic cerebral hypoper-
fusion causes a more pronounced decrease in cerebral blood flow in
ApoE(-/-) mice, and as a result, leads to a greater influence on CA1 hypo-
campal neurons. These changes indicate a greater susceptibility of ApoE(-/-)
mice to this type of damage than C57 mice. However, cell death in chro-
nic cerebral hypoperfusion may be mediated by apoptosis, pyroptosis,
which is known as inflammatory apoptosis, and which has partial charac-
teristics of both cell apoptosis and necrosis (Bertheloot et al., 2021), and
possibly also ferroptosis (Mao et al., 2022).

To the best of our knowledge, DNA damage has not been previously
studied in the model of chronic cerebral hypoperfusion. The obtained re-
sults of the effect of chronic cerebral hypoperfusion on DNA damage in
brain cells of ApoE(-/-) mice have shown the difference from the results in
C57 mice. In ApoE(-/-) mice, the revealed chronic cerebral hypoperfusion

effect on brain cell DNA was unexpected: class 3—4 cell DNA damage
was lower than in C57, while class 4 DNA damage was almost complete-
ly absent in contrast to C57 mice, in which the level of DNA damage in-
creased precisely due to the comet class 4. This may indicate the involve-
ment of ApoE in the mechanisms of brain damage due to adverse effects
on DNA. It was also unexpected that the level of class 0 DNA damage in
ApoE(--) mice with chronic cerebral hypoperfusion was greater than in
the appropriate group of C57 mice, and the reduced level of class 2 DNA
damage compared to the corresponding group of C57 mice has been
established.

In ApoE(+-) mice, the described effects were accompanied by partial
insensitivity of the expression of SIRT1 and SIRT3 genes to chronic cere-
bral hypoperfusion in comparison with C57 mice, in which the expression
levels of SIRT1 and SIRT3 were sharply reduced compared to the control.
Most likely, one of the mechanisms of the protective effect in ApoE(-/-)
mice may be the preservation of the expression of SIRT1 and SIRT3, the
epigenetic regulation of which is one of the neuroprotective mechanisms
in pathological conditions due to the effects on cellular metabolism, DNA
repair mechanisms, inflammation, apoptosis, and mitochondrial function
(Verma et al., 2019; Shi et al., 2021). Our investigation of the changes in
the expression of SIRT1 and SIRT3 in C57 mice with chronic cerebral
hypoperfusion showed its sharp decrease. SIRT1 and SIRT3 are known to
be NAD'-dependent deacetylases, and therefore a decrease of NAD" af-
fect their function. Intense oxidative stress during hypoxia leads to a de-
crease in NAD" levels, which suppresses SIRT1 and SIRT3 (Nogueiras
etal., 2012; Zhao et al., 2021). We have shown that in ApoE(-/-) mice,
chronic cerebral hypoperfusion had a moderate inhibitory effect on the ex-
pression of SIRT1 and SIRT3 genes in the brain, while these changes
were less pronounced compared to C57 mice, and were more related to
SIRT3 expression. Although the changes in SIRT3 expression were more
pronounced, its expression remained at a sufficient level, and it is known
that SIRT3 is mainly localized in mitochondria and regulates mitochondri-
al proteins through post-translational modification, which is involved in
the regulation of energy homeostasis, mitochondrial function and lipid
metabolism (Hirschey et al., 2010; Vassilopoulos et al., 2014; Wang et al.,
2020; Zhao et al., 2021).

Preserved function of mitochondria in mice with chronic cerebral hy-
poperfusion, and the preserved endogenous expression of SIRT1 and
SIRT3 can protect the brain from inflammatory reactions and the mito-
chondrial ROS for reduces oxidative stress (Zhang et al., 2020; Cao et al,,
2022), in particular, due to the improvement of mitochondrial antioxidant
protection and the activation of SOD2 (He et al., 2019). The reduction of
DNA damage, which we also observed in our study, may indirectly indi-
cate a reduction of oxidative stress (Li et al., 2018; Puente-Bedia et al.,
2022). Therefore, the activation of antioxidant protection is important in
conditions of impaired metabolism and hypoxia of brain, which can be
supported by the activation of SIRT1 and SIRT3.

Considering the fact of mutual regulation of mitochondria and sirtuins
(with SIRT1 and SIRT3, and the cross-relationship between them) (Chen
et al,, 2018; Wang et al., 2020; Zhao et al., 2021; Yang et al., 2023), it is
quite possible that the low levels of expression of SIRT1 and SIRT3 regis-
tered by us in the brain of ApoE(~/-) mice at the time of the beginning of
the experiment indicate an already existing reduction in the energy meta-
bolism of mitochondria. Low initial levels of SIRT1 and SIRT3 expres-
sion may indicate a low content of NAD', which is necessary for the nor-
mal functioning of SIRTSs, which also indicates insufficient production of
NAD" by mitochondria, and indirectly confirms our assumption about
their already existing dysfunction. Mitochondrial dysfunction, in turn, trig-
gers the mechanism of cell death, which is potentiated when modeling
chronic cerebral hypoperfusion. Thus, the described changes in the energy
metabolism of the brain may be associated with oxidative stress before the
modeling of chronic cerebral hypoperfusion, which can explain the high
degree of cell damage in ApoE(-/-) mice. In turn, the presence of oxidative
stress can activate the mechanisms of neuroprotection, which to some
extent can explain the decrease in the severity of DNA damage in brain
cells, which we observed in our study in chronic cerebral hypoperfusion in
ApoE (-/-) mice when compared with C57 mice. At the same time, the
results of histological examination and DNA-comet assay reflected the
neuronal injury in different ways: the total number of cells that gradually

Regul. Mech. Biosyst., 2023, 14(3)

345



die from the moment of carotid artery occlusion increases with duration of
cerebral hypoperfusion, which, taking into account the changes described
above, indicates brain metabolic insufficiency (Somredngan & Thong-
Asa, 2018). In turn, DNA-comet assay reflects the degree of DNA dama-
ge in living cells at the time of the study.

In general, it is likely that the described effect of ApoE deficiency on
DNA damage in chronic cerebral hypoperfusion is realized through the
changes of SIRT1 and SIRT3 expression and its influence on mitochond-
rial metabolism (Hirschey et al., 2010; Keeney et al., 2015; Tang, 2016;
Walker et al., 2018). In addition, the -219G/T and +113G/C polymor-
phisms of the ApoE promotor are known to be predictors of ischemic
injury, suggesting that quantitative rather than qualitative changes in ApoE
are associated with ischemia, which may observed in our study (Abboud
etal., 2008).

The several studies of chronic cerebral hypoperfusion on experimen-
tal models have shown the beneficial role of IGF-1 in neuroprotective ef-
fects. In rats with right carotid artery ligation and hypoxic exposure, admi-
nistration of exogenous IGF-1 reduced the manifestations of periventricu-
lar leukomalacia, increased the number of surviving mature neurons in the
cerebral cortex (Kim et al., 2021). When reproducing bilateral carotid
artery stenosis in mice, white matter injury, an increase in IGF-1 expres-
sion, and the involvement of the LMP7 immunoproteasome in the regula-
tion of TGF/Smad-mediated neuroinflammation, oligodendrocyte remy-
elination and cognitive impairment were demonstrated (Chen et al., 2021).
Antagonists or IGF-1R silencing reversed neuroprotection against white
matter damage, apoptosis, and oligodendrocyte demyelination in chronic
cerebral hypoperfusion in mice and its induced vascular dementia (Yous-
sef et al., 2020), demonstrating a protective role of IGF-1-mediated signa-
ling pathways in damage to white matter and the development of cogni-
tive deficits. Our results demonstrate that the hippocampus tissue is also
characterized by a clear tendency to increase in IGF-1 expression, which
indicates that these protective mechanisms are triggered in other areas of
the brain when there is a lack of blood supply.

Since IGF-1 has multiple effects, including survival, antiapoptotic ef-
fects, stimulation of cell growth, differentiation, and anabolic remodeling
of metabolism, it is important to distinguish the cellular effect in chronic
cerebral hypoperfusion. In our study, the increase in neuronal damage in
C57 mice was accompanied by a tendency to increase in the expression of
IGF-1, which indicates the intensification of protective mechanisms in the
brain. SIRT1 gene silencing has been shown in cultured neuronal cells to
induce activation of IGF-1-mediated signaling pathways that provide neu-
roprotection, including cell survival, in apoptotic insult (Sansone et al.,
2013). Taken together, these results suggest that a decrease in SIRT1 ex-
pression in chronic cerebral hypoperfusion could up-regulate IGF-1 to
promote neuronal survival in C57.

In ApoE-deficient mice, we observed low levels of SIRT1 and
SIRT3, which only slightly decreased in chronic cerebral hypoperfusion.
At the same time, this was not accompanied by the induction of IGF-1 in
these mice, and the lack of blood flow was even associated with a de-
crease in the expression of this protein. Therefore, ApoE may be involved
in the coordination of SIRT1/IGF-1 neuroprotective mechanisms, or af-
fect the hypoxic sensitivity of neurons. It was shown that administration of
exogenous IGF-1 in ApoE(-/-) mice reduced oxidative stress (Sukhanov
et al,, 2007), which links mitochondrial ways, including sirtuins, lipid ho-
meostasis and cytoprotective effect of IGF-1 in common regulatory path-
ways. The lack of endothelial IGF-1 receptor (IGF1R) in such mice poten-
tiated atherosclerotic vascular injury (Higashi et al., 2020), and macropha-
ge-specific IGF-1 overexpression prevented such damage in ApoE defici-
ency (Snarski et al., 2022), which highlights the new role of IGF-1 in the
pathogenesis of vascular diseases.

A combination of SIRT1 and IGF-1 reduction was also observed in
experimental metabolic syndrome, with restoration of IGF-1 expression
achieved by administration of the sirtuin activator resveratrol (Shamardl
etal,, 2023).

Recent studies have hypothesized that an age-related reduction in
IGF-1 expression may increase vulnerability to Alzheimer’s disease, the
risk of which is associated with the presence of the ApoE &4 allele (Galle
et al,, 2020). In patients with alternative genetic isoforms of ApoE, a re-
duction in the level of IGF-1 and downstream signaling molecules was
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observed (Keeney et al., 2015), which may indicate a key role of ApoE in
maintaining IGF-1-mediated neuroprotection and supports the role of this
mechanism in the prevention of Alzheimer’s disease. Combined with our
results, these data indicate that chronic cerebral hypoperfusion contributes
to SIRT1 deficiency and IGF-1-mediated neuroprotection, which is signi-
ficantly intensified in the background of ApoE deficiency and may be a
factor in the accelerated development of atherosclerosis, vascular demen-
tia and Alzheimer’s disease.

Conclusions

Our results showed for the first time the involvement of ApoE in
SIRT1, SIRT3 and IGF-1-mediated neuroprotection in moderate chronic
cerebral hypoperfusion. Deficiency of ApoE in mice resulted in increased
numbers of damaged neurons in the hippocampus 8 weeks after reprodu-
cing unilateral cerebral hypoperfusion, although neuronal DNA injury
was limited. ApoE deficiency was also accompanied by a decrease in cy-
toprotective SIRT1, SIRT3 and IGF-1 in the tissue of the damaged brain
hemisphere. In chronic cerebral hypoperfusion, sirtuin expression remai-
ned low, and IGF-1 expression continued to decrease in ApoE(—/—) mice
compared with wild-type C57 mice. Thus, ApoE deficiency results in
downregulation of SIRT1, SIRT3, and IGF-1 in the brain; this reduction
of mitochondrial and neuronal protective pathways is exacerbated by
chronic cerebral hypoperfusion and may be involved in mechanisms of
neuronal damage.

This study was supported in part by the funds of the target program “Support of state-
priority scientific research and scientific and technical (experimental) developments
of the Department of Biochemistry, Physiology and Molecular Biology of the Na-
tional Academy of Sciences of Ukraine” (state registration number of the work
0120U101227).

No potential conflicts of interest relevant to this article were reported.

References

Abboud, S., Viiri, L. E., Liitjohann, D., Goebeler, S., Luoto, T., Friedrichs, S., Des-
fontaines, P., Gazagnes, M. D., Laloux, P., Peeters, A., Seeldrayers, P., Lehti-
maki, T., Karhunen, P., Pandolfo, M., & Laaksonen, R. (2008). Associations of
apolipoprotein E gene with ischemic stroke and intracranial atherosclerosis. Eu-
ropean Journal of Human Genetics, 16(8), 955-960.

Afanasieva, K., Zazhytska, M., & Sivolob, A. (2010). Kinetics of comet formation in
single-cell gel electrophoresis: Loops and fragments. Electrophoresis, 31(3),
512-519.

Bertheloot, D., Latz, E., & Franklin, B. S. (2021). Necroptosis, pyroptosis and apo-
ptosis: An intricate game of cell death. Cellular and Molecular Immunology,
18(5), 1106-1121.

Bhalla, S., Mehan, S., Khan, A., & Rehman, M. U. (2022). Protective role of IGF-1
and GLP-1 signaling activation in neurological dysfunctions. Neuroscience and
Biobehavioral Reviews, 142, 104896.

Bianchi, V. E., Locatelli, V., & Rizzi, L. (2017). Neurotrophic and neuroregenerative
effects of GH/IGF 1. International Journal of Molecular Sciences, 18(11), 2441.

Buratti, L., Balucani, C., Viticchi, G., Falsetti, L., Altamura, C., Avitabile, E., Provin-
ciali, L., Vemieri, F., & Silvestrini, M. (2014). Cognitive deterioration in bilate-
ral asymptomatic severe carotid stenosis. Stroke, 45(7), 2072-2077.

Cao, X., Wu, Y., Hong, H., & Tian, X. Y. (2022). Sirtuin 3 dependent and indepen-
dent effects of NAD+ to suppress vascular inflammation and improve endo-
thelial function in mice. Antioxidants, 11(4), 706.

Chen, T., Dai, S. H,, Li, X,, Luo, P., Zhu, J., Wang, Y. H., Fei, Z., & Jiang, X. F.
(2018). Sirt1-Sirt3 axis regulates human blood-brain barrier permeability in re-
sponse to ischemia. Redox Biology, 14, 229-236.

Chen, X, Yao, N., Lin, Z., & Wang, Y. (2021). Inhibition of the immunoproteasome
subunit LMP7 ameliorates cerebral white matter demyelination possibly via
TGFp/Smad signaling. Evidence-Based Complementary and Altemative Me-
dicine, 2021, 6426225.

Choi, B. R., Kim, D. H., Back, D. B., Kang, C. H., Moon, W. J., Han, J. S., Choi,
D.H.,, Kwon, K. J., Shin, C. Y., Kim, B. R,, Lee, J., Han, S. H., & Kim, H. Y.
(2016). Characterization of white matter injury in a rat model of chronic cerebral
hypoperfusion. Stroke, 47(2), 542-547.

Collins, A. R. (2004). The comet assay for DNA damage and repair: Principles, ap-
plications, and limitations. Molecular Biotechnology, 26(3), 249-261.

Du, S. Q., Wang, X. R, Xiao, L. Y., Tu, J. F., Zhu, W, He, T., & Liu, C. Z. (2017).
Molecular mechanisms of vascular dementia: What can be learned from animal

Regul. Mech. Biosyst., 2023, 14(3)


http://doi.org/10.1038/ejhg.2008.27
http://doi.org/10.1038/ejhg.2008.27
http://doi.org/10.1038/ejhg.2008.27
http://doi.org/10.1038/ejhg.2008.27
http://doi.org/10.1038/ejhg.2008.27
http://doi.org/10.1002/elps.200900421
http://doi.org/10.1002/elps.200900421
http://doi.org/10.1002/elps.200900421
http://doi.org/10.1038/s41423-020-00630-3
http://doi.org/10.1038/s41423-020-00630-3
http://doi.org/10.1038/s41423-020-00630-3
http://doi.org/10.1016/j.neubiorev.2022.104896
http://doi.org/10.1016/j.neubiorev.2022.104896
http://doi.org/10.1016/j.neubiorev.2022.104896
http://doi.org/10.3390/ijms18112441
http://doi.org/10.3390/ijms18112441
http://doi.org/10.1161/STROKEAHA.114.005645
http://doi.org/10.1161/STROKEAHA.114.005645
http://doi.org/10.1161/STROKEAHA.114.005645
http://doi.org/10.3390/antiox11040706
http://doi.org/10.3390/antiox11040706
http://doi.org/10.3390/antiox11040706
http://doi.org/10.1016/j.redox.2017.09.016
http://doi.org/10.1016/j.redox.2017.09.016
http://doi.org/10.1016/j.redox.2017.09.016
http://doi.org/10.1155/2021/6426225
http://doi.org/10.1155/2021/6426225
http://doi.org/10.1155/2021/6426225
http://doi.org/10.1155/2021/6426225
http://doi.org/10.1161/STROKEAHA.115.011679
http://doi.org/10.1161/STROKEAHA.115.011679
http://doi.org/10.1161/STROKEAHA.115.011679
http://doi.org/10.1161/STROKEAHA.115.011679
http://doi.org/10.1385/MB:26:3:249
http://doi.org/10.1385/MB:26:3:249
http://doi.org/10.1007/s12035-016-9915-1
http://doi.org/10.1007/s12035-016-9915-1

models of chronic cerebral hypoperfusion? Molecular Neurobiology, 54(5),
3670-3682.

Flowers, S. A., & Rebeck, G. W. (2020). APOE in the normal brain. Neurobiology
of Disease, 136, 104724.

Galle, S. A., Geraedts, 1. K., Deijen, J. B., Milders, M. V., & Drent, M. L. (2020). The
interrelationship between Insulin-Like Growth Factor 1, Apolipoprotein E &4,
lifestyle factors, and the aging body and brain. The Journal of Prevention of
Alzheimer’s Disease, 7(4), 265-273.

Gao, Y., Tang, H., Nie, K., Zhu, R, Gao, L., Feng, S., Wang, L., Zhao, J., Huang, Z.,
Zhang, Y., & Wang, L. (2019). Hippocampal damage and white matter lesions
contribute to cognitive impairment in MPTP-lesioned mice with chronic cere-
bral hypoperfusion. Behavioural Brain Research, 368, 111885.

Ge, L., Liu, S., Rubin, L., Lazarovici, P., & Zheng, W. (2022). Research progress on
neuroprotection of Insulin-Like Growth Factor-1 towards glutamate-induced
neurotoxicity. Cells, 11(4), 666.

He, J., Liu, X,, Su, C,, Wu, F., Sun, J., Zhang, J., Yang, X., Zhang, C., Zhou, Z.,
Zhang, X., Lin, X., & Tao, J. (2019). Inhibition of mitochondrial oxidative
damage improves reendothelialization capacity of endothelial progenitor cells
via SIRT3 (sirtuin 3)-enhanced SOD2 (superoxide dismutase 2) deacetylation
in hypertension. Arteriosclerosis, Thrombosis, and Vascular Biology, 39(8),
1682-1698.

He, Y., Chen, X., Wu, M., Hou, X., & Zhou, Z. (2023). What type of cell death
occurs in chronic cerebral hypoperfusion? A review focusing on pyroptosis and
its potential therapeutic implications. Frontiers in Cellular Neuroscience, 17,
1073511.

Higashi, Y., Sukhanov, S., Shai, S. Y., Danchuk, S., Snarski, P., Li, Z., Hou, X.,
Hamblin, M. H., Woods, T. C., Wang, M., Wang, D., Yu, H., Korthuis, R. J.,
Yoshida, T., & Delafontaine, P. (2020). Endothelial deficiency of insulin-like
growth factor-1 receptor reduces endothelial barrier function and promotes athe-
rosclerosis in Apoe-deficient mice. American Journal of Physiology. Heart and
Circulatory Physiology, 319(4), H730-H743.

Hirschey, M. D., Shimazu, T., Goetzman, E., Jing, E., Schwer, B., Lombard, D. B.,
Grueter, C. A., Harris, C., Biddinger, S., Ilkayeva, O. R., Stevens, R. D., Li, Y.,
Saha, A. K., Ruderman, N. B., Bain, J. R., Newgard, C. B., Farese Jr, R. V., Alt,
F. W.,Kahn, C.R., & Verdin, E. (2010). SIRT3 regulates mitochondrial fatty-acid
oxidation by reversible enzyme deacetylation. Nature, 464(7285), 121-125.

Jiao, F., & Gong, Z. (2020). The beneficial roles of SIRTI in neuroinflammation-
related diseases. Oxidative medicine and cellular longevity, 2020, 6782872.
Keeney, J. T., Ibrahimi, S., & Zhao, L. (2015). Human ApoE isoforms differentially
modulate glucose and amyloid metabolic pathways in female brain: Evidence
of the mechanism of neuroprotection by ApoE2 and implications for Alzhei-
mer’s disease prevention and early intervention. Journal of Alzheimer’s Dise-

ase, 48(2),411-424.

Kim, D.J., Cho, S. Y., Kim, S. U., Jo, D. W., Hwang, H. I, Shin, H. K., & Jun, Y. H.
(2021). IGF-1 protects neurons in the cortex and subventricular zone in a peri-
ventricular leucomalacia model. n Vivo, 35(1),307-312.

Kitagawa, K., Yagita, Y., Sasaki, T., Sugiura, S., Omura-Matsuoka, E., Mabuchi, T.,
Matsushita, K., & Hori, M. (2005). Chronic mild reduction of cerebral perfusion
pressure induces ischemic tolerance in focal cerebral ischemia. Stroke, 36(10),
2270-2274.

Kumar, A., Kumar, P., Prasad, M., Mista, S., Kishor Pandit, A., & Chakravarty, K.
(2016). Association between apolipoprotein £4 gene polymorphism and risk of
ischemic stroke: A meta-analysis. Annals of Neurosciences, 23(2), 113-121.

Li, P., Stetler, R. A., Leak, R. K., Shi, Y., Li, Y., Yu, W., Bennett, M. V. L., & Chen,
J. (2018). Oxidative stress and DNA damage after cerebral ischemia: Potential
therapeutic targets to repair the genome and improve stroke recovery. Neuro-
pharmacology, 134,208-217.

Lindgren, A., & Maguire, J. (2016). Stroke recovery genetics. Stroke, 47(9), 2427—
2434.

Lu, Y., Sareddy, G. R., Wang, J., Zhang, Q., Tang, F. L., Pratap, U. P., Tekmal,
R.R., Vadlamudi, R. K., & Brann, D. W. (2020). Neuron-derived estrogen is
critical for astrocyte activation and neuroprotection of the ischemic brain. The
Journal of Neuroscience, 40(38), 7355-7374.

Mao, X., Wang, X., Jin, M., Li, Q., Jia, J., Li, M., Zhou, H., Liu, Z., Jin, W., Zhao, Y.,
& Luo, Z. (2022). Critical involvement of lysyl oxidase in seizure-induced neu-
ronal damage through ERK-Alox5-dependent ferroptosis and its therapeutic
implications. Acta Pharmaceutica Sinica B, 12(9), 3513-3528.

Martinez-Gonzélez, N. A., & Sudlow, C. L. (2006). Effects of apolipoprotein E
genotype on outcome after ischaemic stroke, intracerebral haemorrhage and
subarachnoid haemorrhage. Journal of Neurology, Neurosurgery, and Psychia-
try, 77(12), 1329-1335.

Michishita, E., Park, J. Y., Bumeskis, J. M., Barrett, J. C., & Horikawa, 1. (2005).
Evolutionarily conserved and nonconserved cellular localizations and functions
of human SIRT proteins. Molecular Biology of the Cell, 16(10), 4623-4635.

Montagne, A., Nation, D. A., & Zlokovic, B. V. (2020). APOE4 accelerates devel-
opment of dementia after stroke: Is there a role for cerebrovascular dysfunction?
Stroke, 51(3), 699-700.

Regul. Mech. Biosyst., 2023, 14(3)

Mortimer, R., Nachiappan, S., & Howlett, D. C. (2018). Carotid artery stenosis
screening: Where are we now? The British Journal of Radiology, 91(1090),
20170380.

Nogueiras, R., Habegger, K. M., Chaudhary, N., Finan, B., Banks, A. S., Dietrich,
M. O., Horvath, T. L., Sinclair, D. A., Pfluger, P. T., & Tschop, M. H. (2012).
Sirtuin 1 and sirtuin 3: Physiological modulators of metabolism. Physiological
Reviews, 92(3), 1479-1514.

Onyango, . G., Jauregui, G. V., Carna, M., Bennett Jr, J. P., & Stokin, G. B. (2021).
Neuroinflammation in Alzheimer’s disease. Biomedicines, 9(5), 524.

Palmer, N. D., Kahali, B., Kuppa, A., Chen, Y., Du, X., Feitosa, M. F., Bielak, L. F.,
O'Connell, J. R., Musani, S. K., Guo, X., Smith, A. V., Ryan, K. A., Eirksdottir,
G., Allison, M. A., Bowden, D. W., Budoff, M. J., Carr, J. J., Chen, Y. L, Tay-
lor, K. D., Correa, A, ... Speliotes, E. K. (2021). Allele-specific variation at
APOE increases nonalcoholic fatty liver disease and obesity but decreases risk
of Alzheimer’s disease and myocardial infarction. Human Molecular Genetics,
30(15), 1443-1456.

Park, J. H,, Burgess, J. D., Faroqi, A. H., DeMeo, N. N,, Fiesel, F. C., Springer, W.,
Delenclos, M., & McLean, P. J. (2020). Alpha-synuclein-induced mitochondri-
al dysfunction is mediated via a sirtuin 3-dependent pathway. Molecular Neu-
rodegeneration, 15(1), 5.

Portnychenko, A. G., Vasylenko, M. 1., Aliiev, R. B., Kozlovska, M. G., Zavhorod-
nii, M. O., Tsapenko, P. K., Rozova, K. V., & Portnichenko, V. 1. (2023). The
prerequisites for the development of type 2 diabetes or prediabetes in rats fed a
high-fat diet. Regulatory Mechanisms in Biosystems, 14(1), 16-22.

Puente-Bedia, A., Berciano, M. T., Martinez-Cué, C., Lafarga, M., & Rueda, N.
(2022). Oxidative-stress-associated proteostasis disturbances and increased
DNA damage in the hippocampal granule cells of the Ts65Dn model of down
syndrome. Antioxidants, 11(12), 2438.

Sansone, L., Reali, V., Pellegrini, L., Villanova, L., Aventaggiato, M., Marfe, G.,
Rosa, R., Nebbioso, M., Tafani, M., Fini, M., Russo, M. A., & Pucci, B. (2013).
SIRT1 silencing confers neuroprotection through IGF-1 pathway activation.
Journal of Cellular Physiology, 228(8), 1754-1761.

Shamardl, H. A. M. A,, Tbrahim, N. A., Merzeban, D. H., Elamir, A. M., Golam,
R.M.,, & Elsayed, A. M. (2023). Resveratrol and dulaglutide ameliorate adi-
posity and liver dysfunction in rats with diet-induced metabolic syndrome: Role
of SIRT-1/adipokines / PPARy and IGF-1. Daru, 31(1), 13-27.

Shi, Y. H., Zhang, X. L., Ying, P. J., Wu, Z. Q., Lin, L. L., Chen, W., Zheng, G. Q.,
& Zhu, W. Z. (2021). Neuroprotective effect of astragaloside IV on cerebral
ischemia/reperfusion injury rats through Sirtl/Mapt pathway. Frontiers in
Pharmacology, 12, 639898.

Snarski, P., Sukhanov, S., Yoshida, T., Higashi, Y., Danchuk, S., Chandrasekar, B.,
Tian, D., Rivera-Lopez, V., & Delafontaine, P. (2022). Macrophage-specific
IGF-1 overexpression reduces CXCL12 chemokine levels and suppresses athe-
rosclerotic burden in Apoe-deficient mice. Arteriosclerosis, Thrombosis, and
Vascular Biology, 42(2), 113-126.

Somredngan, S., & Thong-Asa, W. (2018). Neurological changes in vulnerable brain
areas of chronic cerebral hypoperfusion mice. Annals of Neurosciences, 24(4),
233-242.

Sribna, V., Kaleynykova, O., Aliyeva, T., Karvatskiy, I, Voznesenskaya, T., &
Blashkiv, T. (2019). Effects of resveratrol treatment on female reproductive
function under conditions of experimental glomerulonephritis. World Journal of
Pharmaceutical and Medical Research, 5(7), 13-18.

Sukhanov, S., Higashi, Y., Shai, S. Y., Vaughn, C., Mohler, J., Li, Y., Song, Y. H.,
Titterington, J., & Delafontaine, P. (2007). IGF-1 reduces inflammatory res-
ponses, suppresses oxidative stress, and decreases atherosclerosis progression in
ApoE-deficient mice. Arteriosclerosis, Thrombosis, and Vascular Biology,
27(12),2684-2690.

Sukhanov, S., Higashi, Y., Yoshida, T., Danchuk, S., Alfortish, M., Goodchild, T.,
Scarborough, A., Sharp, T., Jenkins, J. S., Garcia, D., Ivey, J., Thap, D. L.,
Schumacher, J., Rozenbaum, Z., Kolls, J. K., Bowles, D., Lefer, D., & Delafon-
taine, P. (2023). Insulin-like growth factor 1 reduces coronary atherosclerosis in
pigs with familial hypercholesterolemia. JCI Insight, 8(4), e165713.

Tang, B. L. (2016). Sirt] and the mitochondria. Molecules and Cells, 39(2), 87-95.

Thong-Asa, W., & Tilokskulchai, K. (2014). Neuronal damage of the dorsal hippo-
campus induced by long-term right common carotid artery occlusion in rats.
Iranian Journal of Basic Medical Sciences, 17(3), 220-226.

Vassilopoulos, A., Pennington, J. D., Andresson, T., Rees, D. M., Bosley, A. D.,
Feamnley, I. M., Ham, A., Flynn, C. R., Hill, S., Rose, K. L., Kim, H. S., Deng,
C. X,, Walker, J. E., & Gius, D. (2014). SIRT3 deacetylates ATP synthase F1
complex proteins in response to nutrient- and exercise-induced stress. Antioxi-
dants and Redox Signaling, 21(4), 551-564.

Verma, R, Ritzel, R. M., Crapser, J., Friedler, B. D., & McCullough, L. D. (2019).
Evaluation of the neuroprotective effect of Sirt3 in experimental stroke. Transla-
tional Stroke Research, 10(1), 57-66.

Walker, M. A., & Tian, R. (2018). NAD(H) in mitochondrial energy transduction:
Implications for health and disease. Current Opinion in Physiology, 3, 101-109.

347


http://doi.org/10.1016/j.nbd.2019.104724
http://doi.org/10.1016/j.nbd.2019.104724
http://doi.org/10.14283/jpad.2020.11
http://doi.org/10.14283/jpad.2020.11
http://doi.org/10.14283/jpad.2020.11
http://doi.org/10.14283/jpad.2020.11
http://doi.org/10.1016/j.bbr.2019.03.054
http://doi.org/10.1016/j.bbr.2019.03.054
http://doi.org/10.1016/j.bbr.2019.03.054
http://doi.org/10.1016/j.bbr.2019.03.054
http://doi.org/10.3390/cells11040666
http://doi.org/10.3390/cells11040666
http://doi.org/10.3390/cells11040666
http://doi.org/10.1161/ATVBAHA.119.312613
http://doi.org/10.1161/ATVBAHA.119.312613
http://doi.org/10.1161/ATVBAHA.119.312613
http://doi.org/10.1161/ATVBAHA.119.312613
http://doi.org/10.1161/ATVBAHA.119.312613
http://doi.org/10.1161/ATVBAHA.119.312613
http://doi.org/10.3389/fncel.2023.1073511
http://doi.org/10.3389/fncel.2023.1073511
http://doi.org/10.3389/fncel.2023.1073511
http://doi.org/10.3389/fncel.2023.1073511
http://doi.org/10.1152/ajpheart.00064.2020
http://doi.org/10.1152/ajpheart.00064.2020
http://doi.org/10.1152/ajpheart.00064.2020
http://doi.org/10.1152/ajpheart.00064.2020
http://doi.org/10.1152/ajpheart.00064.2020
http://doi.org/10.1152/ajpheart.00064.2020
http://doi.org/10.1038/nature08778
http://doi.org/10.1038/nature08778
http://doi.org/10.1038/nature08778
http://doi.org/10.1038/nature08778
http://doi.org/10.1038/nature08778
http://doi.org/10.1155/2020/6782872
http://doi.org/10.1155/2020/6782872
http://doi.org/10.3233/JAD-150348
http://doi.org/10.3233/JAD-150348
http://doi.org/10.3233/JAD-150348
http://doi.org/10.3233/JAD-150348
http://doi.org/10.3233/JAD-150348
http://doi.org/10.21873/invivo.12260
http://doi.org/10.21873/invivo.12260
http://doi.org/10.21873/invivo.12260
http://doi.org/10.1161/01.STR.0000181075.77897.0e
http://doi.org/10.1161/01.STR.0000181075.77897.0e
http://doi.org/10.1161/01.STR.0000181075.77897.0e
http://doi.org/10.1161/01.STR.0000181075.77897.0e
http://doi.org/10.1159/000443568
http://doi.org/10.1159/000443568
http://doi.org/10.1159/000443568
http://doi.org/10.1016/j.neuropharm.2017.11.011
http://doi.org/10.1016/j.neuropharm.2017.11.011
http://doi.org/10.1016/j.neuropharm.2017.11.011
http://doi.org/10.1016/j.neuropharm.2017.11.011
http://doi.org/10.1161/STROKEAHA.116.010648
http://doi.org/10.1161/STROKEAHA.116.010648
http://doi.org/10.1523/JNEUROSCI.0115-20.2020
http://doi.org/10.1523/JNEUROSCI.0115-20.2020
http://doi.org/10.1523/JNEUROSCI.0115-20.2020
http://doi.org/10.1523/JNEUROSCI.0115-20.2020
http://doi.org/10.1016/j.apsb.2022.04.017
http://doi.org/10.1016/j.apsb.2022.04.017
http://doi.org/10.1016/j.apsb.2022.04.017
http://doi.org/10.1016/j.apsb.2022.04.017
http://doi.org/10.1136/jnnp.2006.097543
http://doi.org/10.1136/jnnp.2006.097543
http://doi.org/10.1136/jnnp.2006.097543
http://doi.org/10.1136/jnnp.2006.097543
http://doi.org/10.1091/mbc.e05-01-0033
http://doi.org/10.1091/mbc.e05-01-0033
http://doi.org/10.1091/mbc.e05-01-0033
http://doi.org/10.1161/STROKEAHA.119.028814
http://doi.org/10.1161/STROKEAHA.119.028814
http://doi.org/10.1161/STROKEAHA.119.028814
http://doi.org/10.1259/bjr.20170380
http://doi.org/10.1259/bjr.20170380
http://doi.org/10.1259/bjr.20170380
http://doi.org/10.1152/physrev.00022.2011
http://doi.org/10.1152/physrev.00022.2011
http://doi.org/10.1152/physrev.00022.2011
http://doi.org/10.1152/physrev.00022.2011
http://doi.org/10.3390/biomedicines9050524
http://doi.org/10.3390/biomedicines9050524
http://doi.org/10.1093/hmg/ddab096
http://doi.org/10.1093/hmg/ddab096
http://doi.org/10.1093/hmg/ddab096
http://doi.org/10.1093/hmg/ddab096
http://doi.org/10.1093/hmg/ddab096
http://doi.org/10.1093/hmg/ddab096
http://doi.org/10.1093/hmg/ddab096
http://doi.org/10.1186/s13024-019-0349-x
http://doi.org/10.1186/s13024-019-0349-x
http://doi.org/10.1186/s13024-019-0349-x
http://doi.org/10.1186/s13024-019-0349-x
http://doi.org/10.15421/022303
http://doi.org/10.15421/022303
http://doi.org/10.15421/022303
http://doi.org/10.15421/022303
http://doi.org/10.3390/antiox11122438
http://doi.org/10.3390/antiox11122438
http://doi.org/10.3390/antiox11122438
http://doi.org/10.3390/antiox11122438
http://doi.org/10.1002/jcp.24334
http://doi.org/10.1002/jcp.24334
http://doi.org/10.1002/jcp.24334
http://doi.org/10.1002/jcp.24334
http://doi.org/10.1007/s40199-023-00458-y
http://doi.org/10.1007/s40199-023-00458-y
http://doi.org/10.1007/s40199-023-00458-y
http://doi.org/10.1007/s40199-023-00458-y
http://doi.org/10.3389/fphar.2021.639898
http://doi.org/10.3389/fphar.2021.639898
http://doi.org/10.3389/fphar.2021.639898
http://doi.org/10.3389/fphar.2021.639898
http://doi.org/10.1161/ATVBAHA.121.316090
http://doi.org/10.1161/ATVBAHA.121.316090
http://doi.org/10.1161/ATVBAHA.121.316090
http://doi.org/10.1161/ATVBAHA.121.316090
http://doi.org/10.1161/ATVBAHA.121.316090
http://doi.org/10.1159/000481789
http://doi.org/10.1159/000481789
http://doi.org/10.1159/000481789
http://doi.org/10.1161/ATVBAHA.107.156257
http://doi.org/10.1161/ATVBAHA.107.156257
http://doi.org/10.1161/ATVBAHA.107.156257
http://doi.org/10.1161/ATVBAHA.107.156257
http://doi.org/10.1161/ATVBAHA.107.156257
http://doi.org/10.1172/jci.insight.165713
http://doi.org/10.1172/jci.insight.165713
http://doi.org/10.1172/jci.insight.165713
http://doi.org/10.1172/jci.insight.165713
http://doi.org/10.1172/jci.insight.165713
http://doi.org/10.14348/molcells.2016.2318
http://doi.org/10.1089/ars.2013.5420
http://doi.org/10.1089/ars.2013.5420
http://doi.org/10.1089/ars.2013.5420
http://doi.org/10.1089/ars.2013.5420
http://doi.org/10.1089/ars.2013.5420
http://doi.org/10.1007/s12975-017-0603-x
http://doi.org/10.1007/s12975-017-0603-x
http://doi.org/10.1007/s12975-017-0603-x
http://doi.org/10.1016/j.cophys.2018.03.011
http://doi.org/10.1016/j.cophys.2018.03.011

Wang, S., Zhang, J., Deng, X., Zhao, Y., & Xu, K. (2020). Advances in characteriza-
tion of SIRT3 deacetylation targets in mitochondrial function. Biochimie, 179,
1-13.

Wang, Y., Guo, Q., Wang, W., Wang, Y., Fang, K., Wan, Q.,, Li, H, & Wu, T.
(2022). Potential use of bioactive nanofibrous dural substitutes with controlled
release of IGF-1 for neuroprotection after traumatic brain injury. Nanoscale,
14(48), 18217-18230.

Yamashita, T., & Abe, K. (2016). Recent progress in therapeutic strategies for
ischemic stroke. Cell Transplantation, 25(5), 893-898.

Yang, H., Zhou, Z., Liu, Z., Chen, J., & Wang, Y. (2023). Sirtuin-3: A potential
target for treating several types of brain injury. Frontiers in Cell and Develop-
mental Biology, 11, 1154831.

Yin, Y., & Wang, Z. (2018). ApoE and neurodegenerative diseases in aging. Ad-
vances in Experimental Medicine and Biology, 1086, 77-92.

Youssef, M. L, Zhou, Y., Eissa, I. H., Wang, Y., Zhang, J., Jiang, L., Hu, W., Qi, J., &
Chen, Z. (2020). Tetradecyl 2,3-dihydroxybenzoate alleviates oligodendrocyte
damage following chronic cerebral hypoperfusion through IGF-1 receptor.
Neurochemistry International, 138, 104749.

348

Zhang, Y., Anoopkumar-Dukie, S., Arora, D., & Davey, A. K. (2020). Review of the
anti-inflammatory effect of SIRT1 and SIRT2 modulators on neurodegenera-
tive diseases. European Journal of Pharmacology, 867, 172847.

Zhao, Y., Zhang, J., Zheng, Y., Zhang, Y., Zhang, X. J., Wang, H., Du, Y., Guan, J.,
Wang, X., & Fu, J. (2021). NAD+ improves cognitive function and reduces
neuroinflammation by ameliorating mitochondrial damage and decreasing
ROS production in chronic cerebral hypoperfusion models through Sirtl/PGC-
1o pathway. Journal of Neuroinflammation, 18(1), 207.

Zhong, Z., Wu, H., Ye, M., Yang, Y., Luo, W., Wu, Y., Wu, H., Zhong, M., & Zhao,
P. (2018). Association of APOE gene polymorphisms with cerebral infarction
in the Chinese population. Medical Science Monitor, 24, 1171-1177.

Zuloaga, K. L., Johnson, L. A., Roese, N. E., Marzulla, T., Zhang, W., Nie, X.,
Alkayed, F. N., Hong, C., Grafe, M. R., Pike, M. M, Raber, J., & Alkayed, N. J.
(2016). High fat diet-induced diabetes in mice exacerbates cognitive deficit due
to chronic hypoperfusion. Joumal of Cerebral Blood Flow and Metabolism,
36(7), 1257-1270.

Regul. Mech. Biosyst., 2023, 14(3)


http://doi.org/10.1016/j.biochi.2020.08.021
http://doi.org/10.1016/j.biochi.2020.08.021
http://doi.org/10.1016/j.biochi.2020.08.021
http://doi.org/10.1039/d2nr06081g
http://doi.org/10.1039/d2nr06081g
http://doi.org/10.1039/d2nr06081g
http://doi.org/10.1039/d2nr06081g
http://doi.org/10.3727/096368916X690548
http://doi.org/10.3727/096368916X690548
http://doi.org/10.3389/fcell.2023.1154831
http://doi.org/10.3389/fcell.2023.1154831
http://doi.org/10.3389/fcell.2023.1154831
http://doi.org/10.1007/978-981-13-1117-8_5
http://doi.org/10.1007/978-981-13-1117-8_5
http://doi.org/10.1016/j.neuint.2020.104749
http://doi.org/10.1016/j.neuint.2020.104749
http://doi.org/10.1016/j.neuint.2020.104749
http://doi.org/10.1016/j.neuint.2020.104749
http://doi.org/10.1016/j.ejphar.2019.172847
http://doi.org/10.1016/j.ejphar.2019.172847
http://doi.org/10.1016/j.ejphar.2019.172847
http://doi.org/10.1186/s12974-021-02250-8
http://doi.org/10.1186/s12974-021-02250-8
http://doi.org/10.1186/s12974-021-02250-8
http://doi.org/10.1186/s12974-021-02250-8
http://doi.org/10.1186/s12974-021-02250-8
http://doi.org/10.12659/msm.905979
http://doi.org/10.12659/msm.905979
http://doi.org/10.12659/msm.905979
http://doi.org/10.1177/0271678X15616400
http://doi.org/10.1177/0271678X15616400
http://doi.org/10.1177/0271678X15616400
http://doi.org/10.1177/0271678X15616400
http://doi.org/10.1177/0271678X15616400

